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ABSTRACT 

We p r e s e n t  i n  t h i s  paper  an o r i g i n a l  approach of Debugging. The g e n e r a l  goa l  

i n  Automatic  V e r i f i c a t i o n  of Programs i s  t o  prove t h a t  a program i s  c o r r e c t  

o r  i n c o r r e c t .  T h i s  does  n o t  g e n e r a l l y  p rov ide  enough i n f o r m a t i o n  t o  c a t c h  t h e  

bugs.  On t h e  o p p o s i t e ,  t h e  purpose of t h e  debugging system LAURA, t h a t  we 

have des igned  and implemented, i s  t o  f i n d  t h e  e r r o r s .  

I n  o r d e r  t o  debug a s t u d e n t  program, t h e  LAURA system u s e s  a p rocedura l  des-  

c r i p t i o n  of t h e  program t a s k ,  under  t h e  form of a program model. Debugging 

is then  viewed a s  a comparison of two graphs ,  b u i l t  from t h e  s t u d e n t  program 

and from t h e  program model. The sys tem can app ly  powerful  semant ic  t r ans forma-  

t i o n s  on t h e  g raphs  t o  i n c r e a s e  t h e i r  resemblances and t o  i d e n t i f y  subgraphs 

t h a t  perform a same t a s k .  

The LAURA system has  shown t o  be  a b l e  t o  de te rmine  t h e  c o r r e c t n e s s  of programs 

implemented i n  v a r i o u s  ways, v e r y  d i f f e r e n t  from t h e  program model. I t  can 

a l s o  e x p r e s s  s o p h i s t i c a t e d  d i a g n o s t i c s  and s e t  up p roper  c o r r e c t i o n s .  

Kevs words : Debugging, Program Trans format ions ,  Graphs of Program, D i a g n o s t i c s  

of e r r o r s .  



The n m e r o u s  s t u d i e s  t h a t  have been made about  t'ie c o r r e c t n e s s  of ?regrams 

t r y  o n l y  t o  prove whe ther  a  program i s  c o r r e c t  o r  n o t .  I f  i t  i s  i n c o r r e c t ,  

no i n f o r m a t i o n  i s  given about  t h e  e r r o r s  t h a t  e f f e c t i v e l y  e x i s t .  So, t h e s e  

methods cannot  h e l p  us  i n  Debugging. 

Thus, we have des igned  and implemented a  systerc c a l l e d  LAURA, whose f i r s t  

o b j e c t  i s  n o t  t o  p rove  t h e  c o r r e c t n e s s  of a  program, b u t  t o  d e t e c t  o r  loca-  

l i z e  t h e  e r r o r s  i t  may c o n t a i n .  

The programs t h a t  LAURA d e a l s  w i t h  have been w r i t t e n  by s t u d e n t s  t h a t  a r e  

programming a p p r e n t i c e s .  These programs a r e  compiled b e f o r e  t h e y  a r e  submit-  

t e d  t o  t h e  sys tem and s y n t a c t i c  e r r o r s  have been e l i m i n a t e d .  The sys tem on ly  

looks  f o r  t h e  semant ic  e r r o r s ,  which p r e v e n t  t h e  program from g i v i n g  t h e  ex- 

p e c t e d  r e s u l t s .  

I. AN ORIGIRAL APPROACH OF THE DEBUGGING PROBLM 

I n  o r d e r  t o  f i n d  a l l  t h e  semant ic  e r r o r s  t h a t  t h e  given program c o n t a i n s ,  i t  

i s  e s s e n t i a l  t o  have some knowledge of  t h e  problem t h a t  t h i s  program i s  suppo- 

s e d  t o  s o l v e .  

The d e s c r i p t i o n  of t h e  program's  t a s k  c o n s i s t s i n  s e t s  of " a s s e r t i o n s "  (an 

a s s e r t i o n  i s  a  p r o p e r t y  about  t h e  v a l u e s  of some v a r i a b l e s ,  which h a s  t o  be 

t r u e  i n  a  g iven  p o i n t  of t h e  program).  The o u t p u t  r e s u l t s  t h a t  t h e  program 

i n t e n d s  t o  a c h i e v e  a r e  e x p r e s s e d  by t h e  mean of one s e t  of o u t p u t  a s s e r t i o n s .  

One s e t  of i n p u t  a s s e r t i o n s  cor responds  t o  t h e  d a t a  p r o p e r t i e s .  Then it must 

b e  proven t h a t  t h e  program h o l d s  th rough  from i n p u t  a s s e r t i o n s  t o  o u t p u t  a s s e r -  

t i o n s .  FLOYD L19673, NAUR and HOARE P971-J were t h e  f i r s t  t o  c o n s i d e r  and t o  

f o r m a l i z e  t h i s  method t h a t  h a s  s i n c e  been used by many r e s e a r c h e r s ,  e .g .  

ASHCROFT [1975], KATZ and MANNA 119761, LEVITT and WALDINGER 119743. 

We do n o t  d e s c r i b e  i n  t h i s  p a p e r  t h e  c l a s s i c  program v e r i f i c a t i o n  methods t h a t  

use  a s s e r t i o n s .  But we must b r i e f l y  mention t h e  main o b j e c t i o n s  ti-at may be  

made t o  t h e  a s s e r t i o n s  methods and t h a t  have l e d  u s  t o  t r y  a n o t h e r  approach.  

F i r s t l y ,  it i s  v e r y  d i f f i c u l t  t o  g i v e  complete  s e t s  of a s s e r t i o n s  t h a t  d e s c r i b e  

t h e  problem e n t i r e l y .  Secondly,  t h e  i n t r o d u c t i o n  of " i n v a r i a n t s "  ( i n t e r n a l  

a s s e r t i o n s  g iven  by t h e  programmer, which a r e  n e c e s s a r y  t o  s e p a r a t e  t h e  d i f f e -  

r e n t  p a t h s )  q u i c k l y  becomes a  problem more d i f f i c u l t  t h a n  t h e  w r i t i n g  of  c o r r e c t  

programs. T h i r d l y ,  t h e  a u t o m a t i c  d e t e c t i o n  of i n v a r i a n t s  and t h e  demons t ra t ions  

of theorems t h a t  must be  made, a r e  s o  complex than  they  cannot  be  execu ted  by 



an a u t o m a t i c  sys tem ( a t  l e a s t  c o n s i d e r i n g  t h e  a c t u a l  power - -  au tomat ic  theo-  

rem p r o v e r s ) .  L a s t  b u t  n o t  l e a s t ,  t h e  methods based  on asser : ions g i v e  a  boo- 

l e a n  answer : t h e  program i s  c o r r e c t  o r  n o t .  I f  n o t ,  they  do n o t  make any cons- 

t r u c t i v e  c r i t i c i s m  t o  show what e r r o r s  have been made. So t h e y  a r e  n o t  r e a l l y  

adaqua te  f o r  debugging. 

We have s e l e c t e d  a n o t h e r  way of g i v i n g  t h e  knowledge of t h e  program t a s k  t o  t h e  

system. I n s t e a d  of d e s c r i b i n g  what t h e  program has  t o  a c h i e v e ,  we g i v e  informa- 

t i o n s  abou t  how i t  must p roceed .  I n  o t h e r  terms we g i v e  t h e  system t h e  a l g o r i t h m  

t h a t  t h e  program must  u s e  t o  a t t a i n  i t s  g o a l s  r a t h e r  than  t h e  g o a l s  themse lves .  

For  t h a t ,  we u s e  a  "program model" which i s  supposed t o  be a  c o r r e c t  implementa- 

t i o n  of t h i s  a l g o r i t h m .  Thus t h e  LAURA system r e c e i v e s  two programs, t h e  program 

model and a  s t u d e n t  program, t h a t  shou ld  be  two implementat ions of t h e  same a l -  

gori thm. I n  o r d e r  t o  debug t h e  s t u d e n t  program, t h e  system has  t o  compare i t  

w i t h  t h e  program model. Automatic  debugging i s  t h e n  viewed a s  a  comparison of 

two programs.  

I n  o r d e r  t o  s i m p l i f y  f u r t h e r  match ing ,  t h e  f i r s t  purpose of t h e  LAURA system i s  

t o  make some n o r m a l i z a t i o n s .  

The sys tem t r a n s l a t e s  each program i n t o  a  graph.  T h i s  c h o i c e  i s  v e r y  fundamental .  

The v e r t i c e s  of  t h e  graph r e p r e s e n t  t h e  e s s e n t i a l  a c t i o n s  (ass ignments ,  t e s t s ,  

i n p u t s  o r  o u t p u t s )  and n o t  i n s t r u c t i o n s  i n  t h e  used programming language.  The 

a r c s  r e p r e s e n t  t h e  p a r t i a l  o r d e r  r e l a t i o n  between t h e s e  a c t i o n s .  T h i s  t r a n s f o r -  

mat ion  of a  program i n t o  a  graph is a f i r s t  and v e r y  impor tan t  s t a n d a r d i z a t i o n .  

As a  m a t t e r  of f a c t ,  t h e  graph i s  a  r e p r e s e n t a t i o n  of  t h e  c a l c u l u s  p r o c e s s  t h a t  

a  program i m p l i e s .  T h i s  r e p r e s e n t a t i o n  g e t s  r i d  o f  p a r t i c u l a r i t i e s  coming from 

s y n t a c t i c a l  c h o i c e s  i n s i d e  t h e  used l anguage .  Furthermore i t  i s  independen t  of 

t h e  l anguage .  So i t  w i l l  be  p o s s i b l e  t o  d e a l  w i t h  s t u d e n t  programs w r i t t e n  i n  

o t h e r  l anguages  t h a n  t h a t  of t h e  program model. Each graph o b t a i n e d  from a pro-  

gram r e p r e s e n t s  a  l a r g e  c l a s s  of programs which imply t h e  same s e t  of c a l c u l u s .  

Many s y n t a c t i c a l  c h o i c e s  i n  each language a r e  n o t  t a k e n  i n t o  account  i n  t h e  

g raph .  ( I n  p a r t i c u l a r ,  a s  t h e  graph i s  n o n - l i n e a r  t h e  l a b e l s  have d i s a p e a r e d ) .  

Fur the rmore ,  LAURA s y s t e m a t i c a l l y  a p p l i e s  t r a n s f o r m a t i o n s  t o  each  graph i n  o r d e r  

t o  e x t e n d  t h e  s t a n d a r d i z a t i o n .  For  example i f  t h e  same v a r i a b l e  i s  used f o r  two 

d i f f e r e n t  p u r p o s e s ,  a  second v a r i a b l e  i s  genera ted .  Also ,  i f  an i n t e r n a l  v a r i a b l e  

i s  o n l y  used t o  s t o r e  an i n t e r m e d i a r y  r e s u l t ,  u s e f u l  f o r  s e v e r a l  computa t ions ,  

t h i s  v a r i a b l e  i s  suppressed .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  s t a n d a r d i z i n g  t r a n s -  

f o r m a t i o n s  a r e  g e n e r a l l y  d e o p t i m i z i n g  t r a n s f o r m a t i o n s .  



\?hen s t anda rd i za t ions  a r e  f i n i shed ,  the  WUU systen  has t o  mztch the  rwo 

graphs.  It t r i e s  t o  Sina  v a r i a b l e s ,  v e r t i c e s  and a rc s .  For  r 'is, i t  can 

work s t e p  by s t e p  around a  p a i r  of a l ready iden t i f i ed  v e r t i c e s  : it t r i e s  

t o  b ind t h e i r  immediate successors  ( r e spec t ive ly  t h e i r  predecessors)  then 

the  successors  of t he  successors ,  e t c . . .  

Nhen such an explora t ion  does not give any more r e s u l t ,  the  system can con- 

s i d e r  another  p a i r  of u n i d e n t i f i e d  v e r t i c e s  and match them. In order  t o  

s e l e c t  t h i s  p a i r  it uses a  funct ion  whict, h e u r i s t i c a l l y  evaluates  t he  plau- 

s i b i l i t y  f o r  two given v e r t i c e s  t o  be corresponding ones. The representa- 

t i o n  of programs by graphs makes poss ib l e  such a  non-linear s t r a t e g y ,  t h a t  

could n o t  be used on ordered sets of i n s t ruc t ions  i n  a  source language. 

Also, t he  system can use h e u r i s t i c s  t o  apply powerful semantic transforma- 

t i o n s  t o  t he  graphs, i n  order  t o  make two subgraphs which previous ly  had 

d i f f e r e n t  s t r u c t u r e s  become s i m i l a r .  The system i s  able  t o  perform s p l i t -  

t i n g ~ ,  permutations and t e s t - c ros s ings  (see Fig  1 ) .  It can a l t e r  t h e  s t ruc-  

t u r e  of loops.  It can a l s o  solve  recurrence  equations and then, some loops 

may be  replaced by a s i n g l e  formula. (see Fig  2 ) .  

In the f i r s t  graph, there is the vertex s : IF((I+lhA(I+l)) and in the second graph, 

there is the subgraph G : 

-4 
The variables J and B are bound v i t h  

G :  
I and A respectively 

u 

I: some conditions about the subgsaph B are verified, the LAURA system can transforn 

G into  : 

I !  

:B: 

G' : J s J + ~ x ~ r l )  J-J+1 x B(.J+I)) 

u 

and r '  may be bound v i th  s 

FIG 1 : E . W L E  OF G W 9  'IILLUSFORXATION 



From each one of these two subgraphs, the U:'FS. ssyscen i s  zble  :o exrract tne szae 

formula : 

1-0 

FIG 2 : EXXXPLE OP ECiX."CE SCL'IISG 

I f  t o t a l . i d e n t i f i c a t i o n  i s  p o s s i b l e ,  t h e  s t u d e n t  program i s  found t o  be  cor- 

r e c t  (meaning t h a t  it computes t h e  same f u n c t i o n s  a s  t h e  model and produces 

t h e  same r e s u l t s  b e s i d e s  round-of f -e r rors ) .  

I f  o n l y  p a r t i a l  i d e n t i f i c a t i o n  i s  r e a l i z e d ,  t h e  system t r i e s  t o  ana lyse  t h e  

remaining d i f f e r e n c e s  i n  o r d e r  t o  g i v e  e x a c t  d i a g n o s t i c s  and t o  s e t  up pro- 

p e r  c o r r e c t i o n s .  The main d i a g n o s t i c s  t h a t  LAURA can e x p r e s s  a r e  : 

- e r r o r  of v a r i a b l e  

- e r r o r  of c o n s t a n t  

- unary connec t ive  f o r g o t t e n  

- u s e l e s s  unary  connec t ive  

- s i g n  e r r o r  

- branching  e r r o r  

- i n v e r s i o n  of two i n s t r u c t i o n s  (which a r e  no t  permutable)  

- t e s t  e r r o r  ( c o n d i t i o n s  on a r c s  do n o t  correspond) 

I f  some subgraphs s t i l l  remain u n i d e n t i f i e d ,  t h e y  a r e  p r i n t e d  by t h e  svsterr. 

In  t h i s  way t h e  u s e r  knows i n  which p a r t  of t h i s  implementation a  doubt re -  

mains. I f  t h i s  p a r t  c o n t a i n s  a  semantic mistake,  i t  has no t  been poin ted  ou t  

by t h e  system b u t  i t  has  been l o c a l i z e d ,  which i s  q u i t e  a  b i g  h e l p  i n  debugging. 

The diagram of F ig .  3 shows t h e  d i f f e r e n t  phases of t h e  LAURA system. 



5 t a n c a r l i z a t ~ : n  cf these 
NO graphs 

i t  com?utes the 
sane f r n c r i o n s  
as the  p r o g r w  
node1 

subgraphs w 
FIG 3 : TEE WGRA DIAGR4H 

11. RESULTS 

The LAURA system has  been t e s t e d  on about a hundred programs w r i t t e n  by stu- 

den t s  t o  so lve  e i g h t  d i f f e r e n t  problems in  var ious  f i e l d s  : 

- management (tax computation, e l e c t r i c  company invoices)  

- a r i t h m e t i c  (pe r f ec t  numbers, Pascal t r i a n g l e )  

- numerical  a n a l y s i s  methods ( in t eg ra t ion ,  equation roo t s )  

- s o r t i n g  of an a r r ay  A of N numbers (us ing a given algorithm : looking 

f o r  t he  maximum and permutation) 

Numerous examples a r e  given znd commented ~~[LAuREKT, 1 9 7 g  . We give two of them 

i n  t h i s  paper. 



ADAM-7 

E s z z ~ l e  1 : Tesr  of t h e  e s e r c i c e  : 
7 

Find t h e  r e a l  r o o t s  of t h e  e q u a t i o n  as-  + b s  + c = 0. 

P r i n t  t h e i r  nunber and t k e i r  v a l u e s .  

Progran  model : Srudeat  o r o r r a ~  : 

0 RfhD(OS.iOC):,B.C 
0 IF(A.EP.O)GCTO 1 
0 D=8..2-4.A.C 
0 IF(0)2.3.L 
4 NR-2 
0 D=SOOT(O) 
0 Rl=<-B+D)/(2*A) 
0 E2=(-B-D>/(2*h) 
0 URITE(66.200)NR.Rl,R2 
0 STOP 
3 R1=-6/(2*A) 
7 HR=l 
0 VRITi(06.300)NR.Rl 
0 STOP 
2 NR-0 

1 2  wRITE(O~,LOO)NR 
1 IF(B15.6.5 
6 Rl=-alA 
0 G O  TO 7 
5 1F<t)2.8.2 
8 NR=-1 
0 GOT0 1 2  

1 0 0  FORHAT(3ElZ.L) 
200 FOR%AT(ISI 
3 0 0  FORHAT(IS,EI~.S) 
LOO FORY.AT(IS.2El2.4) 

0 STOP 
0 END 

The f i n a l  s t a t e s  of t h e  two graphs correspond t o  t h e  two f o l l o w i n g  programs 

t h a t  t h e  system g e n e r a t e s  a t  t h e  end of t h e  run  : 

Pi?CtXhXxE 5 5  REFERENCE ...................... .PROGRAREE ETUDIAHT REECRIT PAR L E  SYSTE?i ......................................... 
1 READ I 
2 REAO B 

101 READ A 

3 REID C 
102 RElD B 

4 IF(Al06.19.06 
1 0 3  REAO C 

1 9  IF<B120.21.20 
106 IF(h)106.121,106 

21 IF(Cl07,.22,07 321 IF(B1123.122.123 

2 2  NJ-1 1 2 2  R1=-811 
117 PP.INT 1 

e P R I N T  H 1 1 8  P R I N T  ~1 
2 3  STOP STOP 
7 h'=o 123 Ii~c)119.12~,119 

GOT0 8 124 HR:-1 
2 0  XO=-CIB 120 PRlHT CR 
11 PRINT 1 
1 2  PfilliT XO 

GOT0 121 
119 H R = O  

GOT0 2 3  
6 I F ( 8 * * 2 . * A * C * ( - L . ) ) O 7 , 0 9 , 1 L  

GOT0 120 
106 IF(6=*2.+I.Cf(-~.))119.115.109 

1 6  X ~ = ( ~ ~ * * ~ . + A . C . L - L . ) ) * * ~ . S - B ) / A * ~ . ~  109 u~P~=((~..~.+A.c.(-L.)~.-o.~-s)IA.o.~ 
5 3  x~=C-(B**Z.+A*C~(-~.))*.O.~-B)~A'O-~ 110 R2=(-(5..2.*A.C.<-L.j)*.DD5-~),~1005 
1 6  PRINT 2 111 PKIHT 2 
1 8  PRINT X 2  112 PRINT WlRl 
1 7  PRINT X1 113 PRINT R 2  

GOT0 2 3  GOT0 11L 
9 X O = B / A * ( - ~ . ~ ~  115 ~l=e/h-(-o.S) 

S O T 0  1 1  6070 1 1 7  



G T A G E C S i I C 5  - ---------- 
] ~ ~ s T R u C ? I @ N  2 5  GI!:~ P?.DGRhnr.E 1 KC!: !DEtiiXi!EE 

IBSTRUCiIOtl 1 2 2  5),1:S Pi.CtaAK!!i 2 1;C:i 13EGTIF:EE 

ECAEUi! D E  BRIHCHiREtiT P R O S I E L E  : hE:(123,iZ1) k V  L I E 2  C E  ARC(12C.110 (2) 

CONDIiIDtiS O i i F F X E N T E S  S U R  L E S  ARCS I S S U S  CES I H S T 2 2 C i I C H S  1 9  El 1 2 1  (3) 

C O H P J L E  TX!!i= 3.03 SEC.EXEEUTIO& TIE€: 7.55 SEE. 

(1) B1 = - R / A  i c s t e s d  of P.1 = -C/E 

(2) a  s top  has been fo rgo t t en  

(3) l a b e l s  122 and 123 a r e  interchanged 

Example 2  : t e x t  of t he  exerc ice  : 

"A p e r f e c t  number i s  a  p o s i t i v e  i n t ege r  k which i s  equal t o  the  s m  of i t s  

d i v i s o r s ,  1 inc lu t ed  and n o t  k. P r i n t  each perfec t  n m b e r  l e s s  than o r  

equal  t o  1000". 

Exwple  2  : 

Program model : 

C 0 W O H S R E S  P A R F A l T S  - C O R R I G E  
0 0 0  1 0 0  1=6.1000 
0 1s.1' 
0 r=2 - .. - 
1 I F ( I / C * C . E P . ' X ) I S = I S * K + I I C  
0 K=K+I 
0 IF(K*C.LT.I).COTO 1 

1 0 0  IF(SS.EP.I)URITE(OB~lO)I 
1 0  F O R H A T C I S )  
0 S T O P  

Student program : 

60 VRITE(06.5S)n 
5 5  F O R H A T C I L )  
S O  I F C H - 1 0 6 0 ) 7 0 , 1 0 0 ~ 1 0 0  
70 H=H+1 
0 G O T 0  2 

'100 S T O P  
0 E N D  

D I A G N O S T I C S  --------- 

P R O G R A K H E  C O R R E C T  : I L  C A L C U L E  L F S  U E E E S  F O H C l I O n S  O U E  L E  P R O G R A H U E  D E  REFEREPICE .....**...... *..*........*... 

I n  s p i t e  of many s y n t a c t i c a l  and s t r u c t u r a l  d i f f e r ences ,  the  LAURA system has 

e s t ab l i shed  t h a t  the  s tudent  program i s  equivalent  t o  t he  program model. 



The LAURA system i s  able t o  recognize correc t  programs even i f  t h e i r  s t ruc-  

t u r e s  a r e  very d i f f e r e n t  from the  s t ruc tu re  of the  program model. I t  i s  a l s o  

able  t o  express exact  d iagnost ics  of e r r o r s ,  or a t  l e a s t  t o  l oca l i ze  the e r -  

r o r s .  Thus the  L A L m  system may be a grea t  help i n  debugging programs. 

In  p a r t i c u l a r ,  it could be an e f f e c t i v e  t oo l  f o r  student progrmmers. 

We th ink t h a t  three  po in t s  a r e  e s s e n t i a l  t o  expla in  the good performances 

t h a t  the  system has obtained : 

- representa t ion  of programs by graphs, which gets  r i d  of many syntac- 

t i c a l  choices.  

- use of program t ransfornat ions ,  rea l ized  on the  graphs. 

- h e u r i s t i c  s t r a t e g y  t o  i d e n t i f y  s t e p  by s t ep  the  elements of the  graphs, 

t o  make s u i t a b l e  transformations,  t o  overlook more and more complex d i f ferences  

which probably correspond t o  semantic l oca l  e r r o r s .  

It should be observed t h a t  automatic i n t e rp re t a t i on  of d i f f e r ences  i s  f a r  from 

obvious. As a ma t t e r  of f a c t ,  a d i f f e r ence  may r e s u l t  from an e r r o r  but it may 

a l s o  r e s u l t  from the  use of a v a r i a t i o n  i n  the required algorithm. This varia- 

t i o n  may have no r e a l  importance. It may a l so  be an awkwardness o r  on the  con- 

t r a r y  a s k i l f u l  optimization.  To discover  i t ,  the  system should have, besides 

t he  knowledge of the  task  the  program has t o  perform, a grea t  knowledge of t he  

f i e l d  i n  which t h i s  t a sk  has a meaning. So we must choose between two poss ib i l i -  

t i e s .  The f i r s t  one i s  t o  give a good knowledge of a narrow specia l ized  f i e l d  

and t o  debug programs i n  t h i s  f i e l d  only. The second i s  t o  debug programs in  

var ious  f i e l d s  and t o  l e t  t he  user  himself make some d i f f i c u l t  i n t e rp re t a t i ons .  

This dilemma i s  a c t u a l l y  a l i m i t  f o r  automatic debugging. I n  our system t h e  

second so lu t ion  has been prefer red .  
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A COMPARATIVE STUDY OF SEVERAL PROOF PROCEDURES - 
Wolfgang B i  be1 

l n s t i t u t  f u r  l n f o r m a t i k  
Technische U n i v e r s i t x t  

MOnchen, Germany 

Abstract. I n  t h i s  paper t h r e e  a l g o r i t h m s  f o r  t e s t i n g  t h e  complementar i ty  o f  
a  m a t r i x  ( represen t  i n g  a  p r o p o s i t i o n a l  formula)  a r e  developed i n  s tages.  Any 
o f  these a l g o r i t h m s  i s  d i s t i n g u i s h e d  from i t s  predecessor  by a  s p e c i f i c  fea-  
t u r e  ( I  i n e a r i t y ,  jump, non-normal form) which endows i t  w i t h  a  p rovab le  ad- 
vantage w. r . t .  i t s  performance. For  well-known p r o o f  procedures i t  i s  shown 
t h a t  they  can be s imu la ted  by a t  l e a s t  one o f  these a l g o r i t h m s .  

I n t r o d u c t i o n  

Measuring t h e  re1  a t  i ve performance o f  automated theorem p r o v i n g  (ATP) methods 
i s  a  h i g h l y  d e s i r a b l e  b u t  comp l i ca ted  and thank less  task.  Given two such 
methods, t h e  most p romis ing  approach t o  such measurement seems t o  be an a t -  
tempt t o  g a i n  a  deeper i n s i g h t  i n t o  t h e i r  r e s p e c t i v e  n a t u r e  and h o p e f u l l y  t o  
f i n d  a  common b a s i s  on which t h e i r  shared and d i f f e r i n g  f e a t u r e s  become ap- 
parent ,  and thus capable o f  measurement. 

Theorem p r o v i n g  can be viewed as t h e  problem o f  v e r i f y i n g  t h a t  each p a t h  
through a  m a t r i x  ( i . e .  a  s e t  o f  c lauses)  i s  complementary i n  t h e  sense t h a t  
i t  con ta ins  a  l i t e r a l  and i t s  complement. T h i s  view, was f i r s t  e x p l i c i t l y  
adopted by P r a w i t z  i n  [12 ] ,  l a t e r  by t h e  au thor  i n  191, and r e c e n t l y  by 
Andrews i n  [1;2] .  I t  has been f o r m a l i z e d  f o r  t h e  ground l e v e l  i n  [61. T h i s  
formal i z a t i o n  has a l r e a d y  been used i n  [ 7 ]  t o  p r o v i d e  a  more profound i n -  
s i g h t  i n t o  t h e  n a t u r e  o f  r e s o l u t i o n .  And i n  f a c t  i t  i s  t h i s  ve ry  i n s i g h t  
which w i l l  p r o v i d e  t h e  bas is  f o r  comparison i n  t h e  p resen t  paper. Thus t h i s  
s tudy should be considered as a  d i r e c t  c o n t i n u a t i o n  o f  t h a t  i n  [ 7 ] .  

I n  d e t a i l  we w i l l  proceed as f o l l o w s .  I n  s e c t i o n  1  we beg in  w i t h  a  b a s i c  
p a t h - t e s t i n g  a l g o r i t h m  A1 o f  t h e  n a t u r e  mentioned above. I t s  f a u l t s  a r e  ob- 
v ious  t h e r e f o r e  i t  w i l l  be immediate ly  improved t o  p r o v i d e  a  s l i g h t l y  more 
s o p h i s t i c a t e d  one A2 which d i f f e r s  f rom A1 by whst i s  c a l l e d  t h e  Linearity 
fea tu re .  The improvement i s  s t u d i e d  i n  q u a n t i t a t i v e  terms. I n  s e c t i o n  2 i t  
i s  shown t h a t  t h e  well-known l i n e a r  methods such as model e l i m i n a t i o n  o r  SL- 
r e s o l u t i o n  [ I l l  can be s imu la ted  by A2 which a t  t h e  same t ime has a  s m a l l e r  
search space than those methods. I n  s e c t i o n  3  an obv ious  redundancy i s  r e -  
moved from A2 by adding what i s  c a l l e d  t h e  jwnp f e a t u r e ,  thus  o b t a i n i n g  an 
a l g o r i t h m  A3. I t  i s  c o n j e c t u r e d  t h a t  A3 can s i m u l a t e  t h e  connec t ion  graph 
procedure [ l o ] .  F i n a l l y ,  i n  s e c t i o n  4  a  d i f f e r e n t  redundancy i s  removed f rom 
A2 by implementing what i s  c a l l e d  t h e  non-normal fomn f e a t u r e ,  thus  o b t a i n -  
ing  an a l g o r i t h m  A4 which opera tes  on comple te ly  general  m a t r i c e s .  I t  i s  
shown t h a t  the  r e f u t a t i o n  graph method [ I 3 1  can be s imu la ted  by A4. I n  each 
o f  these cases "s imu la t ion"  i s  t o  be understood w i t h o u t  any increased t ime 
o r  s to rage  requ i  rements. 

I t  should be n o t  t o o  d i f f i c u l t  t o  combine t h e  advantages o f  A 3  and A4 i n  a 
f u t u r e  a l g o r i t h m  p o t e n t i a l l y  more power fu l  than a l l  methods mentioned above 
and many o t h e r s  w i t h  them. 

1. Bas ic  a l g o r i t h m s  t e s t i n g  complementar i ty  

A  p r o p o s i t i o n a l  fo rmu la  i s  v a l i d  ( o r  i n c o n s i s t e n t )  i f f  i t s  m a t r i x  i s  comple- 
mentary, i . e .  each p a t h  through t h e  m a t r i x  c o n t a i n s  a  l i t e r a l  L  and i t s  
negated form L. There fo re  t h e  s i m p l e s t  a lgo r i thm,  which t e s t s  whether a  
m a t r i x  i s  complementary, i s  t h e  f o l l o w i n g .  



1.1.A.*) For each p a t h  p i n  t h e  g i v e n  m a t r i x  M do 

'DONE - 0; 1: choose L,K such t h a t  L,K E p  and (L,K) $ DONE; 
i f  L 9 K then 'DONE + DONE U (L, K) ; g o t o  1'' 

The a l g o r i t h m s  PAIR w i t h i n  t h e  system which has been descr ibed  i n  [91, i t s  
predecessor i n  [3 ] ,  t h e  a l g o r i t h m  (15) f rom 151, and t h e  process descr ibed  
i n  s e c t i o n  I l l  o f  [ I ]  a r e  e x a c t l y  o f  such a na tu re .  Note t h a t  t h e  m a t r i x  i s  
n o t  r e q u i r e d  t o  be i n  any normal form. However, f rom now on u n t i l  s e c t i o n  4 
the  d i s c u s s i o n  w i l l  be r e s t r i c t e d  t o  matr;:es i n  normal form. For  those a 
d e t e r m i n i s t i c  v e r s i o n  r e q u i r e s  o n l y  a few l i n e s  as f o l l o w s .  

1.2.A. ( I t  i s  assumed t h a t  t h e  g i v e n  m a t r i x  and rhe  a c t i v e  p a t h  i s  represen t -  
ed as a b i n a r y  a r r a y  M [ i , j ]  o f  l i t e r a l s  and a unary a r r a y  P I i ]  o f  i n t e -  
gers,  resp. ,  1  5 j <m., I < i _<m) 

f o r  i : = l  u n t i l  m do P [ i ! : = I ;  
1:  f o r  i : = i  u n t i l  m do f o r  j := i+l u n t i l  m do 
i f  M [ i  , P [ i ] ] = M [ j , P [ j ] ]  then g o t o  2; r e t u r n  ("complementary"); 
2: k : = l ;  
3: i f  P[k]<mk then ' ~ [ k ] : = ? [ k ] + l ;  go to  1 ' ;  P [ k ] : = l ;  

i f  k<m then 'k:=k+l ; g o t o  3' e l s e  r e t u r n  ("non-complementary") ; 

The s imp le  m a t r i x  : h ' may e x h i b i t  an obvious drawback o f  t h i s  k i n d  o f  
.. . - 

a l g o r j t h m .  ( 1 . 2 )  compares L w i t h  K -and i w i t h  L i n  t h e  f i r s t  p a t h  
IL,K,L,N}, L w i t h  N and L w i t h  L i n  t h e  second pa th ,  e t c . ;  a l t o g e t h e r  
i t  per forms 13 comparisons i n  t h e  f o u r  d i f f e r e n t  paths.  A d i f f e r e n t  sequence 
o f  comparisons would r e q u i r e  on1 y 3 comparisons (L-L,~-K,N-') f o r  t e s t i n g  
complementar i ty .  There a r e  two reasons f o r  the  s t r i k i n g  d i f f e r e n c e .  F i r s t ,  
these a l g o r i t h m s  do n o t  b e n e f i t  f rom t h e  f a c t  t h a t  a p a i r  o f  l i t e r a l s  may 
prove more than one p a t h  complementary. Second, t h e  search f o r  complementary 
l i t e r a l s  i s  per formed i n  a comp le te ly  b l i n d  way. 

I t  i s  s t r a i g h t f o r w a r d  t o  overcome these d isadvantages by a d j u s t i n g  t h e  cho ice  
o f  pa ths  and l i t e r a l s  t o  t h e  g i v e n  m a t r i x  i n  a f l e x i b l e  way. 10 t h a t  e f f e c t  
we may assume t h a t  f o r  a g i v e n  l i t e r a l  L  an occur rence  o f  L i n  t h e  m a t r i x  
can be determined i n  one step.  T h i s  can be r e a l i z e d  by add ing  t h e  s e t  o f  con- 
nec t ions ,  o r ,  even s imp le r ,  by e s t a b l i s h i n g  a l i s t  i n  which f o r  each l i t e r a l  
a l l  occurrences i n  t h e  m a t r i x  a r e  no ted  which increases t h e  amount 1 I C I  o f  
memory r e q u i r e d  f o r  s t o r i n g  the  m a t r i x  M by a f a c t o r  2. CE M 

1.3.A. (The a l g o r i t h m  i s  presented i n  two v e r s i o n s .  The preliminary v e r s i o n  
- t o  be d iscussed i n  t h i s  and t h e  n e x t  s e c t i o n  - i s  o b t a i n e d  from t h e  f o l l o w -  
i n g  t e x t  by cancel  1 i n g  e v e r y t h i n g  embraced by b racke ts  [ .  . . ] .  The fuZZ 
v e r s i o n  - t o  be d iscussed i n  s e c t i o n  3 - i s  o b t a i n e d  by d e l e t i o n  o f  t h e  
b racke ts .  Both v e r s i o n s  t e s t  whether a m a t r i x  M i n  normal form i s  comple- 
mentary. I n  t h e  l i s t  v a r i a b l e  ACT t h e  l i s t  o f  l i t e r a l s  o f  t h a t  p a r t  o f  t h e  
a c t i v e  p a t h  i s  s t o r e d  which have been considered s o f a r ;  WAIT denotes a s t a c k  
on which l i t e r a l s  t o  be considered l a t e r ,  t o g e t h e r  w i t h  t h e  va lues  o f  ACT 
and M r e l e v a n t  f o r  them, a r e  s to red ;  push(W,L) means t h a t  t h e  va lue  o f  
L i s  s to red  on t o p  o f  s tack  W; converse ly ,  pop(W) has as i t s  va lue  t h e  
top  element o f  s tack  W, which i s  removed f rom W except  i n  a c a l l  w i t h i n  
a boolean express ion  - l i k e  i n  s tep  1 5  below. "dm" a b b r e v i a t e s  " d i t c h -  
marker".) 

*) A. ,T. a b b r e v i a t e  " a l g o r i  thm" and "theorem", resp .  



1: ACT-@; w h i l e  non-empty(WAIT) do pop(WA1T); [ i -0; I 
2: choose a c lause  C f rom t h e  m a t r i x  M; M-M\C; 
3: choose a l i t e r a l  L  f rom C; 

i f  C\L + 0 then push(WAIT, (C\L,ACT,M)) ; 
[ i  - i+1 ; ]  ACT-ACTu[( ]L[ , i ,O) ] ;  

4: i f  M = 0  then r e t u r n  ( "non-~omplementay~") ;  
5: i f  t h e r e  i s  no c lause  C EM such t h a t  L E C  then 
6: ' i f  t h e r e  i s  no  c l a u s e  C EM such t h a t  

K E C  f o r  some [ ( ] ~ [ , j , b ) ]  €ACT then g o t o  1 
7: e l s e  C f rom M such t h a t  

K E C  f o r  some [ ( l K [ , j , b ) ]  EACT; 
[push(WAIT,"dm"); dm- i ;I:' 

8: e l s e  choose C-from M such t h a t  LEC;  
9: M+M\C; C--C\L; 

10: f o r  a l l  1  i t e r a l s  K such t h a t  
VEC and [ ( ] K [ , j , b ) ]  €ACT [ f o r  some j and bd do 
C-C\K; [ i f  j 5dm then r e p l a c e  b by 1 i n  ( ~ , j , b )  €ACT;] '  

11: i f  C S 0  then go to  3; 
12: i f  empty(WAIT) then r e t u r n  ("complementary"); 
13: [ i f  pop(WAIT) ="dmi' then 

r p ~ p ( ~ ~ ~ ~ )  ; 
w h i l e  pop(WA1T) = ( C '  ,ACTSU(L' , i '  ,0) , M i )  

f o r  some C1,ACT',L', i ' ,M1  and i t  >max(O,j) 
where j =max{k l  (K,k, l )  E-ACT f o r  some N o r  k = 0 I 1  

do ~ O ~ ( W A I T ) ;  go to  12; ' l  
(C,ACT,M) -pop(WAlT) ; [ i f  ACT=ACT1,(L',i',b') f o r  some ACT1,L ' , i ' , b '  
then  i - i '  e l s e  i - O ; ]  g o t o  3; 

U n t i l  s e c t i o n  3 t h e  d i s c u s s i o n  i s  r e s t r i c t e d  t o  t h e  p r e l i m i n a r y  v e r s i o n  o f  
(1.3) .  L e t  us cons ider  o u r  p r e v i o u s  example and assume t h a t  K w i  11 be cho- 
sen i n  the  i n i t i a l i z i n g  s tep  w h i l e  l e a v i n g  N a t  t h e  bo t tom o f  WAIT. I n  
t h e  f i r s t  comparat ive s tep  t h e  s i n g l e  K w i l l  be s e l e c t e d  as i l l u s t r a t e d  
i n  f i g u r e  1 ( f u l l  1  i n e  f rom K t o  K ) .  T h i s  s tep  proves a l l  pa ths  comple- 

K - K .  L .  

'x, -/ 
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F i g u r e  1. Two snapshots and t h e  whole m a t r i x  

mentary which c o n t a i n  t h i s  p a i r  (K,K), and none o f  these pa ths  w i l  1 be con- 
s i d e r e d  again.  K i s  now s t o r e d  i n  ACT. A l l  remain ing pa ths  which pass 
through K must pass through L ( d o t t e d  1 i n e  f rom K t o  L ) which i n  
t h i s  case i s  t h e  o n l y  o t h e r  l i t e r a l  t o  be chosen d u r i n g  t h i s  s tep.  Since L 
i s  t h e  o n l y  l i t e r a l  i n  t h e  c lause  chosen i n  t h e  second s t e p  ( f u l l  l i n e  f rom 
i t o  L ) , t h e  process may now t u r n  t o  t h e  n e x t  1 i t e r a l  on t h e  s tack .  F ig -  
u r e  1 i l l u s t r a t e s  t h i s  s i t u a t i o n  i n  t h e  f i r s t  snapshot. A l l  pa ths  c o n t a i n i n g  
K have tu rned  o u t  t o  be complementary a t  t h i s  moment w h i l e  a l l  paths con- 
t a i n i n g  N a r e  y e t  t o  be considered.  But t h i s  i n  f a c t  w i l l  be completed i n  
one f u r t h e r  s tep  as i l l u s t r a t e d  i n  t h e  second snapshot i n  f i g u r e  1. 

The cor rec tness  and completeness o f  t h i s  a l g o r i t h m  ( i n  i t s  p r e l i m i n a r y  v e r -  
s i o n )  i s  obv ious  on  t h e  b a s i s  o f  t h e  d e f i n i t i o n  o f  compZementa2.y matrices. 
The o n l y  p o i n t  w o r t h  t o  be mentioned i n  t h i s  respec t  i s  t h e  case where f o r  
t h e  chosen l i t e r a l  L  no-complement can be found i n  any remain ing c lause  

(s teps  5-7) l i k e  i n  , &  T .  When t h e  a l g o r i t h m  a r r i v e s  a t  t h e  
- 

e n c i r c l e d  N t h i s  case occurs.  But  o b v i o u s l y ,  any l i t e r a l  which has a com- 



plement i n  t h e  a c t i v e  p a t h  ACT may p l a y  t h e  r o l e  o f  t h e  m i s s i n g  (actu-  
a l l y ,  t h i s  c o u l d  have been a l lowed i n  t h e - a l g o r i t h m  as an a l t e r n a t i v e  c h o i c e  
even i n  the  r e g u l a r  case where C w i t h  L  EC e x i s t s ) .  I f  n o t  even such a  
l i t e r a l  does e x i s t  i n  any o f  t h e  remaining c lauses then t h e  whote m a t r i x  i s  
complementary i f  and o n l y  i f  t h i s  ho lds  f o r  the  remaining m a t r i x ,  s i n c e  by 
c o n s t r u c t i o n  any p a t h  which has ACT as a  subpath must c o n t a i n  a  comp!emen- 
t a r y  p a i r  o f  l i t e r a l s  i n  t h e  remaining m a t r i x .  

We n o t i c e  t h e  f o l l o w i n g  two v i r t u e s - o f  a l g o r i t h m  (1.3). F i r s t l y ,  w i t h i n  one 
step, f o r  any p a i r  o f  l i t e r a l s  (L ,L)  c u r r e n t l y  be ing  considered i t  proves 
t h e  complementar i ty  o f  a l l  paths  passing through t h i s  p a i r  and i t  never con- 
s i d e r s  these pa ths  again.  Secondly, i n  t h e  r e g u i a i  case (s tep  8) i t  never re -  
q u i r e s  more than one s tep  ( i . e .  one comparison) co prove t h a t  a p a t h  i s  com- 
plementary, s ince  the  cho ice  o f  complementary p a i r s  o f  l i t e r a l s  i s  t h e  lead- 
i n g  a c t i o n  (no t  the  b l i n d  choice o f  paths as i n  the  p rev ious  a l g o r i t h m ) .  For 
the  steps 7 and TO the  number o f  comparisons i s  bounded by t h e  number o f  e l -  
ements i n  ACT which i n  t u r n  i s  bounded by m := I M I .  Therefore,  (1.3) i s  
f a s t e r  than any v e r s i o n  o f  (1.1) f o r  a  normal form m a t r i x .  The speed-up i s  
i n  f a c t  cons iderab le  s ince,  assuming a  un i fo rm d i s t r i b u t i o n  o f  l i t e r a l s  w i t h -  
i n  the  m a t r i x ) ,  t h e  number o f  comparisons per path on the  average i s  quadrat-  
i c  i n  m f o r  (1.1) w h i l e  i t  i s  l e s s  than m f o r  (1.3). Under t h e  same as- 
sumption t h e  number o f  paths i s  O(nm) where n  i s  the  number o f  d i f f e r e n t  
v a r i a b l e s  i n  the m a t r i x  which shows t h a t  the  improvement renders an exponen- 
t i a l  speed-up. 

The p r i c e  f o r  t h i s  improvement i s  on the memory s ide ,  b u t  i t  i s  very  cheap. 
I f  one shares the  i n f o r m a t i o n  w i t h i n  t h e  s tack  - n o t e  t h a t  the  values f o r  
ACT and M  b u i l d  upon those o f  the  p rev ious  e n t r y ,  and t h a t  a  marker su f -  
f i c e s  f o r  C  - then we need a t  most 3.m a u x i l i a r y  l o c a t i o n s  ( i n  a d d i t i o n  
t o  the f a c t o r  2 mentioned b e f o r e  1.3). The f o l l o w i n g  theorem summarizes these 
arguments. 

1.4.T. A l g o r i t h m  (1.3) i n  i t s  p r e l i m i n a r y  v e r s i o n  i s  s t r i c t l y  f a s t e r  than 
(1.1) f o r  a  m a t r i x  i n  normal form, the speed-up be ing  exponent ia l  i n  the  num- 
ber  m o f  c lauses i n  M ( f o r  a  un i fo rm d i s t r i b u t i o n  o f  1  i t e r a l s ) .  On the  
o t h e r  hand, (1.3) r e q u i r e s  a t  most 1 I ~ 1 + 3 m  more memory l o c a t i o n s  than (1.1) 

CE M  

2. L i n e a r  r e s o l u t i o n  methods 

F igure  1  has i l l u s t r a t e d  one key idea which d i s t i n g u i s h e s  a l g o r i t h m  (1.3) - 
s t i l l  i n  i t s  p r e l i m i n a r y  vers ion  - from (1.1) and which w i l l  be c a l l e d  the  
l i n e a r i t y  feature: the p a i r s  o f  complementary l i t e r a l s  a r e  chained i n  a  l i n -  
ear way (whenever the  c o n d i t i o n  i n  s tep  5 i s  f a l s e ) .  T h i s  i s  e x a c t l y  the fea- 
t u r e  which charac te r i zes  a l l  l i n e a r  r e s o l u t i o n  methods. I n  o r d e r  t o  i l l u s -  
t r a t e  t h a t  l e t  us p resen t  the a c t i o n s  o f  (1.3) f o r  the  example o f  f i g u r e  1  i n  
a  mgd i f ied  n o t a t i o n  which c l e a r l y  r e f l e c t s  e x a c t l y  t h e  same steps.  
1.  N g iven  

2. L- g i v e n  
3. KL g iven  
4 .  KN g iven  
5 .  N [ K ] ~  ex tens ion  w i t h  3. 
6. N ex tens ion  w i t h  2.; bracketed 1  i t e r a l s  d e l e t e d  ( t r u n c a t i o n )  
7. 0 ex tens ion  w i t h  1.; bracketed l i t e r a l  de le ted  

The reader fami 1  i a r  w i t h  model e l  i m i n a t i o n  (ME) wi  11 immediately see t h a t  
t h i s  i s  a  c o r r e c t  ME r e f u t a t i o n  (see [ I l l  f o r  te rmino logy) .  ME i s  j u s t  a  var -  
i a n t  o f  the  c l a s s  o f  l i n e a r  r e s o l u t i o n  procedures. Hence, t h e r e  seems t o  be 
a  c l o s e  r e l a t i o n  between l i n e a r  r e s o l u t i o n  and (1.3). T h i s  r e l a t i o n  w i l l  be 
now exp lo red  i n  p r e c i s e  terms. 



(1.3) contains no action which corresponds to merging (or factorization) in 
ME. As we will see in section 4, factorization is a separate issue which has 
been solved only in an incomplete way in all linear methods; therefore its 
implementation is postponed. 

In (1.3) the information given by M prevents the algorithm from extending 
a path a second time through the sane clause. Of course, this provision 
could be deleted without touching complereness or consistency, since addi- 
tion of a second copy of a clause to a given matrix apparently does not af- 
fect complementarity at all. But it certainly would affect efficiency in abad 
way since the number of paths apparent!y increases with each such copy. 
Hence this additional feature of (1.3) turns out to be a special virtue 
which is implemented in ME b y  the restriction of a deduction to contain 
acceptable chains only. Since without factoring the notion of acceptability 
would have to be adapteo, we rather implement the information given by M 
by attaching the corresponding clause numbers to the A-literals and by re- 
stricting extension to be allowed only with clauses whose number has not yet 
been attached to any A-literal in the given chain. klith this irrelevant modi- 
fication ME without factorization will be denoted by PME (cure ME). 

2.1.T. Each PME refutation of a matrix M can be simulated by (1.3) with 
exactly the same number of steps. (The representational form of (1.3) endows 
it with a little advantage over PME w.r.t. space.) 

Prcof. The simulation is obvious with the following correspondence. PME ex- 
tension can be simulated by the steps 3,8,9 of (1.3). PME reduction can be 
simulated by 1 ine 10. PME deletion of bracketed 1 i terals (truncation) for 
completion of both, extension and reduction, is performed in 13. Note that 
the A-literals are those stored in ACT, while the B-literals are those 
stored in the first component of the entries in WAIT. 

The implementation of (1.3) suggested in section 1 requires only one pointer 
instead of a whole cell in a chain. This amounts to 3 - ~ l C \ + 2 m  locations re- 
quired at most by PME as opposed to 2 . ~ / ~ 1 + 3 m  locations mentioned in sec- 
tion 1 for (1.3). 0 
3. Connection graph method 

Algorithm (1.3) in its preliminary version has a redundancy which becomes ap- 
- K '  

parent by the fol lowing example*) : L i . Upon arrival at R the * 
algorithm chooses the clause I L I  in step 7. Complementarity is now obvious; 
the algorithm, however, does not notice this and considers the literal N 
on the stack. In general, instead of the single literal N the stack may 
contain arbitrarily many entries. Also, the example may be easily modified 
such that the deletion rule (see [71, lemma 3.1) does not apply. All linear 
methods like ME suffer from this redundancy. 

This redundancy disappears in the full version-of (1.3) which is discussed 
I S  re- now. Namely, after the choice of the clause {L) as before "0" ' 

placed by "1" in the first element (L,1,0) in ACT within step 10 which 
allows to empty the whole stack in step 13. The justification for this is 
provided by the following theorem. 

*' A similar example was mentioned by R. Kowalski in a discussion with the 
author. Closer examination of it revealed several defaults in an earlier 
version of this paper. 



3.1.T. A l g o r i t h m  (1.3) - i n  i t s  f u l l  v e r s i o n  - i s  sound and complete 

&oof'. For t h e  p r e l i m i n a r y  v e r s i o n  soundness and completeness was obvious.  
The o n l y  c r u c i a l  d i f f e r e n c e  a p p a r e n t l y  i s  w i t h i n  s tep  13 where subgoals on 
WAlT a r e  s imp ly  d e l e t e d  by t h e  f u l l  ve rs ion .  Hence completeness i s  t r i v i a l -  
l y  c a r r i e d  over  f rom t h e  p r e l i m i n a r y  ve rs ion .  I r  i s  a  l i t t l e  more d i f f i c u l t  
t o  show t h e  same f o r  soundness. 

L e t  M denote any m a t r i x .  I t  was a l r e a d y  mentioned i n  s e c t i o n  1  t h a t  (1.3) 
- i n  any v e r s i o n  - determines p a i r s  (L,L) o f  complementary l i t e r a l s ,  and 
thus proves complementary any p a t h  c o n t a i n i n g  t h i s  p a i r ;  moreover, ( 1 . 3 )  
never cons iders  such a  p a t h  again.  L e t  us assume t h a t  d u r i n g  a  run  o f  (1.3) 
we n o t e  i n  a  separa te  copy o f  M t h e  p a i r s  considered i n  t h i s  way by s e t t -  
i ng  l i n k s  between t h e  r e s p e c t i v e  occurrences o f  these l i t e r a l s .  

Now, assume (1.3) runs i n  t h e  f u l l  v e r s i o n  on M b u t  w i t h o u t  t h e  w h i l e -  
s tatement  i n  s t e p  13, and cons ider  any s i t u a t i o n  when i t  a r r i v e s  a t  s t e p  13 
and t h e  i f - c o n d i t i o n  t u r n s  o u t  t o  be t r u e .  L e t  A denote t h e  s e t  o f  l i n k s  
which have been s e t  s o f a r  i n  M, and P t h e  s e t  o f  pa ths  wh ich  s o f a r  t u r n -  
ed o u t  t o  be complementary. T h i s  s i t u a t i o n  i s  i l l u s t r a t e d  i n  f i g u r e  2. 

F i g u r e  2. The connec t ion  graph (M,A) 

Kl, ..., K a r e  l i t e r a l s  i n  ACT ( n o t  n e c e s s a r i l y  a l l ) .  Ki, O l i  < n ,  de- 
no tes  th! r i g h t m o s t  l i t e r a l  which i s  connected w i t h  a  l i t e r a l  beyond the  
d i t c h  determined by the  d i t ch -marker  dm c u r r e n t l y  be ing  considered i n  t h e  
i f - c o n d i t i o n  o f  s tep  13 and i l l u s t r a t e d  by the  r i g h t  v e r t i c a l  l i n e .  The l e f t  
v e r t i c a l  l i n e  i l l u s t r a t e s  t h e  nex t  dm on WAlT o r  the  end o f  t h e  m a t r i x  
i f  the re  i s  none. j i s  determined by i < j  5 n .  R i s  any l i t e r a l  i n  t h e  
c lause  CI on WAlT remain ing from C:. (Note t h a t  t h e  example a t  the  be- 

J J 

g i n n i n g  o f  t h i s  s e c t i o n  i s  a  spec ia l  case o f  t h i s  general  s i t u a t i o n . )  

Now, l e t  P '  and Po be ob ta ined  f rom any p a t h  P E P  through M by r e -  
p l a c i n g  i n  P  t h e  l i t e r a l  S;, f rom c lause  C i ,  by R i ,  f o r  a l l  j' E J  

J J J 

f o r  any J such t h a t  @ i J ~ I i + l ,  ..., n),  and the  l i t e r a l  S: from c lause  
J 

C j  by Ki f o r  a l l  j E I i + l ,  ..., n) ,  resp. .  By c o n s t r u c t i o n ,  P o E P  and 

t h e  l i n k  which y i e l d e d  complementar i ty  o f  Po cannot c o n t a i n  any o f  t h e  
l i t e r a l s  Kiil, ..., Kn. Hence, such a  l i n k  i s  a l s o  con ta ined  i n  P I ,  i . e .  

PI EP. On t h e  o t h e r  hand, s w i t c h i n g  on t h e  w h i l e - l o o p  i n  s tep  13 p reven ts  
the  examinat ion o f  e x a c t l y  those pa ths  through M, which can be o b t a i n e d  
as P ' ,  and t h e r e f o r e  has no e f f e c t  w.r .  t .  soundness. 

A f t e r  removal o f  t h e  redundancy mentioned above t h e  d i s t i n c t i o n ,  t h a t  has 
been e labora ted  between t h e  connec t ion  graph procedure and SL- reso lu t ion  



by Kowalski i n  [ l o ] ,  cannot be made between t h e  connec t ion  graph procedure 
and (1.3). I n  f a c t ,  i t  seems t h a t  t h e  f o l l o w i n g  conjecture ho lds .  

3.2. Each connec t ion  graph r e f u t a t i o n  o f  a m a t r i x  M can be s imu la ted  by 
(1.3) - o r  perhaps some f u r t h e r  improvement t h e r e o f  - w i t h  t h e  same number 
o f  s teps,  c o n s i d e r i n g  corresponding p a i r s  o f  l i t e r a l s  b u t  p o s s i b l y  i n  a d i f -  
f e r e n t  sequence. 

I n  (3.2) would t u r n  o u t  t o  be t r u e  then  t h i s  would mean a cons iderab le  ad- 
vantage f o r  (1.3) w. r . t .  s to rage  (no i n h e r i t e d  l i n k s  t o  be s t o r e d ! )  and 
w.r.t .  t h e  search space (no inc rease  o f  t h e  m a t r i x ! ) .  

4. Non-normal fo rm methods 

F igure  3 i l l u s t r a t e s  a redundancy i n h e r e n t  i n  a l l  t h e  methods d iscussed so- 
f a r ,  and f i r s t  n o t i c e d  by Shostak i n  [13] .  I n  the  f i r s t  snapshot, t h e  pa th -  
checking process (I.?,), which here  simu!ates the  S L - r e f u t a t i o n  g i v e n  i n  fig- 
u r e  4a i n  [13 ] ,  has j u s t  proved those pa ths  complementary which c o n t a i n  N 
b u t  n o t  Q. I n  t h e  process which takes p l a c e  between t h e  two snapshots a l l  

F i g u r e  3. A redundancy i n  normal fo rm methods 
(2 snapshots and the  whole m a t r i x )  

pa ths  through N and Q t u r n  o u t  t o  be complementary. But except  f o r  t h e  
f i r s t  s tep  t h i s  whole process has a l r e a d y  been per formed b e f o r e  i n  l i t e r a l l y  
t h e  same way (compare the  l a s t  f o u r  c lauses  i n  b o t h  snapshots) .  

Th is  redundancy can be e a s i l y  removed by g e n e r a l i z i n g  t h e  p r e l i m i n a r y  v e r -  
s i o n  o f  (1.3) t o  non-normal form m a t r i c e s .  Th is  i s  i l l u s t r a t e d  by 

ij/:,iij i,; - R _ d L / ~  R;/i. and accomplished by t h e  f o l l o w i n g  a l g o r i t h m .  
Q 

4.1.A. ( P r e l i m i n a r y  v e r s i o n  o f  (1.3) g e n e r a l i z e d  t o  a r b i t r a r y  mat r i ces .  No- 
t a t i o n  as i n  1.3) 

1 : ACT--@; w h i l e  non-empty(WAIT) do pop(WAIT) ; push(WAIT,"lml') ; 
2: choose a c lause  C from t h e  m a t r i x  M; M-M\C; 
3: choose a m a t r i x  M' from C ;  

i f  C\M' $ 0  then p u s h ( ~ ~ I T , ( C ; ~ ' , A ~ ~ , ~ ) ) ;  
i f  M' i s  n o t  a l i t e r a l  then push(WAIT,"lm"); M-M' UM; go to  2'; 
L -M1;  ACT-ACTUL; 

4: i f  M = @  then r e t u r n  ("non-complementa_ryl') ; 
5: i f  t h e r e  i s  no c lause  C EM such t h a t _ l  occurs  i n  C then 
6: ' if t h e r e  i s  no c lause  CEMsuch t h a t  Koccurs  i n  C f o r  some KEACT then 

'whi le  pop(WAIT) +"lml '  do pop(\_JAIT) ; ACT-@; g o t o  2' 
7: e l s e  'choose KEACT such t h a t  K o c c u r s  i n  M; L-K"; 
8: choose C f rom M such t h a t  L occurs i n  C;  
9: M-M\C; choose M' EC such t h a t  L occurs j n  M'; C-CtM'; 

9 '  : f o r  each C '  EM'such t h a t  C '  = { K l  and K 4 L  f o r  some K do 
'check each e n t r y  on WAIT f rom t o p  u n t i l  t h e  f i r s t - o c c u r r e n c e  
o f  "lm" whether f o r  i t s  f i r s t  component, say C", KEC"; 
i f  t h i s  i s - t r u e  then cancel  t h i s  occurrence o f  K; i f  
even C" = { K l  then remove t h e  whole e n t r y  f rom WAIT' ; 



10: gmong t h e  m a t r i c e s  o f  C d e l e t e  those which a r e  l i t e r a l s  K such t h a t  
KEACT;- 

11: i f  M' = L  and C + 0  then g o t o  3; 
i f  M1 .:L and C ~ ( 6  then  r p u s h ( ~ ~ ~ ~ , ( ~ , ~ ~ ~ , ~ ) ) ; p u s h ( ~ ~ ~ ~ , " l m " ) ;  
g o t 0  111' ; 
i f  M' = L  and C = @  then goto-12; 

11 ' :  choose C from M' such t h a t  I occurs  i n  C ;  M-(MIX) UM; 
choose M '  f rom C such t h a t  L occurs  i n  M'; C-C\M1; 
g o t 0  11; 

12: w h i l e  pop(WAIT) ="lm" do pop(WAIT); 
i f  empty (WAIT) then r e t u r n  ("complementary") ; 

13: (C,ACT,M) c p ~ p ( ~ ~ ~ ~ ) ;  go to  3; 

4.2.T. a)  A l g o r i t h m  (4.1) i s  complete and sound. 
b) For  each m a t r i x  M i n  normal form t h e r e  i s  a g e n e r a l i z e d  m a t r i x  M' 

c o n s i s t i n g  o f  a f a c t o r i z e d  v e r s i o n  o f  M such t h a t  each r e f u t a t i o n  o f  M by 
Shostak 's  graph c o n s t r u c t i o n  procedure [ I 3 1  can be s imu la ted  by (4.1) ap- 
p l i e d  t o  M' w i t h  t h e  same number o t  s teps  ( w h i l e  t h e  converse does n o t  h o l d ) .  

For reasons o f  space i t  i s  o n l y  mentioned t h a t  s t e p  9 '  s imu la tes  " r e d u c t i o n  
u s i n g  a C - l i t e r a l " ,  t h e  o t h e r  s teps  behaving s i m i l a r  as p o i n t e d  o u t  i n  t h e  
p roo f  f o r  (2.1) .  
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Representing Design Alternatives' 
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Abstract: 

Ar t i f ic ia l  intel l igence systems a re  complex designed art i facts. Techniques 
used i n  Al systems t o  descr ihe st ructures and t o  represent alternatives can b e  
used t o  support the  design of the  systems themselves. PIE i s  an experimental 
personal in format ion environment which provides users w i t h  descr ipt ive 
st ructures for programs and documents. I n  PIE, alternative designs fo r  
programs and documents are simultaneously v iewable i n  the sys!em through 
t l ie  use of a context s t ructured database. 'This shor t  paper gives an overview 
of how the use of  these faci l i t ies improves the  design environment for  bui lders 
of sof tware systems. 

In t roduct ion 

A major activity in artificial intelligence research is the design of complex systems. Yet 

most softv~are environments do not support this activity well. They do not allow within 

the system description of different properties of a design nor the flexible examination of 

alternative designs. Ail designers create alternative solutions, develop them to various 

degrees, compare their properties, then choose among then. Yet most software 

environnients do not allow alternative definitions of procedures and data structures to 

exist simultaneously; nor do they provide a representation fcr the evolution of a partictilar 

set of definitions across time. It is our hypothesis that a context.structured database can 

substantially improve the programmer's ability to manage the evolution of his software 

designs. 

Present computing environments support the creation of alternative designs only with file 

services. Typically users record significant alternatives in files of different names; the 

evolt~tion of a given alternative IS recorded in files of the same name with different 

version numbers. We contend that this use of files provides both an impoverished 

structura as well as an inflexible one. The poverty is a result of the fact that file names 

are simply a limited length sequence of characters, hardly an adequate scheme to 

descrihe the purpose and contents of a file, and its relation to other files. It can be an 

adequate reminder to the originator of the name, but is often opaque to a new reader. 

The rigidity is a reflection of the fact that one typically cannot use parts of files as part of 

a new composite design, except by tedious text editing. Final!y, the most serious 

l~mitation is t h ~ t  !iles are "off-line" in the sense that the alternat~ve designs are not 

stored xithin the coniputing environment in a form that can be  easily manipulated by the 

' T o  be published ~n the Froc~edings. Arllf1c8al Inftlligrnce acd S81nulalion of Behavior Conference. July. 
19CO. Amsteldam A more extcrlded d~scusslon of Lii#s ressJrch can be found In Goidste~n & Bobrow [80]. 



programmer. Although Interlisp [Teitelman, 781 provides some facilities for manipulating 

pieces of a file (e.g. individual function definitions), it still suffers from the "off-line" 

limitation. 

To ameliorate this software bottleneck, we have constructed a computing environment in 

which "on-line" descriptions of alternative software designs can be readily created and 

manipulated. We use a context-structured description-centered database to describe 

code. Such databases have been explored in artificial intelligence research for over a 

decade as a mechanism to represent slternative world views. 1e.g. Hewitt, 71; Sussman 

8 McDermott, 721. 

Our application of this machinery is novel in several respects. (1) Previous applications 

have focussed on the use of suci-I databases by mechanical problem solvers. We are 

exploring the use of such databases in a mixed-initiative fashion with the user primarily 

responsible for their creation and maintenance. (2) Previous applications have always 

demanded a uniform overhead in space and time for adopting the context machinery. 

We are exploring configurations for a design environment that allow the programmer to 

trade flexibility for efficiency, decreasing the system's investment in tracking the 

evolution of particular parts of a design at the price of not being able to represent 

alternatives simultaneously in primary memory. Thus, employing the design environment 

is not an all or nothing choice for the user. (3) Previous applications have been to 

problems of limited complexity. In our application of context structured databases to 

software design, we are exploring their utility in a world several orders of magnitude 

more complex. 

To understand the pros and cons of context structured environments for software design, 

we have implemented a prototype environment and conducted several experiments. The 

environment is called PIE, an acronym for personal information environment. PIE allows 

the user to build context sensitive descriptions of code, documents, and, indeed, any 

object for which a machine representation exists. PIE has been employed (1) to allow a 

programmer to create alternative software designs, examine their properties, then choose 

one as the production version, (2) to coordinate the interactive design of two 

programmers, and (3) to coordinate the documentation and definitions of an evolving 

package of code. 

The Smalltalk environment 

To describe PIE further, we must first introduce Smalltalk [Ingalls, 78; Kay, 741, the 

programming environment in which it has been implemented. Smalltalk is an object- 

oriented programming language. (See Dahl 8 Nygaard [66] on Simula and Hewitt et al 

(731 on "actors" for related work on such programming languages). Behavior arises 

from the transmission of messages between objects. Each object is, in essence, a 



simulation of a computer. It can respond to some number of messages and it maintains 

its own state between message invocations. 

The message set of an object is specified by Smalltalk's class structure. Each object is 

an instance of a class. When a message is sent to the object, it asks its class for the 

method associated with that message. The class either contains the definition directly, 

or if not, passes the request to its superclass. For the object to understand the 

message, its definition must occur somewhere in this superclass chain. Thus, objects of 

tne same class are analogous to computer products of the same model. 

Figure 1 shows a fragnmt of the definition o! a Smalltalk class for Spaceship. The 

fragment shown indicates that instances of Spaceship gnderstand messages that 

simulate motion and collision and that each instance carries its own private state 

regarding its position and velocity 

Class new title: Spaceship 
~ ~ p e r c l a s ~ :  Object "class Object is the root 01 the superClass hierarchy." 

declare: 'allspaceships' " a  c lass variable --shared by all instances" 

fields: 'position velocity' " i ns tance  variables - -  each fnstance has private versions 01 these" 

Moving "methods are divided into 'protocols' - -  lhis one is called Moving" 

accelerate: dv "dv is the argument of the method wrth selector accelerate" 

[velocity+velocity + dv] 

move [positioncposition + velocity. "points understand the message t " 

self crashes => " se l f  refers to this instance. = > rndrcates a conditronal expression" 

[ t  selt explode] " i l  condition is true, move  returns with value 01 self  explode" 

self display. "done i l  condlfion is lalse --  disp lay  is a message lhis instance understands"] 

Collisions "another protocol" 

crashes I ship "ship is a local variable lor the activiation" 

"This assumes that aN ships are 01 unit size, and collide only when at the same point" 
[for: ship from: allspaceships do: [ ship collideAt: position =>[ttrue]].tfalse] 

collideAt: place 
"a method to  test i l  I collide with another object at place." 

[position =place = >[ttrue] tfalse] 

Figure 1: Partial Definition of a Smalltalk class 

We chose Smalltalk over Lisp, the usual vehicle for Al research, because Srnalltalk has a 

superior set of interactive display facilities. DLlSP [Teitelman, 771 provides enough 

capabilities we believe, but was not available on the same fast hardware. These 

interactive display facilities were of critical importance to allow the functionality of the 

design environment to be delivered to a user. No matter how powerful the design tools, 



no experiments would have been possible with an interface based on an inadequate 

communication channel. Using Smalltalk, however, has required that we reimplement 

machinery common to such Al languages as FRL [Goldstein B Roberts, 771 and KRL 

[Bobrow et al, 771. This has proved straightforward because the object oriented 

structure of Smalltalk is congenial to the frame-based viev~point of a Al representation 

languages. 

The PIE environment 

To describe Smalltalk code, we created a class of Smalltalk objects called nodes. Nodes 

are analogous to KRL units, or FRL frames: they consist of a set of atkribute value pairs 

with support for attached procedures, the use of defaults, meta-descriptions and 

inheritance. 

PIE provides convenient ways of viewing relationships between nodes, and viewing and 

changing the properties of nodes. One can automatically create nodes which describe 

existing pieces of the Smalltalk system, and conversely, make the system congruent with 

a description of it. Node23 in Figure 2 is a description that might have been been 

computed from one method of the Smalltalk code shown in Figure 1. 

Node23 
class Node17 "Node17 is the node describing the class Spaceship" 
selector 'crashes "This is a unique slring -- like a Lisp Atom" 
localvariables ('ship) "This is a sel of unique strings" 
variablesused ('ship 'allspaceships 'position 'mysize) 
methodBody "This is an edttable paragraph" 

[for: ship from: allspaceships 
do: [ ship collideAt: position =>[ttrue]].tfalse] 

comment 
'This assumes that all ships are of unit size, and collide 
only when at the same point' 

Figure 2. A node describing the method for crashes 

In PIE, changing the values of any of these attributes does not automatically change the 

object being described by the node. The node describes an intended object in the 

system, not necessarily the version that exists in the system. This is worth emphasizing 

as one of the principles characterizing our point of view towards the design process. 

* The Description Principle: In a system there should exist a descriptive 

level at which objects can be described without actually affecting the objects 

themselves. 



Representing alternative designs 

Using node structure, there are two distinct ways to have alternative descriptions of the 

same object: coreference and context. We have explored both, with our current 

preference being for the use of contexts. 

Coreference uses separate nodes to describe separate alternatives. In Figure 3, Node25 

is a description of an alternative version of crashes. The intended identity of the 

Node23 and Node25 (they are both are describing the same object) is made explicit 

with the coreferentNodes attribute. 

Node25 
class Node18 "Node18 is the node describing the class Spaceship wl~ ich  dilfers 

lrom Node17 ~n having a n  additronal instance variable - -  mysize" 
selector 'crashes 
localvariables ('ship) 
variahlesUsed ('ship 'allspaceships 'position 'mysize) 
methodBody "a dillerent method body" 

[for: ship from: allspaceships 
do: [ ship collideAt: position of: mysize =>[ttrue]].tfalse] 

comment 'Uses mysize for each ship to determine overlap' 
coreferentNodes (Node23) 

Figure 3. An alternative method for crashes 

However, coreference has certain difficulties. The first is that it does not represent the 

manner in which two descriptions may differ on some attributes but otherwise be 

identical. The second is that the coordination of the choice of Node23 vs. Node25 and 

other choices in the system for consistency is not expressed. For this reason we have 

chosen to explore another way of expressing alternatives. 

In this second method, all descriptions (values of attributes) of any node are relative to a 

context. Context as we use the term extends the notion of context as used in Conniver 

[Sussman S McDermott, 721, and has certain similarities to the vistas of partitioned 

semantic nets [Hendrix, 751. 

t The Context Principle: All attribute-values in the system are relative to a 

context, and alternatives in a system are expressed by alternative .contexts. 

When one retrieves the values of attributes of a node, one does so in a particular 

context, and only the values assigned in that context are visible. 



Incremental design 

Design involves more than the consideration of alternatives. It also involves the 

incremental development of a single alternative. Every programmer is aware that 

software has a life cycle: following its birth, it undergoes progressive refinement in 

response to changing external requirements. PIE supports the incremental modification 

of a design by providing a fine structure to contexts that we have not, as yet, discussed. 

A context is stiuctured as a sequence of layers. It is these layers that allow the state of 

a context to evolve. The assignment of a value to a property is done in a particular 

layer. Thus the assertion that a particular procedure has a certain source code 

definition is made in a layer. Retrieval from a context is done by lookin0 up the value of 

an attribute, layer by layer. If a value is asserted for the attribute in the first layer of the 

context, then this value is returned. If not, the next layer is examined. This process is 

repeated until the layers are exhausted. 

Figure 4 shows a layer C containing some coordinated changes to the spaceship class of 

Figure 1. This layer contains those changes necessary to allow the class to use size 

infortnation in determining collisions. In a context which contained this layer dominating 

those containing the information implicit in Figure 1, the changes would be visible. 

Those attribute-values such as the superclass of Spaceship that are not contained in 

layer C would be found in less dominant layers. 

Node 1 7 "the node lor the class Spaceshsp" 
fields: ('position 'velocity 'mysize) "a change in a declaralion" 
methods (... Node23 Node27 ... ) 

Node23 "the node lor the method crashes" 
methodBody 

[for: ship from: allspaceships 
do: [ship collideAt: positioii of: mysize = >[ttrue]].tfalse] 

Node27 "the node lor the methodthal tests lor a collrsion" 
selector 'co1lideAt:of: 
methodBody 

[(position + mySize>place-size)and:(position-mySize<pace + size) = >[ttrue] 
tfalse] 

Figure 4. Layer C,  containing coordinated changes to use mysize 

Figure 5 shows several spaceship nodes in which the values of attributes have not been 

filtered by a context sensitive lookup. Instead, we see the underlying data structure, 

which is an association list of layers and values. Layer B is the base layer in which all 

the nodes were presumed to have been originally deiined for this example. 



Node1 7 "me node for the class Spaceship" 
fields: Layer5 ('position 'velocity) 

LayerC ('position 'velocity 'mysize) 
Node23 "the node for (he method crashes" 

methodBody 
Layer6 

[for: ship from: allspaceships 
do: [ ship collideAt: position = >[ttrue]].tfalse] 

LayerC 
[for: ship from: allspaceships 
do: [ ship collideAt: position of: mysize = >[ttrue]].tfalse] 

Figure 5. An unlayered view of node structure 

Extending a context by creating a new layer is an operation that is sometimes done by 

the system, and sometimes by the user. The current PIE system adds a layer to a 

context each time the context is modified in a new session. Thus, a user can easily back 

up to the state of a design during a previous working session. The user can create 

layers at will. This may be done when he or she feels that a given groups of changes 

should be coordinated. Typically, the user will group dependent chacges in the same 

layer. 

Given the existence of layers, a complex design developed over many stages can be 

summarized into a single new layer. The old layers, reflecting past choices, can then be 

deleted. Thus, the designer, if he wishes, can compress the past, achieving a more 

compact representation at the price of no longer representing the dynamics of the 

design. 

Coordinating designs 

So far we have emphasized that aspect of design which consists of a single individual 

manipulating alternatives. A complementary facet of the design process involves 

merging two partial designs. This task inevitably arises when the design process is 

undertaken by a team rather than an individual. To coordinate partial designs, one 

needs an environment with these properties: (1) non-interference. Two designs may 

overlap. It must be possible to examine the overlap without the designs overwriting one 

another. (2) incompleteness. It must not be necessary for a design to be complete 

before it is examined. (3) merging. It must be convenient to create a common design 

from the individual contributions. It was encouraging for us to learn that the 

context/layer machinery created :o manage alternatives lent itself well to meeting these 

requirements for coordinating partial designs. 



Non-interference between the overlap of two partial designs w2s accomplished by 

adopting the convention that different designers place their contributions in separate 

layers. Thus, where an overlap occurred, the divergent values for some common 

attributes were separated by distinct layers. Handling incomplete designs of software 

was facilitated by the distinction Ontween intensional node descriptions and the actual 

code definitions. Since the node descriptions were not installed code, they could be 

partial and hence non-executable with no difficulty. 

Merging two designs can be viewed as a process that creates a new layer into which are 

placed the desired values for attributes as selected from two or more competing 

contexts. It is hence very much like the summarization process described earlier, but it 

is relative to more than one context and requires user interaction. ~o icomplex  designs, 

the merge process is, of course, non-trivial. We do not, and indeed cannot, claim that 

PIE eliminates this complexity. What it does provides is a more finely grained descriptive 

structure than files in which to manipulate the pieces of the design. 

Understanding how to merge two designs is facilitated by examining commentary 

supplied by the designers regarding the rationale of their choices. But this raises the 

classic software problem of coordinating documentation with design. Fortunately no 

additional machinery is required in PIE to address this problem. Commentary such as 

the rationale of a procedure, or its dependencies on other procedures, can be stored as 

attribute value pairs within the node describing the procedure in question. A request to 

be informed of the rationale of some change is answered by fetching this information 

from the same layer as the one which records the change, thus keeping them 

coordinated. Figure 4 shows how the rationales of various method definitions are 

recorded in the layer along with the altered definitions. 

Complexity. 

We claimed in the introduction that PIE copes with problems several orders of magnitude 

more complex than those previously represented in Al systems such as Conniver. By 
complexity we mean both the size of the data base in the system, and the variety of 

operations done on contexts. The Conniver database was never efficient enough to 

implement any useable subsystems. McDermott's [McDermott, 741 examination of the 

Monkey and Bananas problem within Conniver exercised it to its limit. 

PIE is able to build a context sensitive description of any class within Smalltalk. Thus, it 

can be applied to any programming problem that a Smalltalk programmer undertakes. 

This is analogous to using Conniver to build a programmer's interface to Lisp. Attacking 

problems of this size is, in part, possible because we have more computational resources 

than were available in the early 70's. PIE runs as a stand alone job on a processor with 

at least the power of a KA10. However, it is also possible because we have implemented 



machinery to allow the programmer to move between context sensitive and context free 

descriptions at will. Thus, there is a more congenial marriage between PIE and Smalltalk 

than there was between Lisp and Conniver. This is discussed in the next section. 

An interesting side effect of PIE'S ability to describe any code within Smalltalk is that it 

can and has been used to describe itself. Thus, PIE's present capabilities have passed 

the test of being sufficiently powerful to support its own development, for example, by 

allowing us to examine alternative implementations of the PIE user interface within PIE. 

Efficiency versus Flexibility 

PIE allows the user to trade flexibility for efficiency. At one extreme,, the user can 

employ standard Smalltalk mechanisms for defining new code. If this route is chosen, 

then no evolutionary history is maintained, and no context overhead is paid. However, if 

the user wishes to pay the price of some decrease in efficiency of storage and retrieval 

time, then he can first build a set of nodes describing Smalltalk code, then continue his 

development in a context structured fashion. From this point forward, the evolutionary 

history is maintained. If the user reaches the point where he once again prefers 

efficiency to flexibility, the context definitions can be converted to pure Smalltalk and the 

layers deleted. If desired, the user can first store the layers remotely, preserving the 

ability to recreate the context description later. All these facilities are curently 

im~lemented. 

This discussion suggests how a central design facility can serve as the nucleus of a 

network of remote servers that provide current packages to users. Periodically, the 

design server can release new layers to these servers with updates to particular designs. 

The servers can then generate new Srnalltalk versions and release these designs to 

clients. Clients who wish to know what has changed, can get a description from the new 

layer. 

Interaction 

PIE's ability to represent non-trivial alternative designs raises deep problems related to 

the user interface. How can we make available this power in a useable form? What are 

the cognitive requirements of the programmer? Presently we are employing an interface 

modelled on the standard Srnalltalk interface for examining and altering code. This 

interface, called the browser, displays a hierarchy of descriptions of Smalltalk code to the 

user. The user can examine any method by a process of selection that specifies first a 

category of classes, then a particular class, then a protocol of methods within the class, 

and finally a particular method. This scheme of organizing code into a four-level 

taxonomy has been adopted in PIE to minimize the overhead for a Smalltalk user 

learning to employ the PIE environment. However, PIE makes this classification context 



dependent. As with the standard Smalltalk browser, the user can alter the definitions of 

any object viewed. But these alterations are made in the dominant layer of the 

associated context, and do not affect the Smalltalk kernel itself, whereas making changes 

with the standard Smalltalk browser forces immediate incorporation of any changes. 

Research is needed to explore whether this interface is adequate given the increased 

complexity of a context structured environment. In Smalltalk, the hierarchy of code 

definitions is the primary structural organization. In PIE, this hierarchy is now context 

dependent. Has this additional complexity made the Smalltalk organization inadequate? 

Will we need a classification scheme with more levels of division, or vfil! some other kind 

of organization be appropriale? Just one of the problems that we will have to consider is 

that in a design environment, there is no need for a particular method description to be 

associated with only a single class, even though the actual Smalltalk system requires that 

the method be separately compilec! for each class to which it belongs. Hence, a strict 

hierarchy is obviously inadequate. 

Conclusions 

This paper presents only a sketch of the PIE system; our research is reported in greater 

detail in Goldstein 8. Bobrow [80]. We have not discussed here issues in the design of 

the user interface, although a successful interface is critical to delivery of these 

capabilities to the user. We only suggest here that layered networks are applicable to 

more than software: an extended example in cooperative writing of a document is given 

in the larger work. Finally, the system has as yet had only limited use. We do not know 

which features will be used most, which need to be automated to be helpful, and which 

may prove to be too complex to be useful. Recording and analyzing this experience is 

an important part of our research program. 

A major theme of Artificial Intelligence research has been the development of languages 

to describe complex evolving structures. In general, these structures have been the 

belief structures of an artificial being about some subject matter (e.g., the SRI 

consultant's [Hart, 751 beliefs about the state of a water pump being constructed, or 

SAM'S [Schank et al, 751 beliefs about what went on in a story it just read). We have 

been exploring the premise that these techniques can be used to describe the complex 

evolving structure of a software system, and as such can provide aids to the designer of 

such a system. One use of artificial intelligence is to amplify human intelligence. We 

suggest that the (recursive) application of A1 techniques to Al can have a powerful effect 

on the develo~ment of the field. 



References 

Bobrow, Daniel G., Winograd, Terry, and the KRL Research Group, Experience with KRL- 
0: One cycle of a knowledge representation language, Proceeclings of the Fifth 
lnternational Joint Conference on Artificial Intelligence, Cambridge, MA: 1977, 213-222. 

Dahl, O.J., and Nygaard, K., SIMULA-an ALGOL-Based Simulation Language, CACM 9, 
September 1966, 67: -678. 

Goldstein, I.P. and Bobrow, D.G., A layered approach to software design, Palo Alto, CA: 
Xerox Palo Alto Research Center, Computer Sciefice Laboratory, 1900, in preparation. 

Goldstei~, I.P. and Roberts, R.B., NCIDGE, A knowledge-based scheduling program, 
Proceedings of the Fifth International Joint Conference on Artificial Intelligence, 
Cambridge, MA: 1977, 257-263. 

Hart, P., Progress on a camputer based consultant, Advance papers of the fourth 
international joint conference on artificial intelligence. Tbilisi: 1975, 831-041. 

Hendrix, Gary G., Expanding the utility of semantic networks through partitioning, 
Advance papers of the fourth tnternational joint conference on artificial intelligence, 
Tbilisi: 1975, 115-121. 

Hewitt, C., Description ancl theoretical analysis (using schemata) of PLANNER: A 
language for proving theorems and manipulating models in a robot, Ph.D. Thesis, June 
1971 (Reprinted in AI-TR-258 MIT-AI Laboratory, April 1972.) 

Hewitt, C., Bishop, P.. and Steiger, R., A universal modular ACTOR formalism for artificial 
intelligence, Proceedings of the Third lnternational Joint Conference on Artificial 
Intelligence, 1973, 236-245. 

Ingalls, Daniel H., The Smalltalk-76 Programming System: Design and Iniplementation, 
Conference Record of the Fifth Annual ACM Symposium on Principles of Programming 
Languages, Tucson, AZ: January 1978, 9-16. 

Kay, A.. SMALLTALK. A con?munication medium for children of all ages, Palo Alto, CA: 
Xerox Palo Alto Research Center, Systems Science Laboratory, 1974. 

McDermott, D.V., Assimilation of new information b y  a natural language-understanding 
system, AI-TR-291 MIT-AI Laboratory, February 1974. 

Schank, Roger, and the Yale Al Project, SAM-A story understander, Yale University, 
Computer Science Research Report #43, August 1975. 

Sussman, G., and McDermott, D., From PLANNER to CONNIVER-A genetic approach, 
Fall Joint Computer Conference, Montvale, NJ: AFlPS Press, 1972. 

Teitelman, W., Interlisp reference manual, Palo Alto, CA: Xerox Palo Alto Research 
Center, Computer Science Laboratory, 1978. 

Teitelman, W., A display oriented programmer's assistant, Proceedings of the Fifth 
lnternational Joint Conference on Artificial Intelligence, Cambridge, MA: 1977. 



PATTERN-BASED REPRESENTATIOSS OF KII'OLIEDGE 

I N  THE GAME OF CHLSS 
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A b s t r a c t  

The focus  of  r e c e n t  A r t i f i c i a l  I n t e l l i g e n c e  r e s e a r c h  i n t o  Computer Chess 
has  been on endgames. These a f f o r d  t h e  p o s s i b i l i t y  of c o n t r o l l e d  
e x p e r i m e n t a t i o n ,  w h i l s t  r e t a i n i n g  much of  t h e  complexi ty of t h e  f u l l  game 
of chess .  T h i s  paper  d i s c u s s e s  some of  t h e  s p e c i f i c  r e a s o n s  f o r  
complexi ty i n  t h e  endgame and c o n s i d e r s  i ts  e f f e c t s  on human chess -  
p l a y i n g  s t r a t e g y ,  t ex tbook  d e s c r i p t i o n s  and t h e  development of programs. 
I n  programming t h e  endgame t h e  r e s e a r c h e r  i s  f aced  w i t h  a  range of  
d e c i s i o n s  concern ing  t h e  q u a l i t y  of  p l a y  t o  be aimed a t ,  t h e  ba lance  
between knowledge and s e a r c h  t o  be adopted and t h e  degree  t o  which t h e  
p l a y i n g  s t r a t e g y  shou ld  be  unders tandab le  t o  human c h e s s p l a y e r s .  A model 
f o r  r e p r e s e n t i n g  pat tern-knowledge i s  d e s c r i b e d  which has  enab led  t h e  
development o f  a l g o r i t h m s  t o  p l a y  a  number of endgames. Three a l g o r i t h m s  
r e p r e s e n t i n g  d i f f e r e n t  l e v e l s  of  performance f o r  t h e  endgame King and 
Pawn a g a i n s t  King a r e  compared, i n  o r d e r  t o  d i s c u s s  t h e  t r a d e o f f  between 
complexi ty and comple teness ,  on t h e  one hand, and compactness and 
c o m p r e h e n s i b i l i t y ,  on t h e  o t h e r .  F i n a l l y ,  rhe r o l e  of  s e a r c h  i n  reduc ing  
t h e  amount of  knowledge t o  be memorised i s  cons idered  and an e x t e n s i o n  t o  
t h e  b a s i c  model t o  i n c o r p o r a t e  deeper  s e a r c h  i s  d i s c u s s e d .  

I n t r o d u c t i o n  

The game o f  Chess combines complexi ty wi th  a  we l l -de f ined  s t r u c t u r e ,  
t o g e t h e r  wi th  an e x t e n s i v e  background c u l t u r e  a g a i n s t  which a  g iven  
s t a n d a r d  of program performance can be  e v a l u a t e d .  

The focus  of much r e s e a r c h  i n t o  computer chess  h a s  moved towards t h e  
s tudy  of endgames, which r e t a i n  much of t h e  complexi ty of  t h e  f u l l  gnme 
w h i l s t  a f f o r d i n g  t h e  p o s s i b i l i t y  of c o n t r o l l e d  exper iments  and p r e c i s e  
q u a n t i t a t i v e  a n a l y s i s .  It i s  a l s o  n o t a b l e  t h a t  conventior .a l  chess-  
p l a y i n g  programs u s i n g  deep s e a r c h  wi th  s imple e v a l u a t i o n  f u n c t i o n s  
g e n e r a l l y  perform very  b a d l y  i n  endgames, where knowledge, r a t h e r  than 
c a l c u l a t i o n ,  i s  p robab ly  t h e  major  f a c t , > r  i n  human p l a y .  

S t u d i e s  of  even t h e  most e lementary endgames such a s  King and Pawn a g a i n s t  
King (WK) and King and Rook a g a i n s t  King (KRK) have r e v e a l e d  s u r p r i s i n g  
complexi ty.  Numerous d i f f i c u l t  c a s e s  have been found which a r e  no t  
given i n  t ex tbooks  and conven t iona l  progr .?ming techn iques  have proved 
most u n s u c c e s s f u l .  Knowledge-based a igor i thms  f o r  a  v a r i e t y  of  endgames 
have been given by Bramer (1977b) ,  Brancr  and Cla rke  (19791, Braiko and 
Michie (1980) and e l sewhere ,  i n  each case  developed a f t e r  a  l eng thy  
s e r i e s  of t r i a l s  and c a r e f u l  r e f inement .  



There a r e  a  number of  r e a s o n s  f o r  t h i s  unexpected complexi ty.  

( 1 )  L i m i t a t i o n s  o f  c u r r e n t  t h e o r e t i c a l  knowledge of chess .  
Experiments  have r e v e a l e d  impor tan t  e r r o r s  and omiss ions  i n  t h e  known 
t h e o r y  o f  v a r i o u s  endgames, w i t h  e r roneous  e v a l u a t i o n s  p r e v i o u s l y  made by 
e x p e r t s  and c o u n t e r - i n t u i t i v e  moves and r e s u l t s  found i n  s e v e r a l  
imp0r tm. t  p o s i t i o n s .  

KPK and KRK a r e  b e l i e v e d  to -be  f u l l y  unders tood  t h e o r e t i c a l l y  by 
reasonab ly  s t r o n g  p l a y e r s .  N e v e r t h e l e s s  t h e r e  a r e  d i f f i c u l t  c a s e s  which 
a r e  n o t  g iven  i n  t h e  m a j o r i t y  of  wide ly  a v a i l a b l e  t e x t b o o k s ,  o r  ( i n  some 
c a s e s )  i n  any of  them. The a u t h o r s  have e i t h e r  been unaware of  t h e  
d i f f i c u l t i e s  o r  have exc luded  them a s  un impor tan t .  

( 2 )  Boundary e f f e c t s  caused by t h e  board edge. 
I n a b i l i t y  t o  manoeuvre beyond t h e  Rook f i l e s  o r  t h e  f i r s t  o r  e i g h t h  r a n k s  
l e a d s  t o d i f f i c u l t i e s  and ' s p e c i a l  cases '  a f f e c t i n g  g e n e r a l  s t r a t e g i e s  
( p a r t i c u l a r l y  f o r  KPK). 

(3)  ' D i s c m l t i n u i t i e s '  i n  t h e  r u l e s  of  chess .  
S t a l e m a t e ,  t h e  o p t i o n  of an i n i t i a l  double Pawn move and pawn promotion 
can be  viewed a s  ' d i s c o n t i n u i t i e s '  i n  t h e  normal r u l e s  (be ing  unab le  t o  
avo id  King c a p t u r e  l o s e s ,  p i e c e s  move i n  t h e  same way anywhere on t h e  
board)  and bo th  a r e  s i g n i f i c a n t  i n  endgame p lay .  

(4 )  Chessboard geometry. 
The geometry of  t h e  chessboard  i s  non-Euclidean (and v a r i e s  from p i e c e  t o  
p i e c e ) .  Measuring i n  terms of  King moves (one s q u a r e  v e r t i c a l l y ,  
h o r i z o n t a l l y  o r  d i a g o n a l l y  a t  a  t ime) t h e  d i s t a n c e  from square  Al t o  
square  A7 i s  6 u n i t s  e i t h e r  d i r e c t l y  o r  v i a  two s i d e s  o f  a  t r i a n g l e  
(Al-B2-C3-D4-C5-Bb-A7). The s i t u a t i o n  i s  compounded by t h e  e x i s t e n c e  of 
s q u a r e s  on t o  which a  King may no t  l e g a l l y  move, which a l t e r s  i t s  
' e f f e c t i v e  d i s t a n c e '  from a  g i v e n  square .  Some a n a l y s i s  of  e f f e c t i v e  

d i s t a n c e  i n  t h e  KPK c a s e  i s  g iven  i n  Bramer (1977a) .  

With t h i s  geometry i t  i s  d i f f i c u l t  t o  d e f i n e  even a p p a r e n t l y  s imple  
geomet r ica l  r e l a t i o n s h i p s ,  such a s  'Black King can t a k e  Pawn' f o r  KPK. 

From t h e  above i t  i s  c l e a r  t h a t  endgames, e s p e c i a l l y  t h o s e  w i t h  o n l y  a  
smal l  number of  p i e c e s ,  d i f f e r  from middlegames by be ing  much more ill- 
behaved,  wi th  numerous s p e c i a l  and unexpected c a s e s  a r i s i n g .  Moreover 
t h e  t r a d i t i o n a l  computer chess  t echn ique  of  u s i n g  a  s o p h i s t i c a t e d  s e a r c h  
a l g o r i t h m  wi th  a  f a i r l y  s imple  e v a l u a t i o n  f u n c t i o n  i s  n o t  a p p l i c a b l e  ( a t  
l e a s t  w i t h o u t  major  m o d i f i c a t i o n )  t o  endgames, where i t  i s  easy  t o  f i n d  
examples of  p o s i t i o n s  which would r e q u i r e  a  s e a r c h  of  30 p l y  o r  more deep 
t o  f i n d  t h e  one ( c o u n t e r - i n t u i t i v e )  winning move. 

Textbook d e s c r i p t i o n s  of endgame s t r a t e g i e s  

From t h e  c h e s s  l i t e r a t u r e  i t  is e v i d e n t  t h a t  endgame p l a y  depends much 
more on t h e  use  o f  p l a n s  based  on a  knowledge of  s i g n i f i c a n t  conf igura -  
t i o n s  ( o r  p a t t e r n s )  of p i e c e s  than  on deep a n a l y s i s  of p o s s i b l e  v a r i a -  
t i o n s .  

For  e lementa ry  endgames such  a s  KPK and KRK, t h e  p l a n s  a r e  ve ry  s imple 
(e .g .  'move a s  c l o s e  t o  Whi te ' s  Pawn a s  p o s s i b l e ' )  and t h e  s e a r c h  very  
sha l low,  i n  f a c t  a lmost  n o n - e x i s t e n t .  



Conventional  chess-playing programs s t a r t  w i t h  s e a r c h  and use  knowledge 
t o  reduce  t h e  amount of  s e a r c h  r e q u i r e d .  I n  endgame p l a y  ( e s p e c i a l l y  
w i t h  few p i e c e s )  i t  is probab ly  more a p p r o p r i a t e  t o  t h i n k  o f  u s i n g  s e a r c h  
a s  a  rneans of  reduc ing  t h e  amount of  knowledge t h a t  must be s t o r e d .  

A t y p i c a l  t ex tbook  d e s c r i p t i o n  comprises  a  smal l  number o f  g e n e r a l  ' r u l e s  
of  play '  t o g e t h e r  w i t h  some example v a r i a t i o n s  from diagramned p o s i t i o n s .  
The r u l e s  a r e  normal ly  o n l y  i m p r e c i s e l y  worded and omit important  d e t a i l s  
which have t o  be  i n f e r r e d - f r o m  t h e  v a r i a t i o n s  given.  

Although s t a n d a r d  t ex tbooks  such a s  F ine  (1941) a r e  o f t e n  thought  of  a s  
d e f i n i t i v e  and e x h a u s t i v e ,  t h i s  is f a r  from t r u e .  Aside from gaps o r  
e r r o r s  i n  c h e s s  t h e o r y  a s  mentioned p r e v i o u s l y ,  t h e r e  is no a t t empt  made 
t o  d e a l  w i t h  a l l  p o s s i b l e  s i t u a t i o n s  which can a r i s e  e v e n ' i n  t h e  s i m p l e s t  
endgames. F ine  remarks "I have given a  l a r g e  number of  r u l e s  which a r e  
a t  t imes  i n c o r r e c t  from a  s t r i c t l y  mathematical  p o i n t  of  view,  b u t  a r e  
n e v e r t h e l e s s  t r u e  by and l a r g e  and a r e  of the  g r e a t e s t  p r a c t i c a l  value".  
Thus h e  c o n c e n t r a t e s  on t h e  t y p i c a l  c a s e s  t o  t h e  e x c l u s i o n  ( i n  g e n e r a l )  
of r a r e l y  a r i s i n g  e x c e p t i o n s  even when t h e s e  a r e  known, and no e f f o r t  i s  
made t o  demons t ra te  t h e  most e f f i c i e n t  s t r a t e g i e s  ( i n  t h e  s e n s e  of t h e  
s h o r t e s t  p o s s i b l e  win i n  every  p o s i t i o n ) .  

P r o g r a m i n g  t h e  endgame 

I n  a t t e m p t i n g  t o  model t h e  s t r o n g  p l a y e r ' s  knowledge of  t h e  endgame, t h e  
r e s e a r c h e r  i s  f aced  by a  number of d e c i s i o n s .  One i s  whether  t o  adopt  a 
s t r u c t u r a l  o r  a  p rocedura l  r e p r e s e n t a t i o n ,  a n o t h e r  i s  t h e  l e v e l  of  pe r -  
formance f o r  which he shou ld  aim. A h e l p f u l  d i s t i n c t i o n  can be made 
between winning a lgor i thms  which a r e  op t imal  ( i . e .  t h e  s t r o n g e r  s i d e  wins 
wherever  p o s s i b l e  i n  t h e  s m a l l e s t  p o s s i b l e  number of  moves) and those  
which a r e  c o r r e c t  ( t h e  s t r o n g e r  s i d e  wins wherever  p o s s i b l e  hu t  no t  
n e c e s s a r i l y  a s  q u i c k l y  a s  p o s s i b l e ) .  The evidence and examples given i n  
Bramer (1980) s t r o n g l y  s u g g e s t  t h a t ,  even f o r  KPK, s t r o n g  p l a y e r s  perform 
sub-op t imal ly ,  a l though  almost  c e r t a i n l y  c o r r e c t l y .  For complex endgames 
s t r o n g  p l a y e r s  do no t  always perform even c o r r e c t l y .  

There is a  p r i n c i p l e  of s u f f i c i e n c y  invo lved  h e r e .  The game- theore t i c  
maximum number of  moves needed f o r  t h e  s t r o n g e r  s i d e  t o  win any winnable 
KPK p o s i t i o n  i s  on ly  19. The r u l e s  a l low f o r  50 moves (wi thou t  any p iece  
t aken  o r  any Pawn moved) b e f o r e  a  draw can be claimed.  I t  i s  s imply no t  
worthwhile  t o  over load  t h e  memory wi th  numerous s p e c i a l  c a s e s  ( o r  spend 
time per fo rming  a  deep a n a l y s i s )  t o  ach ieve  o p ~ i m a l  p l a y ,  even assuming 
t h i s  i s  f e a s i b l e ,  i f  t h e r e  i s  a s imple  a l g o r i t h m  which s u f f i c e s  f o r  
c o r r e c t n e s s ,  s t i l l  w e l l  w i t h i n  t h e  c o n s t r a i n t s  of  t h e  50-move r u l e .  

On t h e  o t h e r  hand, t h e  endgame King, Bishop and Knight v e r s u s  King i s  
thought  t o  r e q u i r e  up t o  34 moves t o  win and an e r r o r  i n  c e r t a i n  c r i t i c a l  
p o s i t i o n s  can e a s i l y  l ead  t o  an exceed ing  of  t h e  50 move l i m i t .  I n  t h e s e  
c a s e s  i t  i s  worthwhile  memorizing much more d e t a i l  of d i f f i c u l t  c a s e s ,  
a l though  n o t  n e c e s s a r i l y  a l l  of  them. 

Cla rke  (1977) draws a t t e n t i o n  t o  t h e  t r a d e o f f  between knowledge and 
s e a r c h .  A t  t h e  extremes a r e  a program which has  f u l l  knowledge and u s e s  
no s e a r c h  ( i . e .  i t  s imply looks  up t h e  b e s t  move i n  a  t a b l e )  and one 
which u s e s  e x t e n s i v e  s e a r c h  and has  no n o n - t r i v i a l  knowledge ( i . e .  i t  
u s e s  on ly  t h e  d e f i n i t i o n s  of won, drawn and l o s t  t e r m i n a l  p o s i t i o n s ) .  
I n  g e n e r a l ,  programs w i l l  l i e  somewhere a long  t h i s  spectrum, w i t h  r e c e n t  



A r t i f i c i a l  I n t e l l i g e n c e  r e s e a r c h  c o n c e n t r a t i n g  on programs towards  t h e  
'knowledge'  end .  

Michie  (1980) h a s  d e s c r i b e d  a n o t h e r  t r a d e o f f :  t h i s  t ime  between t h e  p e r -  
formance o f  a  program and i t s  c o m p r e h e n s i b i l i t y  t o  s u b j e c t  e x p e r t s .  
High-performance programs which a r e  a l s o  comprehens ib l e  a r e  r e f e r r e d  t o  
a s  l y i n g  i n s i d e  a  'human window'.  I n  a p p l i e d  domains  s u c h  a s  m e d i c i n e ,  
t h e  impor t ance  o f  t h i s  c o n c e p t  is t h a t  w i t h  an a p p r o p r i a t e  r e p r e s e n t a t i o n  
i t  may b e  p o s s i b l e  t o  s a t i s f y  s u b j e c t  e x p e r t s  o f  t h e  a c c u r a c y  o f  machine 
judgemen t s ,  f o r  example  b y - d e s c r i b i n g  t h e  f a c t o r s  which were  t a k e n  i n t o  
a c c o u n t ,  t h e  w e i g h t i n g  g i v e n  t o  e a c h ,  t h e  d i a g n o s t i c  i n f e r e n c e  r u l e s  
a p p l i e d  and t h e  r e l i a b i l i t y  a t t a c h e d  t o  t h e  r e s u l t .  

Such c o n s i d e r a t i o n s  a r g u e  s t r o n g l y  i n  f a v o u r  o f  t h e  c h o i c e  q f  a  
s t r u c t u r a l  r e p r e s e n t a t i o n ,  p a r t i c u l a r l y  one based  on r u l e s  o r  p a t t e r n s .  
A p a t t e r n - b a s e d  approach  a l s o  a l l o w s  s u b j e c t  e x p e r t s ,  a s  w e l l  a s  j u d g i n g  
t h e  r u l e s  g i v e n ,  t o  add t h e i r  own e x p e r i e n c e  i n  c o d i f i e d  form.  

Pn i n t e r e s t i n g  c a s e  where  t r u s t  i n  an un fa thomab le  program was r e q u i r e d  
h a s  a l r e a d y  a r i s e n  i n  c h e s s .  Mich ie  (1977) r e p o r t s  t h a t  t h e  g r a n d m a s t e r  
B r o n s t e i n  made u s e  o f  a  d a t a b a s e  o f  t h e  b e s t  move i n  e v c r y  p o s i t i o n  f o r  
p a r t  o f  t h e  R ing ,  Queen and rawn a g a i n s t  King and Queen endgame f o r  a n a l y -  
s i s  o f  an a d j o u r n e d  p o s i t i o n .  I f  t h e  move r e t r i e v e d  from t h e  d a t a b a s e  
had c o n f l i c t e d  w i t h  B r o n s t e i n ' s  own judgement 't would have been  v i r t u a l l y  
i m p o s s i b l e  t o  check whe the r  i t  a r o s e  f rom an  e r r o r  i n  c r e a t i n g  t h e  d a t a -  
b a s e  o r  was i n  f a c t  a c c u r a t e .  

Rule-Lased r e p r e s e n t a t i o n s  o f  a  body o f  knowledge czn be  viewed a s  h a v i n g  
two p o s s i b l e  f u n c t i o n s :  one a s  a  r ep l acemen t  f o r  t h e  t e x t b o o k ,  t o  be  
commit ted t o  memory by t h e  c h e s s p l a y e r ,  t h e  g e n e r a l  m e d i c a l  p r a c t i t i o n e r  
e t c .  and used  a s  r e q u i r e d ,  t h e  o t h e r  i s  a s  an e x p e r t  cornprlterized 
a s s i s t a n t  t y p i c a l l y  u sed  i n  an i n t e r a c t i v e  mode. I n  both c a s e s ,  t l i e r e  i s  
an i m p o r t a n t  need  f o r  c o m p r e h e n s i b i l i t y .  However, a s e t  of r u l e s  f o r  t h e  
fo rmer  w i l l  g e n e r a l l y  need t o  b e  much b r i e f e r  t h a n  f o r  t h e  l a t t e r ,  t o  
match t h e  l i m i t a t i o n s  o f  hurnan s h o r t - t e r m  memory, and a g a i n  t h e r e  i s  a  
t r a d e o f f ,  t h i s  t ime  between a c c u r a c y  ( o r  comple t eness )  and compactness  
w i t h i n  a  g i v e n  framework. 

A d e s i r a b l e  f e a t u r e  o f  a  r u l e - b a s e d  e x p e r t  sys t em i s  t h a t  l e a r n i n g  w i t h i n  
i t  w i l l  g e n e r a l l y  p roceed  m o n o t o n i c a l l y ,  i . e .  t h a t  a d d i n g  a  new r u l e  
shou ld  n o t  i r i v a l i d a t e  012 ones  b u t  s h o u l d  l e a d  t o  an inrprovement i n  p e r -  
formance.  T h i s  i s  o n l y  l i k e l y  L O  b e  t r u e  i f  t h e  u n d e r l y i t ~ g  r e p r e s e n t a t i o n  
i s  w e l l  chosen .  The p r o l i f e r a t i o n  o f  r u l e s  each  c o v e r i n g  a  s m a l l  nrrmber 
o f  c a s e s  which t h e  s u b j c c t  e x p e r t  ~ ~ o u l d  n o t  r e g a r d  a s  r e f l e c t i n g  a s [ > e c t s  
of t h e  c o m p l e x i t y  o f  t h e  do~i ia in  i n  q u e s t i o n  i s  a  good i n d i c a t i o n  t h a t  tire 
r e p r e s e n t a t i o n  i s  p r o b a b l y  n o t  a p p r o p r i a t e .  

The weakiiess o f  g e n e r a l - p u r p o s e  r e p r e s e n t a t i o n s  o f  knowledge is t h a t  t h e y  
f a i l  t o  t a k e  i n t o  a c c o u n t  t h e  s p e c i f i c  f e a t u r e s  o f  t h e  domain unde r  con- 
s i d e r a t i o n .  Thus i t  may he t h a t  i n  s p e c i f y i n g  t h e  'King can  c a t c h  l'r?w~:' 
p r e d i c a t e ,  some d e s c r i p t o r s  s h o u l d  al;.;jys be used  i n  p r e f e r e n c e  t o  o t h e r s  
where p o s s i b l e  o r  t h a t  some d e s c r i p t o r s  shou ld  o n l y  be  used  i n  c o r i j c r ~ c t i o n  
~ i t h  o t h e r s ,  o r  i f  o t h e r s  do  n o t  a p p e a r ,  e t c .  

,\ nrodc~l f o r  r e p r e s e n t i n g  pa t t e rn -knowledge  f o r  c h e s s  end l .mes  .- 

A r i , : l res t . i i ta t ion d e s i g n c d  t o  e n n b l e  t h r  c i l r . s s l ; l a y ( ~ r ' s  k!iawiedge o f  an crld- 
E . ! ~ C .  t o  be  r e p r e s e n t e d  i n  a  s t r u c t ~ ! r a l l y  sinr7lt. and comp;act form, c a p a b l e  



of inc rementa l  i t e r a t i v e  re f inement  t o  improve i t s  performance w h i l s t  
p r e s e r v i n g  i t s  i n i t i a l  p r o p e r t i e s ,  i s  g iven  i n  Bramer (1977b) and Braner  
and Cla rke  (1979) and s u m a r i z e d  below. It i s  assumed t h a t  t h e  problem 
i s  t o  c o n s t r u c t  an a l g o r i t h m  t o  f i n d  a  move f o r  a  chosen s i d e  ( s a y  Wnite) 
i n  any p o s i t i o n  p,  f o r  a  g iven  endgame. The b a s i c  move f i n d i n g  a l g o r i t h m  
i s  t h e n  a s  fo l lows :  

( a )  g e n e r a t e  t h e  s e t  Q of  immediate s u c c e s s o r s  (Black t o  move) o f  p  
(b)  f i n d  t h e  h i g h e s t  ranked member of  Q ,  s a y  q  
(c)  p l a y  t h e  move cor responding  t o  q. 

To ach ieve  s t e p  (b)  an i m p l i c i t  r ank ing  i s  d e f i n e d  on t h e  s e t  Q* of  a l l  
l e g a l  BTM (Black t o  move) p o s i t i o n s  f o r  t h e  endgame i n  q u e s t i o n .  Each 
such  p o s i t i o n  i s  a s s i g n e d  t o  e x a c t l y  one of  a  number o f , d i s j o i n t  and 
e x h a u s t i v e  c l a s s e s  which p a r t i t i o n  t h e  s e t  Q*. 

The r a n k i n g  of  each  BTM p o s i t i o n  i s  then determined by i t s  c l a s s  v a l u e  
(which i s  c o n s t a n t  f o r  a l l  t h e  p o s i t i o n s  i n  any c l a s s )  and t h e  v a l u e s  of 
a  number o f  a s s o c i a t e d  f u n c t i o n s .  These vary  from one c l a s s  t o  a n o t h e r ,  
i n  g e n e r a l .  For  p o s i t i o n s  i n  t h e  same c l a s s ,  t h e  f u n c t i o n s  used a r e  
always t h e  same a l though  t h e i r  v a l u e s  w i l l  va ry  from one p o s i t i o n  t o  
a n o t h e r .  To compare t h e  v a l u e s  of two p o s i t i o n s ,  t h e i r  c l a s s  v a l u e s  a r e  
compared, w i t h  t h e  l a r g e r  v a l u e  i n d i c a t i n g  t h e  higher-ranked p o s i t i o n .  
I f  t h e r e  i s  a  t i e ,  t h e  f i r s t  a s s o c i a t e d  f u n c t i o n  i s  used f o r  comparison. 
I f  t h e r e  remains a  t i e ,  t h e  second a s s o c i a t e d  f u n c t i o n  i s  used ,  and s o  on. 
(Any t i e s  remaining a f t e r  a l l  t h e  a s s o c i a t e d  f u n c t i o n s  have been used a r e  
r e s o l v e d  a r b i t r a r i l y  .) IJhen comparing t h e  v a l u e s  of  a s s o c i a t e d  fui!ction:;, 
i n  some c a s e s  t h e  l a r g e r  v a l u e  i s  p r e f e r r e d ,  i n  some c a s e s  the  s m a l l e r  i s ,  
depending on t h e  p a r t i c u l a r  f u n c t i o n .  The i n t e n t i o n  i s  t h a t  each c l a s s  
should cor respond  t o  some s i g n i f i c a n t  s t a t i c  f e a t u r e  o: t h e  endgame a s  
pe rce ived  by c h e s s p l a y e r s ,  e .g .  'Black i s  i n  c h e c k ' .  The a s s o c i a t e d  
f u n c t i o n s  correspond t o  r e l e v a n t  numerical  v a l u e s ,  such a s  t h e  d i s t a n c e  
between t h e  two Kings. 

Ass ign ing  a  p o s i t i o n  q t o  a  c l a s s  i s  achieved by working through a  s e r i e s  
of p r e d i c a t e s  ( c a l l e d  &) i n  t u r n  u n t i l  one i s  s a t i s f i e d .  (Subsequent 
r u l e s  a r e  n o t  e v a l u a t e d . )  A p o s i t i o n  q i s  d e f i n e d  t o  be lonp  t o  a  par-  
t i c u l a r  c l a s s  N i f  and o n l y  i f  r u l e  N i s  s a t i s f i e d  by q and nohe of  t h e  
p r e c e d i n g  r u l e s  a r e  s a t i s f i e d .  

Th is  p rocedure  e n s u r e s  t h a t  each  p o s i t i o n  be longs  t o  on ly  one c l a s s  and 
h e l p s  t o  s i m p l i f y  t h e  d e f i n i t i o n  o f  t h e  r u l e s .  To e n s u r e  t h a t  each 
p o s i t i o n  be longs  t o  some c l a s s ,  t h e  f i n a l  r u l e  i s  d e f i n e d  t o  be always 
t r u e  f o r  any p o s i t i o n  q .  - 

This  model was used i n i t i a l l y  t o  develop an a l g o r i t h m  f o r  t h e  s t r o n g e r  
s i d e  (White) of KPK which was thought  t o  be a  f u l l y  c o r r e c t  s t r a t e g y  as  a  
r e s u l t  of e x t e n s i v e  t e s t i n g ,  r e p o r t e d  i n  Bramer (1977b).  Subsequent 
a n a l y s i s  r e v e a l e d  t h a t  t h e  a l g o r i t h m  was n o t  e n t i r e l y  c o r r e c t .  An 
op t imal  s t r a t e g y  was developed by a  p rocess  of i t e r a t i v e  re f inement  u s i n g  
a  d a t a b a s e  o f  t h e  s h o r t e s t - p a t h  winning move ( o r  moves) i n  every p o s i t i o n .  
A c o r r e c t  a l g o r i t h m  has  now been r e f i n e d  from t h e  o r i g i n a l  ' n e a r  c o r r e c t  
v e r s i o n '  by t h e  semi-au ton~a t ic  re f inement  p rocess  based on i n s p e c t i o n  of 
'win-trees '  g iven  i n  Bramer (1979) and i s  s u m a r i z e d  i n  t h e  Appendix. 
(The development of a  c o r r e c t  a l g o r i t h m  f o r  KRK i s  d e s c r i b e d  i n  Bramer 
(1979) .) 



Three algorithms for King and Pawn against King - a comparison 

The following figures give basic information about each of the algorithms. 

Figure I - Three algorithms for KPK 

Algori thn Description Classes Associated Max. depth 
Functions of win (ply) 

A 'near correct' strategy 19 9 -- 
B correct strategy 20 I0 44 

C optimal strategy 38 13 38 

Figure 2 - 'Optimality Levels' for algorithms A (near-correct) and B 
(correct) 

Move 
Move 

played 
played 

is optimal 
increases depth 

I 

I, 

Algorithm A* 
59,888 (95.93A) 
1,526 (2.44%) 
673 
25 1 
68 
19 
5 - 

Algorithm B 
60,462 (96.77%) 
1,075 (I. 72%) 
660 
222 

. 47 
I I 

I - 
2 

Total 62,432 62,480 - 
(Breakdown for all legal WTM positions, which are theoretical wins). 

I I 
* Excluding non-win preserving moves 

Figure 3 - Class membership for algorithm B (correct strategy) 
Class Number of positions 1 I Class Number of positions 

(BTPI) (BTM) 
I 10,093 (10.3%) 1,620 (1.7%) 
2 9 8.507 (8.7%) 

(Pawn on file A-D, ranks 2-8.) 

16 2,632 (2.7%) 
17 I 
18 4,971 (5.17,) 
19 5 
20 4 

Total 97,992 

Classes 2, 7, 9, 10, 12, 13, 17, 19 and 20 total together 413 members 
(0.427,). 



Figure  2  shows t h e  'Opt imal i ty  Leve l s '  f o r  a l g o r i t h m s  A and B; i . e .  t h e  
-unt by which t h e  move s e l e c t e d  i n  e a c h  t h e o r e t i c a l l y  won WTM p o s i t i o n  
changed t h e  maximum dep th .  For  an op t imal  move t h e  d e p t h  i s  d e c r e a s e d  by 
one p ly .  The f i g u r e  shows t h a t  i n  bo th  c a s e s  t h e  g r e a t  m a j o r i t y  o f  moves 
a r e  e i t h e r  o p t i m a l  o r  i n c r e a s e  t h e  dep th  by on ly  one p l y .  The d i f f e r e n c e s  
between t h e  two a l g o r i t h m s  a r e  s m a l l  and,  i n  f a c t ,  a l g o r i t h m  B was formed 
from A by t h e  a d d i t i o n  of  one new c l a s s  (wi th  on ly  one member) and one 
new a s s o c i a t e d  f u n c t i o n  p l u s  s l i g h t  changes a f f e c t i n g  a  few o t h e r  c l a s s e s .  

However, t h e  d i f f e r e n c e  i n  i s  s u b s t a n t i a l .  Algori thm A f a i l s  
t o  win from a s  many a s  4,602 t h e o r e t i c a l l y  won p o s i t i o n s  (WTM) and 4,351 
(BTM). Only i n  48 p o s i t i o n s  (WTM) i s  a  move p layed  which does n o t  
p r e s e r v e  I r I i t e ' s  winning advan tage ,  t h e  o t h e r  p o s i t i o n s  s imply t r a n s f o r m  
i n t o  one a n o t h e r  i n  c y c l e s .  T h i s  r e s u l t  r e i n f o r c e s  t h e  ev idence  g iven  i n  
Bramer (1979) f o r  t h e  KRK endgame t h a t  a  change t o  t h e  move p layed  i n  a  
smal l  number o f  p o s i t i o n s  can d r a s t i c a l l y  a l t e r  t h e  o v e r a l l  performance 
of an a lgor i thm.  T e s t i n g  even by e x p e r t  human p l a y e r s  might n e v e r  r e v e a l  
t h a t  A  was n o t  a  c o r r e c t  a l g o r i t h m .  I t s  e r r o r s  w i l l  i n  g e n e r a l  r e s u l t  i n  
a  c y c l e  bu t  t h i s  may be  a f t e r  many moves of  o t h e r w i s e  e x p e r t  p l a y ,  
p o s s i b l y  i p  response  t o  poor  p l a y  by Black.  

To improve t h e  performance of KPK from c o r r e c t  (B) t o  o p t i m a l  (C) 
r e q u i r e s  an i n c r e a s e  from 20 t o  38 c l a s s e s  and from 10 t o  13 a s s o c i a t e d  
f u n c t i o n s .  T h i s  near-doubling of t h e  s i z e  o f  t h e  a l g o r i t h m  r e s u l t s . i n  a  
r e l a t i v e l y  minor improvement i n  performance.  The number of  i n d i v i d u a l  
p o s i t i o n s  p layed  o p t i m a l l y  r i s e s  from 96.77% t o  100% and t h e  maximum 
dep th  i s  reduced from 22 moves (44 p l y )  t o  19 (38  p l y ) .  The d e f i n i t i o n s  
of 38 c l a s s e s  would p robab ly  be  t o o  many t o  conunit t o  memory, i f  t h e  
a l g o r i t h m  were t o  be  used a s  a  replacement  f o r  t h e  t ex tbook ,  whereas 20 
c l a s s e s  would p robab ly  be a c c e p t a b l e .  E i t h e r  number would be  s a t i s f a c -  
t o r y  f o r  an e x p e r t  computerised a s s i s t a n t .  The p a t t e r n  of  d i s t r i b u t i o n  
of dep ths  f o r  a l g o r i t h m  B  i s  ve ry  s i m i l a r  t o  t h a t  f o r  C  ( t h e o r e t i c a l  
maximum d e p t h s ) ,  and t h i s  i s  a l s o  t r u e  f o r  a l g o r i t h m  A ,  which would t end  
t o  s u p p o r t  t h e  a p p r o p r i a t e n e s s  of  t h e  r e p r e s e n t a t i o n  adopted.  I n  making 
t h e  t r a n s i t i o n  from a l g o r i t h m  B  t o  C, i t  i s  c l e a r  t h a t  a  ' d imin i sh ing  
r e t u r n s '  e f f e c t  i s  invo lved .  The maximum dep th  of 22 moves f o r  a l g o r i t h m  . 
B i s  s t i l l  w e l l  w i t h i n  t h e  50-move drawing l i m i t .  For  a  p r a c t i c a l  p l a y e r  
t o  t a k e  on t h e  a d d i t i o n a l  memory burden r e q u i r e d  t o  p l a y  o p t i m a l l y  would 
s imply n o t  be wor thwhi le ,  an unnecessa ry  v i o l a t i o n  of  t h e  p r i n c i p l e  of 
s u f f i c i e n c y .  

The c l a s s  membership t a b l e  f o r  a l g o r i t h m  B (F igure  3) shows t h a t  a  f a i r l y  
smal l  number of  c l a s s e s  account  f o r  t h e  g r e a t  m a j o r i t y  of p o s i t i o n s .  The 
n i n e  s m a l l e s t  c l a s s e s  c o n t a i n  l e s s  than  a  h a l f  of  one p e r c e n t  of  t h e  
p o s i t i o n s ,  and f o u r  c l a s s e s  c o n t a i n  l e s s  than  t e n  p o s i t i o n s  each .  It i s  
u s e f u l  t o  c o n s i d e r  whether  c l a s s e s  w i t h  a  low l e v e l  of  membership r e f l e c t  
' s p e c i a l  c a s e s '  of  t h e  domain i n  q u e s t i o n  o r  merely r e s u l t  from t h e  par -  
t i c u l a r  r e p r e s e n t a t i o n  used .  I n  t h e  c a s e  of a l g o r i t h m  B, t h e  c l a s s e s  
concerned do seem t o  correspond t o  c l e a r  s p e c i a l  c a s e s  a r i s i n g  from t h e  
boundary e f f e c t s ,  r u l e  d i s c o n t i n u i t i e s  e t c .  r e f e r r e d  t o  p r e v i o u s l y .  For  
example, C l a s s  17 i s  used t o  d e a l  wi th  recognized  d i f f i c u l t i e s  wi th  a  
Knight Pawn and C l a s s  2  c o n t a i n s  a l l  t h e  p o s i t i o n s  where Rlack i s  s t a l e -  
mated. Some of t h e s e  s p e c i a l  c a s e s  a l though  impor tan t  a r e  n o t  g iven  i n  
t h e  major  t ex tbooks  ( o r  n o t  i n  a l l  of  them) and t h i s  i s  more markedly s o  
f o r  a l g o r i t h m  C (op t imal  s t r a t e g y ) .  Bramer (1980) g i v e s  s e v e r a l  exzmples 
of p o s i t i o n s  which a r e  c l e a r l y  s p e c i a l  c a s e s  but  a r e  o f  no p r a c t i c a l  
s i g n i f i c a n c e  and would c e r t a i n l y  never  be quoted i n  t ex tbooks .  I t  i s  



e v i d e n t  t h a t  t ex tbooks  omit many s p e c i a l  c a s e s ,  even t h o s e  which a r e  
n e c e s s a r y  f o r  c o r r e c t  p l a y ,  and t h a t  a  major  reason  f o r  t h i s  i s  t o  reduce  
t h e  amount t o  be memorized. 

It is n o t  sugges ted  t h a t  a l g o r i t h m  B i s  a  minimal c o r r e c t  s t r a t e g y  f o r  
KPK, i . e .  one  w i t h  t h e  fewes t  number of r u l e s  p o s s i b l e .  By removing 
c e r t a i n  of t h e  s p e c i a l  c a s e s  o r  by o t h e r  changes it might be p o s s i b l e  t o  
c o n s t r u c t  an a l g o r i t h m  which was s t i l l  c o r r e c t  b u t  had a  g r e a t e r  maximum 
d e p t h ,  a l t h o u g h  s t i l l  w i t h i n  t h e  50-move l i m i t .  Such a  s t r a t e g y  would 
d o u b t l e s s  s t i l l  have t o  i n c l u d e  c l a s s e s  t o  d e a l  wi th  a  ( p o s s i b l y  reduced)  
number of  s p e c i a l  c a s e s .  I f  t h e  aim were n o t  t o  a c h i e v e  c o r r e c t n e s s ,  bu t  
t o  pe r fo rm e x p e r t l y  i n  p r a c t i c a l  p l a y  o r  t o  s e r v e  a s  a  t e a c h i n g  document 
s u p e r i o r  t o  s t a n d a r d  t e x t b o o k s ,  i t  could he argued t h a t  an a b b r e v i a t e d  
a l g o r i t h m  which omi t t ed  s p e c i a l  c a s e s  b u t  was s t i l l  r e l i a b l e  i n  t h e  g r e a t  
m a j o r i t y  o f  c a s e s  WCL p r e f e r a b l e .  

The most impor tan t  way i n  which peop le  reduce t h e  amount of knowledge 
memorized wi thou t  n e c e s s a r y  l o s s  of c o r r e c t n e s s  i s  by making use  of 
a n a l y s i s  o r  s e a r c h .  

For exper ienced  p l a y e r s ,  s e a r c h  p l a y s  l i t t l e  p a r t  i n  s imple  endgames 
( a l t h o u g h  e x a c t  coun t ing  does)  bu t  i n c r e a s i n g l y  more a s  t h e  problem 
becomes more complex. U n f o r t u n a t e l y ,  tournament chess -p lay ing  programs 
have found i t  n e c e s s a r y  t o  use  s e a r c h  o f  a  volume and kind which i s  most 
u n l i k e  t h a t  of e x p e r t  human p l a y e r s .  An e x t e n s i o n  of t h e  model p r e v i o u s l y  
d e s c r i b e d  e n a b l e s  t h e  u s e  of  pat tern-knowledge t o  he combined wi th  s e a r c h  
deeper  t h a n  one p l y ,  b u t  which i s  capab le  of  c a r e f u l  c o n t r o l .  

The f i n a l  c l a s s  ( d e f i n e d  t o  be always E) i s  c a l l e d  t h e  r e s i d u a l  c l a s s ;  
t h o s e  w i t h  c l a s s  v a l u e s  g r e a t e r  than t h a t  of t h i s  c l a s s  a r e  c a l l e d  
p o s i t i v e ,  t h o s e  w i t h  lower v a l u e s  a r e  c a l l e d  n e g a t i v e .  These l a t t e r  two 
c a t e g o r i e s  b r o a d l y  r e f l e c t  f e a t u r e s  of t h e  endgame which a r e  p a r t i c u l a r l y  
d e s i r a b l e  o r  e s p e c i a l l y  u n d e s i r a b l e .  The most l i k e l y  source  of  d i f f i c u l t y  
i n  programming complex endgames l i e s  i n  s p e c i f y i n g  a  s u f f i c i e n t l y  l a r g e  
number of  p o s i t i v e  o r  n e g a t i v e  c l a s s e s ,  wi th  many imporcant p o s i t i o n s  
t h u s  f a l l i n g  i n t o  t h e  r e s i d u a l  c l a s s .  

There a r e  f o u r  p o s s i b i l i t i e s  f o r  a  g iven  s e t  of s u c c e s s o r  p o s i t i o n s :  

( a )  a t  l e a s t  one be longs  t o  a  p o s i t i v e  c l a s s ;  
(b)  a l l  be long  t o  n e g a t i v e  c l a s s e s ;  
(c)  a l l  be long  t o  n e g a t i v e  c l a s s e s ,  except  one which belongs t o  t h e  

r e s i d u a l  c l a s s ;  
(d)  two o r  more p o s i t i o n s  be long  t o  t h e  r e s i d u a l  c l a s s  and t h e  remaicder  

( i f  any) be long  t o  n e g a t i v e  c l a s s e s .  

I n  c a s e s  ( a ) ,  (b )  and ( c )  t h e  most f a v o u r a b l e  p o s i t i o n  can be  found 
s t a t i c a l l y  u s i n g  p o s i t i o n  v a l u e s  i n  the  u s u a l  way. In  c a s e  ( d ) ,  e i t h e r  
t h e  p o s i t i o n s  i n  t h e  r e s i d u a l  c l a s s  can be  t aken  a s  t e r m i n a l  and t h e  
a s s o c i a t e d  f u n c t i o n s  used  t o  c a l c u l p t e  t h e  v a l u e  s t a t i c a l l y ,  i n  t h e  u s u a l  
way, o r  an a n a l y s i s  t r e e  can be g e n e r a t e d  from each of t h e  r e s i d u a l  c l a s s  
p o s i t i o n s ,  w i t h  t h e  n e g a t i v e  c l a s s  p o s i t i o n s  r e j e c t e d  a l t o g e t h e r .  

C o n s t r u c t i n g  an a n a l y s i s  t r e e  i n  t h i s  way has  t h e  e f f e c t  of r educ ing  t h e  
amount of  s e a r c h  by p run ing  a l l  b ranches  t o  p o s i t i o n s  i n  n e g a t i v e  c l a s s e s  
and d e f i n i n g  t e r m i n a l  s t a t e s  of  a  g iven  set of p o s i t i o n s  a s  a  whole 



( c a s e s  ( a ) ,  (b)  and ( c )  above) .  S i n c e  a  r e s i d u a l  c l a s s  p o s i t i o n  can,  a t  
any s t a g e ,  be  r e g a r d e d  a s  t e r m i n a l ,  w i t h  t h e  s t a t i c  v a l u e  o f  t h e  p o s i t i o n  
backed up t h e  t r e e ,  t h e  amount of  a n a l y s i s  performed i s  s u b j e c t  Co c l o s e  
c o n t r o l .  I n  g e n e r a l ,  t h i s  form of  t h e  model i s  d i s t i n g u i s h e d  from con- 
v e n t i o n a l  t r e e - s e a r c h i n g  i n  t h a t  s e a r c h  i s  i n t e n d e d  t o  be used i n  a  con- 
t r o l l e d  way o n l y  a s  n e c e s s a r y  t o  supplement t h e  pat tern-knowledge which 
i t  i s  b e l i e v e d  i s  t h e  fundamental  component of  t h e  c h e s s p l a y e r ' s  endgame 
knowledge. I t  co r responds  roughly  t o  t h e  h igh- leve l  r u l e  ' i f  i n  an 
u n f a m i l i a r  s i t u a t i o n ,  s e a r c h  f o r  p o s s i b l e  f o r c i n g  v a r i a t i o n s  i n t o  known 
p o s i t i o n s ' .  A n  a l t e r n a t i v e - a p p r o a c h  which uses  r e c o g n i t i o n  of p a t t e r n s  t o  
invoke a  g o a l - d i r e c t e d  s e a r c h  (where each p a t t e r n  i s  a s s o c i a t e d  w i t h  i t s  own 
l i s t  of g o a l s )  i s  d e s c r i b e d  by Brarko and Hich ie  (1980).  

Appendix 
A c o r r e c t  a l g o r i t h m  f o r  t h e  endgame King and P a m  a g a i n s t  K ing  

Pawn e n  p r i s e  
Black i s  s t a l e m a t e d  

F igure  4 - C l a s s e s  f o r  King znd Pawn a g a i n s t  King ( s u m a r y )  

Pawn i s  on e i g h t h  rank  
Pawn can "run" 
Black King i s  e f f e c t i v e l y  c l o s e r  
t o  t h e  Pawn than  White ( a d j u s t e d  
f o r  second rank  c a s e )  
(Some Rook Pawn c a s e s )  
Black can move t o  "blockade" square  
(Knight  Pawn p o s i t i o n  - s p e c i a l  
c a s e )  
White i s  on t h e  "blockade" square  
and Black can t a k e  o p p o s i t i o n  
Black King a t  l e a s t  two f i l e s  from 
White King on same s i d e  of  Pawn, 
White King no t  below Pawn's rank 
Kings on c r i t i c a l  s q u a r e s  on same 
rank  
Kings on c r i t i c a l  s q u a r e s ,  Black 
one rank above White 
White King on Pawn's rank ,  above 
Pawn 
Kings i n  v e r t i c a l  o p p o s i t i o n ,  w i t h  
t h e  White King on a  c r i t i c a l  square  
Kings i n  o p p o s i t i o n ,  White King 
above Pawn o r  b o t h  on s i x t h  rank 
White King on a  c r i t i c a l  square  
White King on a  f i l e  above Pawn 
(Pawn on s i x t h  r a n k - s p e c i a l  c a s e )  
(Pawn on f i f t h  r a n k - s p e c i a l  case )  
(always t r u e )  

Class  C l a s s  
v a l u e  

P r o p e r t y  o f  p o s i t i o n  q 
(Black t o  move) 

- 
Assoc ia ted  Func t ions  



F i g u r e  5 - ~ s s o c i a t e d  Func t ions  f o r  King and Pawn a g a i n s t  King 

* The l a r g e s t  v a l u e  shou ld  be taken 
I 

** The s m a l l e s t  v a l u e  shou ld  be t aken  

 unction 

1  
2 

3  

4 
5 
6 
7  
8 
9  

10 

Refe rences  

I 

Value o f  func t io l i  ! 

The Pawn's rank* I 
The f i l e  o r  r ank  d i s t a n c e  between t h e  Kings,  whichever  i 
i s  t h e  larger** 
The f i l e  o r  r ank  d i s t a n c e  between t h e  Kings,  whichever  1 
i s  t h e  smaller** i The f i l e  d i s t a n c e  between t h e  1Jhite King and t h e  Pawn** I 

The f i l e  d i s t a n c e  between t h e  White King and t h e  Pawn* I 
The number of  ranks  t h e  White King is above t h e  Pawn* 
The White King ' s  rank* 

I 
The rank d i s t a n c e  between t h e  White King and t h e  Pawn** 
The f i l e  d i s t a n c e  between t h e  Kings* 

I 
I 
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ABSTRACT 

Mecho i s  a  computer program f o r  s o l v i n g  mechanics~problems.  To 
t e s t  t h e  g e n e r a l i t y  and e x t e n s i b i l i t y  o f  i t s  r e p r e s e n t a t i o n  and 
search c o n t r o l  mechanisms, we extended Mecho t o  handle problems 
f rom a  new domain, namely t h a t  o f  s t a t i c s  problems. Th is  paper 
descr ibes  t h e  r e p r e s e n t a t i o n  and s o l u t i o n  o f  some o f  these 
problems. 

Keywords: s t a t i c s ,  mechanics, problem solv ing,  i n f e r e n c e  

I n t r o d u c t i o n  

Mecho i s  a  computer program f o r  s o l v i n g  mechanics problems C2, 41. 
Problems p r e v i o u s l y  so lved  by t h e  program have been f rom t h e  areas o f  
p u l l e y  problems, mot ion on complex paths, and mot ion under constant  
a c c e l e r a t i o n .  

One o f  ou r  g o a l s  i n  d e s i g n i n g  and b u i l d i n g  Mecho has been t o  i n v e s t i g a t e  
general, e x t e n s i b l e  r e p r e s e n t a t i o n  and search c o n t r o l  mechanisms. We 
decided t o  t e s t  how w e l l  t h a t  goa l  had been s a t i s f i e d  by ex tend ing  Mecho t o  
handle problems f rom a  new domain, namely t h a t  o f  s t a t i c s  problems. To do 
th is ,  we had t o  add s e v e r a l  k i n d s  o f  knowledge t o  t h e  program: new types  
o f  objects, such as rods  and springs; new q u a n t i t i e s ,  such as e l a s t i c i t i e s ;  
new formulae, such as Hooke's law; and new s t ra teg ies ,  such as t a k i n g  
moments about a  p o i n t .  We found  t h a t  i n  f a c t  t h e  program was e a s i l y  
extended. For the  most par t ,  we s imp ly  had t o  add new p h y s i c s  knowledge; 
o n l y  minor  m o d i f i c a t i o n  and debugging o f  t h e  o r i g i n a l  se t  o f  r u l e s  was 
r e q u i  red. 

The f u l l  Mecho program i s  d i v i d e d  i n t o  t h r e e  modules. The f i r s t  module, 
t h e  n a t u r a l  language component, accepts a  problem statement  i n  English, and 
f rom t h i s  produces a  s e t  o f  p r e d i c a t e  c a l c u l u s  a s s e r t i o n s  d e s c r i b i n g  a  
s i t u a t i o n .  The second module, t h e  problem s o l v i n g  component, accepts such 
a s s e r t i o n s  as input ,  b u i l d s  a  s t r a t e g y  f o r  s o l v i n g  t h e  problem, and 
generates as i t s  o u t p u t  a  s e t  o f  a l g e b r a i c  equat ions.  These equa t ions  a r e  
then  passed t o  t h e  t h i r d  module, an  a l g e b r a i c  equa t ion  s o l v e r  C31, which 
produces t h e  f i n a l  answer. I n  t h e  work descr ibed  here, we bypassed t h e  
n a t u r a l  Language a n a l y s i s  phase, and en te red  t h e  problems d i r e c t l y  as 
fo rma l  asser t ions .  A l l  o f  our  ex tens ions  were t o  t h e  problem s o l v i n g  
component; t h e  a lgebra  package was a b l e  t o  handle t h e  equa t ions  produced 
f rom our  new problems w i t h o u t  m o d i f i c a t i o n .  

Other A1 researchers  have a l s o  worked i n  t h i s  area, i n  p a r t i c u l a r  Gordon 
Novak C81, E. Tyugu C91, and J i l l  L a r k i n  C6, 71. Severa l  o f  t h e  examples 
descr ibed  here a r e  taken  f rom Novak's and L a r k i n ' s  papers; indeed, i t  has 
been our  i n t e n t i o n  t o  t r y  and s o l v e  t h e  problems handled b y  o t h e r  workers 



i n  t h i s  domain. 

I n  t h e  remainder o f  t h i s  paper, we w i l l  desc r ibe  how t h e  s t a t i c s  problems 
have been represen ted  and solved, and a t tempt  t o  b r i n g  o u t  t h e  reasons f o r  
t h e  success o f  ou r  extensions.  

Represent ing S t a t i c s  Problems 

We s h a l l  now d iscuss  how an example problem i s  represented, and i n  t h e  
n e x t  s e c t i o n  we s h a l l  show how i t  i s  then  solved. T h i s  problem i s  taken  
f rom C81. 

A s c a f f o l d  1 0  f t  Long i s  supported by ropes a t t a c h e d  a t  each end. 
The s c a f f o l d  weighs 100 Lbs. A man weighing 150 l b s  stands on t h e  
s c a f f o l d  4 f t  f rom one end w h i l e  another  another  man weighing 175 
l b s  stands on t h e  s c a f f o l d  2 f t  f rom t h e  o t h e r  end. What i s  t h e  
t e n s i o n  i n  each o f  t h e  ropes s u p p o r t i n g  t h e  s c a f f o l d ?  

F i g u r e  1: A S c a f f o l d  Problem 

The problem c o n t a i n s  v a r i o u s  objects,  such as t h e  ropes, t h e  sca f fo ld ,  
and t h e  men; and c e r t a i n  q u a n t i t i e s ,  such as tens ions  and masses. We 
represen t  these e n t i t i e s ,  t h e i r  p roper t ies ,  and t h e  r e l a t i o n s  between them 
by a s e t  o f  p r e d i c a t e  c a l c u l u s  asser t ions .  

To s t a r t  with, we need t o  represen t  a number o f  p a r t / w h o l e  and connec t ion  
r e l a t i o n s .  The s c a f f o l d  has end p o i n t s  and i n t e r n a l  p o i n t s  where t h e  men 
a r e  standing, w h i l e  t h e  ends o f  t h e  ropes a r e  a t t a c h e d  t o  t h e  end p o i n t s  o f  
t h e  s c a f f o l d .  We represen t  t h i s  by i d e a l i z i n g  t h e  ropes as s t r i n g s  and t h e  
s c a f f o l d  as a rod, b o t h  o f  which a re  t ypes  o f  LINE-Like o b j e c t .  The men 
a r e  t r e a t e d  as p a r t i c l e s ,  which a r e  types o f  POINT-l ike o b j e c t .  P o i n t s  on 
t h e  ropes and s c a f f o l d  a r e  a l s o  POINT's. ALL t h e  r e q u i r e d  r e l a t i o n s  can 
t h e n  be represented u s i n g  e x i s t i n g  p r i m i t i v e s  f o r  L INE- l i ke  and POINT-l ike 
ob jec ts .  F igure  2 shows how t h e  problem f rom F igure  1 can be broken down 
i n  t h i s  way, and i n t r o d u c e s  some names f o r  t h e  ob jec ts .  T h i s  i n f o r m a t i o n  
i s  represented by a s s e r t i o n s  such as: 

The concepts o f  sub/super-LINE'S, POINT's o f  LINE'S, and connect ions 
between POINT's can be used t o  represen t  u n i f o r m l y  a c l a s s  o f  v e r y  common 
r e l a t i o n s  over  a wide range o f  ob jec ts .  Even a b s t r a c t  objects,  such as 
p e r i o d s  o f  t ime  and pa ths  ( t r a j e c t o r i e s  o f  p a r t i c l e s  i n  motion), make use 
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F i g u r e  2: LINE/POINT r e l a t i o n s  f o r  t h e  S c a f f o l d  Problem 

o f  t h e  same u n d e r l y i n g  r e l a t i o n s .  

The o b j e c t s  a l s o  have p r o p e r t i e s  l i k e  i n c l i n a t i o n s ,  masses, lengths, and 
tensions.  These a re  represen ted  as r e l a t i o n s  between t h e  o b j e c t s  and 
corresponding symbol ic  q u a n t i t i e s  (which w i l l  have types  l i k e  angle, mass, 
d is tance,  and fo rce) .  Examples o f  such a s s e r t i o n s  would be: 

These a s s e r t i o n s  a r e  i n p u t  t o  t h e  program and p laced  i n  t h e  da ta  base. 
They a r e  then  managed by an  i n f e r e n c e  system (no t  descr ibed  here, see 
C2, 41, which c o n t a i n s  a  wide range o f  i n f e r e n c e  r u l e s  about t h e  mechanics 
domain. The i n f e r e n c e  system uses meta-knowledge about t h e  p r o p e r t i e s  o f  
t h e  p r e d i c a t e s  i n v o l v e d  t o  c o n t r o l  t h e  use o f  these r u l e s .  I t  i s  capable 
o f  s a t i s f y i n g  q u e r i e s  about t h e  problem regard less  o f  whether o r  n o t  we 
have e x p l i c i t l y  g i v e n  t h e  exact  i n f o r m a t i o n  t h e  problem s o l v e r  requ i res .  
T h i s  w i l l  o f t e n  i n v o l v e  i n t r o d u c i n g  new q u a n t i t i e s  n o t  mentioned i n  t h e  
problem statement. I n  t h e  c u r r e n t  example a l l  t h e  r e q u i r e d  q u a n t i t i e s  are 
given, b u t  t h i s  i s  n o t  so f o r  t h e  examples g i v e n  Later .  

S o l v i n g  S t a t i c s  Problems 

The problem s o l v e r  c o n s i s t s  o f  i n f e r e n c e  r u l e s  which reason about the  
o b j e c t s  and r e l a t i o n s  i n  t h e  problem, and about t h e  s t r a t e g i e s  a v a i l a b l e  
which might  r e l a t e  'sought '  q u a n t i t i e s  t o  those 'g i ven ' .  The q u a n t i t i e s  
i n v o l v e d  w i l l  be those mentioned i n  t h e  problem statement, p l u s  any new 
i n t e r m e d i a t e  q u a n t i t i e s  i n t r o d u c e d  by t h e  i n f e r e n c e  system. 

Mechanics t e x t  books u s u a l l y  p resen t  formulae such as 'F = M  * A '  i n  
t h e i r  s o l u t i o n s  t o  problems. Using such a  fo rmu la  i n v o l v e s  knowledge about 
when i t  i s  a p p l i c a b l e  and how t o  c o r r e c t l y  a p p l y  it, t a k i n g  i n t o  account 
a l l  t h e  r e l a v e n t  o b j e c t s  and q u a n t i t i e s .  Our s t r a t e g i e s  c o n s i s t  o f  f a c t s  
and r u l e s  t h a t  p r o v i d e  t h i s  i n f o r m a t i o n .  For example, t h e  ' r e s o l u t i o n  o f  
f o r c e s '  s t r a t e g y  (based on t h e  above formula)  c o n t a i n s  knowledge about what 
t ypes  o f  q u a n t i t y  i t  r e l a t e s  ( forces,  masses and a c c e l e r a t i o n s  i n  t h i s  
case), and r u l e s  t h a t  s t a t e  e x a c t l y  which f o r c e s  e t c  need t o  be considered 
when d e a l i n g  w i t h  p a r t i c u l a r  o b j e c t  c o n f i g u r a t i o n s .  

The program c u r r e n t l y  has about f o u r t e e n  such s t r a t e g i e s  which d e a l  w i t h  
a  wide range o f  areas (such as p r i n c i p l e s  o f  mot ion  and energy). Only 
t h r e e  o f  these a r e  used f o r  t h e  problems i n  t h i s  paper. However, a l l  o f  
t h e  s t r a t e g i e s  remain i n  t h e  program and c o u l d  be  used i f  deemed 
a p p l i c a b l e .  A g e n e r a l  g o a l  d i r e c t e d  method c o n t r o l s  t h e  a p p l i c a t i o n  o f  



these s t r a t e g i e s  (see C41). 

L e t  us f o l l o w  program's o p e r a t i o n  on t h e  example f rom F i g u r e  1. The 
problem i s  t o  s o l v e  f o r  t h e  t u o  t e n s i o n s  i n  t h e  ropes i n  terms o f  t h e  
masses and d i s t a n c e s  g i v e n  i n  t h e  problem statement. Cons ider ing  t h e  f i r s t  
tension, i t  i s  known t o  be a  f o r c e  i n v o l v i n g  t h e  s t r i n g  rope l .  The program 
now looks  f o r  a  s t r a t e g y  t h a t  u i l l  r e l a t e  t h e  f o r c e  t e n s i o n 1  t o  o t h e r  
q u a n t i t i e s ,  and f i n d s  t h e  reso lve - fo rces  s t ra tegy .  The program's nex t  g o a l  
i s  t o  f i n d  a  s i t u a t i o n  i n  t h e  problem t o  u h i c h  t h e  s t r a t e g y  can be 
s u c c e s s f u l l y  applied, i n  o t h e r  words, t o  i n s t a n t i a t e  t h e  v a r i a b l e s  i n  t h e  
s t r a t e g y .  One o f  t h e  a v a i l a b l e  r u l e s  s t a t e s  t h a t  i f  t h e  f o r c e  i s  a  t e n s i o n  
i n  a  s t r ing ,  and t h e  s t r i n g  has a  p o i n t  i n  c o n t a c t  w i t h  a  r i g i d  body (a 
rod), then  r e s o l v i n g  about t h e  complete rod  shou ld  be considered. Th is  i s  
t h e  case i n  t h e  c u r r e n t  example, and t h e  a p p l i c a t i o n  o f  t h e  s t r a t e g y  u i l l  
now invoke  r u l e s  which s t a t e  t h a t  f o r c e  c o n t r i b u t i o n s  f rom a l l  o b j e c t s  
a t tached  t o  p o i n t s  on t h e  s c a f f o l d  need t o  be taken  i n t o  account. F i n d i n g  
these  f o r c e  c o n t r i b u t i o n s  i n v o l v e s  c o n s i d e r i n g  t h e  two t e n s i o n s  and a l l  t h e  
masses. The mass o f  t h e  s c a f f o l d  i s  t r e a t e d  as a c t i n g  a t  t h e  cen te r  o f  t h e  
s c a f f o l d .  Thus, reasoning f rom genera l  p r o p e r t i e s  and r u l e s  has l e a d  t o  
t h e  p a r t i c u l a r  in ter-dependencies o f  t h e  q u a n t i t i e s  i n  t h e  problem, which 
a r e  now expressed i n  t h e  fo rm o f  an equat ion.  

No new unknown q u a n t i t i e s  have been int roduced,  so t h e  rema in ing  g o a l  i s  
t o  s o l v e  f o r  t h e  second tens ion .  The reasoning used above w i l l  now f a i l  
because t h e  reso lve - fo rces  s t r a t e g y  w i l l  have a l r e a d y  been a p p l i e d  t o  t h e  
s c a f f o l d .  Another s t rategy,  t h a t  o f  summing t h e  turning-moments, a l s o  
r e l a t e s  f o r c e s  t o  o t h e r  q u a n t i t i e s .  S i m i l a r l y ,  ano ther  r u l e  s t a t e s  t h a t  i f  
t h e r e  i s  a  r i g i d  body a t t a c h e d  t o  a  p o i n t  o f  t h e  s t r ing ,  t h e n  summing t h e  
turning-moments on t h a t  body (about  some p o i n t  o t h e r  than  uhere t h e  s t r i n g  
i s  at tached) shou ld  be considered. App ly ing  t h e  neu s t r a t e g y  w i l l  i nvoke  
r u l e s  about f o r c e  c o n t r i b u t i o n s  and d is tances .  The in ter-dependencies 
d iscovered  can aga in  be expressed as an equation, and so t h e  r e s u l t  o f  t h i s  
problem s o l v i n g  w i l l  be two s imul taneous equa t ions  which can be so lved  b y  
t h e  equa t ion  s o l v e r  t o  produce a  f i n a l  answer. 

Fur ther  Examples 

The f o l l o w i n g  problem i s  taken  from C61: 

B lock  B i n  F igure  3 weighs 160 lbs.  The c o e f f i c i e n t  o f  s t a t i c  
f r i c t i o n  between b l o c k  and t a b l e  i s  0.25. F ind  t h e  maximum weight  
o f  b l o c k  A f o r  which t h e  system w i l l  be i n  e q u i l i b r i u m .  

F i g u r e  3:  Another S t a t i c s  Problem 

T h i s  problem i s  more complex t h a n  t h e  p r e v i o u s  one, i n  t h a t  s o l v i n g  f o r  
t h e  mass o f  t h e  hanging p a r t i c l e  r e q u i r e s  t h a t  t h e  program success ive ly  



in t roduce a  number o f  new q u a n i t i t i e s  not  mentioned i n  the  problem 
statement, namely t he  tensions i n  each o f  the strings, and the react ion  
between the  t a b l e  and Block 8. Th is  makes f u l l  use o f  t h e  general  problem 
so l v i ng  s t ra teg ies .  Our program employs a  backward goal-directed search 
s t ra tegy ra ther  than the forward chaining s t ra tegy  used by J i l l  Larkin.  
However, the  ac tua l  q u a l i t a t i v e  reasoning invo lved i n  the problem so lu t i on  
i s  none-the-less s imi la r .  

A r e l a ted  domain t ha t  was invest iga ted uas t h a t  o f  spr ing  problems. 
Solv ing such problems requires the add i t i on  o f  several  new formulae, e.g. 
Hooke's Law, along w i th  ru les  f o r  apply ing them. Hooke's law should not be 
used f o r  i n e l a s t i c  s t r ings .  Therefore, a  pred ica te  ' e f a s t i c '  i s  a lso  
defined, and the r u l e  f o r  apply ing Hooke's law includes a  cond i t ion  t ha t  
the  law be used on l y  f o r  e l a s t i c  s t r ings .  Another formula spec i f i es  t ha t  
t he  extension o f  an i n e l a s t i c  s t r i n g  i s  zero. A t y p i c a l  problem o f  t h i s  
sort, taken from C11 p  153, i s  as fo l lows. 

Two spr ings AB and BC a re  jo ined together end t o  end t o  form one 
long spring. The na tu ra l  lengths o f  the  separate spr ings are 1.6 m 
and 1.4 m and t h e i r  moduli o f  e l a s t i c i t y  are 20 N and 28 N 
respect ive ly .  Find the tens ion i n  the  combined spr ing  i f  i t  i s  
stretched between two po in t s  4 m apart. 

I n  the  process o f  so l v i ng  the problem, Mecho had t o  create several  new 
unknowns: the  tens ion i n  spring2, and the extensions o f  bo th  springs. 

Mecho can now solve q u i t e  a  wide range o f  problems i nvo l v i ng  rods, 
s t r i ngs  and pa r t i c l es .  The expanded version o f  t h i s  paper C51 contains 
examples o f  other problems and the asser t ions  represent ing them. 

Conclusions 

I n  t h i s  paper we have described a  number o f  s t a t i c s  problems tha t  Mecho 
can now solve. There are c e r t a i n l y  problems t h a t  cannot be solved, e i t h e r  
because the program's inference ru les  are inadaquate ( f o r  example, there  i s  
not  enough geometric knowledge), o r  because the problem so l v i ng  s t ra teg ies  
are  inadaquate (many s i t u a t i o n s  are not covered, e.g. heavy s t r i n g s  and 
composite objects) .  The program's reasoning about i t s  s t ra teg ies  could 
a l so  be improved -- impossible problems, f o r  example, should be re jec ted as 
such without t r y i n g  a l l  poss ib le  so lu t i on  paths! 

Nevertheless, we have been g r e a t l y  encouraged by the  ease wi th  which 
s t a t i c s  problems have been incorporated i n t o  t he  program. The fo l l ow ing  
features  of the program have played an important p a r t  i n  making t h i s  
possible:  

- The modular i ty  o f  the asser t ions  and inference rules.  

- The u n i f o r m i t y  o f  ce r ta in  under ly ing  representa t iona l  t o o l s  (such 
as the POINT and LINE re la t ions) ,  which took care o f  a  cen t ra l  
core o f  r e l a t i o n s  t ha t  needed t o  be represented. 

- The decoupling o f  the  problem representat ion from the ru les  o f  
the problem so lver  by a  soph is t ica ted inference system. Since 
the program i s  w i l l i n g  t o  perform complex in ferenc ing from the 
input  assertions, i t  i s  able t o  br idge the gap between what i t  i s  



t o l d  and what i t  needs t o  know. 

- The general  method f o r  so l v i ng  f o r  quan t i t i es  by us ing formulae 
which r e l a t e  these q u a n t i t i e s  t o  other q u a n t i t i e s  i n  the problem. 
New formulae (such as Hooke's law1 can be simply "plugged in". 

The gene ra l i t y  o f  these approaches has enabled us t o  successfu l ly  extend 
Mecho t o  solve problems from a new domain. 
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A .  C a p p e l l i ,  6. F e r r a r i ,  L. r r o r e t t i ,  1. P r o d a n o f ,  0. S t o c k  

I s t i t u t o  d i  l i n ~ ~ l i s t i c a  C o n p ~ ~ t a z i o n a l e  - CIS - P i s a  

ATNSYS, an  a u t o p a t i c  s y n t a c t i c  n n a l y s e r ,  has  been used f o r  a  nunSer  of 
e x p e r i m e n t s  wit11 I t a l i a n  t e x t s .  I t  i s  p r o ~ i d e d  wit71 n i , e u r i s t i c  n e c h a n i s n  
based  on p r o b a b i l i t y  e v a l u a t i o n .  A ' v e rh  f r a n e '  r e p r e s e y t a t i o n  is i n t r o d u c e d .  
Roth t h e s e  a s p e c t s  a r e  d i s c u s s e d  and t h e  r e s u l t s  of o u r  e x ' p e r i n e n t s  a r e  
c o n s i d e r e d .  

1. Y a t u r a l  l n n g u a e e  p r o c e s s i n n  seems t o  h e  i n  n  phase  o f  e x p e r i n e n t a t i o n ,  
o f t e n  more conce rned  w i t h  ~ . e r f o r m a n c e  p r o h l e r ? ~  t h a n  r ~ i t ! ~  t h e  p r o p o s a l  o f  new 
n o d e l s .  
Our own c o n t r i b u t i o n  d e a l s  w i t h  e x p e r i m e n t s  on t h e  a n a l y s i s  of complex 
I t a l i a n  s e n t e n c e s ,  t a k e n  from d e s c r i p t i v e  and n a r r a t i v e  t e x t s .  T h i s  t y p e  o f  
t e x t  sias chosen  a s  i t  o f f e r s  a  l a r g e  sample  of l i n g u i s t i c  phenomena. 
L i n i t a t i o n s  i n  t h e  p a r s i n c  t e c h n i q u e s  an3  t h e  l i n p u i s t i c  t h e o r i e s  assumed, 
t h u s ,  t end  t o  h e  ev idenced .  We have  used  an ATN p a r s e r ,  b e c a u s e  of i t s  
c h a r a c t e r i s t i c s  of ~ n o d t ~ l a r i t y ,  p e r s p i c u i t y  and f l e x i h i l i t y  ['IJoods, 19701. 
Noreover ,  t h e  c a p a b i l i t y  of .4TF7 t o  m a i n t a i n  t h e  o r i g i n a l  d i s t r i b u t i o n  of t h e  
e l e n e n t s  of t h e  i n p u t  s t r i n g  makes i t  a  s u i t a h l e  n o d e l  f o r  t h e  a n a l y s i s  of 
r a t h e r  f r e e  o r + e r  I n n ~ u a x e s  l i k e  T t a l i a n .  I t  a l s o  o f f e r s  d model of t h e  
p r o c e s s e s  o f  s e n t e n c e  conpr r l i ens ion ,  a s  p e r c e p t i v e  s t r a t e g i r s  can  b e  
f o r m a l i s e d  i n  t!le a r c s e t s  of t i le  network K a p l a n ,  10721. 

2. Our e x p e r i m e n t s  aim a t  t h e  improving of t h e  s e a r c h  i n  t h e  ne twork  b o t h  hy 
the u s e  of h e u r i s t i c s  and by  t h e  s t r e n ~ t h e n i n g  of c o n d i t i o n s  on t h e  a r c s  
based  on l e x i c a l  e x p e c t a t i o n s  and c o n s t r a i n t s .  1Je h a v e  used ATVSYS, an AT?! 
p a r s e r  d e s i z n e d  and inp lemen ted  by 0. Stock  [ S t o c k ,  19761 and w r i t t e n  i n  
"tl\GIfP-LISP, a  d i a l e c t  of LISP deve loped  a t  t h e  " I s t i t u t o  d i  Y l a h o r a z i o n e  
d e l l ' I n f o r m a z i o n e "  o f  t h e  T t a l i a n  r l a t i o n a l  Resea rch  C o u n c i l  (CNP), P i s a  
[ A s i r e l l i  e t  a l . ,  1 9 7 5 1 .  - - . - - - . - - . - . 
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The system, shown i n  Fig.1,  has  t h e  fo l lowing  c h a r a c t e r i s t i c s :  

a )  The l e x i c a l  component ( d i c t i o n a r y  and p r e p r o c e s s o r )  i s  k e p t  s e p a r a t e  f r o g  
t h e  rest of the p a r s e r .  T h i s  p e r m i t s  t h e  u s e  of l a r g e r  d i c t i o n a r i e s  ( a t  
p r e s e n t  we a r e  a d o p t i n g  a  d i c t i o n a r y  of about  20,000 fo rms) .  

b )  The g r a m a r  e n t e r e d  t o  t h e  system a s  i n p u t  can  be  p a r t i a l l y  o r  t o t a l l y  
compiled i n  LISP f u n c t i o n s .  Each s t a t e  i s  coded a s  a  LA>?EDA conta in in ,? ,  i n  
sequence,  t h e  s e r i e s  of a r c s  c o n t r o l l e d  by t h e  n o n - d e t e r n i n i s t i c  s t r u c t u r e .  
Compilat ion nay b e  on ly  p a r t i a l  a s  durinp, t h e  exper iments  c e r t a i n  p a r t s  of 
t 5 e  grammar may be  c o n s o l i d a t e d  b e f o r e  o t h e r s .  A s  f o r  t h e  t r ea tment  of 
non-determinism AT'iSYS t a k e s  advantage of ND-LISP [Hontangero c t  a l . ,  19761 , 
a  f a c i l i t y  of >!;4C,:IA, compi la t ion  h e r e  is l e s s  complex t h a n  a s  desc r ih r r l  i n  
[Burton and TJoods, 19761. 

C)  Am i s  a  s t r o n g l y  non-de te rmin i s t i c  model i n  which t h e  a r c s  exit in^ f r o n  
each s t a t e  a r e  t r i e d  i n  t h e  o r d e r  i n  which they a r e  found. I n  ATSSYS, s e a r c h  
is "dep th- f i r s t "  and t h e  p a r s e r  i n t e r a c t s  with a  h e u r i s t i c  nechan isn  which 
o r d e r s  t h e  a r c s  accord ing  t o  a  probability e v n l u a t i o r .  T h i s  p r o b a b i l i t y  
e v a l u a t i o n  is dependent  on t h e  ? a t h  which l ead  t o  t h e  c u r r e n t  node and is 
a l s o  a  f u n c t i o n  of t h e  s t a t f s t i c a l  d a t a  accumulated d u r i n p  n r e v i o u s  a n a l y s e s  
of a  "coherent"  t e x t .  
The nechanism can be d i v i d e d  i n t o  two s t a y e s .  The f i r s t  s t a g e  c o n s i s t s  i n  
t h e  a c q u f s i t i o n  of s t a t i s t i c a l  d a t a ;  i . e .  t h e  f requency ,  f o r  each a r c  e x i t i n g  
from a  node, of t h e  passages  a c r o s s  t h a t  a r c ,  i n  r e l a t i o n  t o  t h e  a r c  O F  
' a r r iva l :  f o r  each a r r i v i n e  a r c  t h e r e  a r e  a s  nany c o u n t e r s  a s  t h e r e  a r e  
e x i t  in?  a r c s .  

Fig. :! 

I n  t h i s  way, i n  Fio.? a r c  1 h a s  heen c r n < s c :  x  t imes coming from a  and y  
t imes  coning Eron h. I n  t h e  second s t a g e ,  d u r i n g  p a r s i n g ,  i n  s t a t e  S, i f  
coming from a  and v > x ,  a r c  2 is a t t empted  f i r s t .  

3. A group of e x n e r i n e n t s  was a iqed  a t  v e r i f y i n g  t h e  s t a t i s t i c a l l y  hased 
h e u r i s t i c  mechanisn. The f i r s t  experiment  c o n s i s t e d  i n  a n a l y s i n g  a  coheren t  
t e x t ,  a page of a  s c i e n c e  f i c t i o n  novel .  An accumulat ion of d e s c r i p t i v e  
s t a t i s t i c a l  d a t a  n i g h t  p rov ide  v a l i d  n a t e r i a l  t o  be  used i n  t h e  fo rmula t ion  
of a  model f o r  l i n g u i s t i c  a n a l y s i s ,  t a k i n g  a l s o  i n t o  account  performance 
a s p e c t s .  (Ve r e f e r  t o  t h e  h y p o t h e s i s  by which t h e  o r d e r  of t h e  a r c s  i n  ATN 
can adequa te ly  r e p r e s e n t  t h e  s e t  of s e n t e n c e  comprehension s t r a t e g i e s  i n  t h e  
o r d e r  of i n c r e a s i n g  complex i ty ) .  
The i n t r o d u c t i o n  i n t o  t h e  p a r s e r  of t h i s  h e u r i s t i c  mechanism has  z i ' ~ e n  good 
r e s u l t s .  're have ach ieved  bo th  an a p p r e c i a b l e  r e d u c t i o n  i n  t h e  e x e c u t i o n  
t ime  and i n  t h e  c o n p u t a t i o n a l  load necessa ry  f o r  p a r s i n g .  The computa t iona l  
load  is  measured i n  terms of t h e  l e n g t h  of t h e  p a t h  fol lowed through t h e  



network: i n c l u d i n g  t h e  nunber  o f  b l i n d  a l l e y s .  Some a v e r a z e  r e s u l t s  r e l a t i n g  
t o  t h e  s t r a t e l i e s  f o r  t h e  t e x t  s p e c i f i e d  above a r e  shotm i n  F i ~ . 3 .  

u r i g i n a l  network Reordered netwrk - -- 

r i g .  3 

Columns 1 t o  3 r i v e  r c s p e c t i v e l y  t h e  t i n e s ,  n u r b c r  of f a i l e d  a r c s ,  an?  n~rmher 
o f  t r a v e r s e d  a r c s  when t b c  t e x t  i s  p a r s e d  w i t h  t h e  o r i c i n a l  orantre:. C o l ~ r n n s  
4 t o  9 show t h e  s a v e  f i p u r e s  r e f e r r e d  t o  a  r r o r d e r c ?  crammar t o c e t h e r  v i t h  
t h e  d i f f e r e n c e s .  L i n e s  s t r e s s e d  by an  a s t e r i s k  i n d i c a t e  t h o o e  s c n t r n c e s  ir .  
rrhich t h e  s e m a n t i c a l l y  acceptable p a r s e  a p p e a r s  n s  f i r s t  o n l y  a f t e r  
reorder in^. 

A f o r m a l  a n a l y s i s  of t l le  s t a t i s t i c a l  d a t a  i n  r e l a t i o n  t o  n Xranrrer, wit11 t'ce 
i n t r o d u c t i o n  of s i e n i f i c a n t  w t ? i e n a t i c n l  n e a s u r e s ,  nay  c o n s t i t u t e  a  u n i t a r y  
method f o r  m e a s u r i ~ r :  1 . i n ~ u i s t i c  f a c t s .  I n  t h i s  s e n s e ,  t h i s  c o l l e c t i o n  of 
s t a t i s t i c a l  d a t a  may l e a d ,  f o r  i n s t a n c e ,  t o  t h e  i g e n t i f i c a t i o n  of a  
p a r t i c u l a r  s y n t a c t i c  s t y l e  i n  r e l a t i o n  t o  a  q e n e r a l  prnmnar ,  and t o  ~ j v e  n  
more p r e c i s e  c o n c e p t  o f  t h e  pe r fo rmance  adequacy of a granmar  f o r  a  t e x t  
[ F e r r a r i  and S t o c k ,  19801. 

4. Another  g roup  o f  e x p e r i m e n t s  h a s  \pen aime6 a t  v e r i f y i ~ p ,  a  l i n z u i s t i c  
n o d e l  whjch,  w h i l e  t a k i n g  a d v a n t a r e  of t h e  p o s s i b i l i t j ~ s  o f f e r e d  hy  tile 
s t r u c t u r a l  r e p r e s e n t a t i o n ,  a l s o  d e v e l o p s  t i le  f u n c t i o n a l  r e l a t i o n s h j p s  o f  t h e  
components o f  a s e n t e n c e .  F u n c t i o n a l  l a h e l s  were  f i r s t  q i v e n  t o  t h e  
a rgumen t s  belong in^ t o  t h e  " v e r b a l  f r a n e " ,  i . e .  t h e  p r e d i c a t i v e  s t r u c t u r e  
t h a t  is assumed t o  b e  a s s o c i a t e d  t o  e v e r y  v e r b  i n  t h e  d i c t i o n a r y .  Then,  when 
p o s s i b l e ,  l a h e l s  were  a s s o c i a t e d  t o  t h e  o t h e r  a r eumen t s  o f  t h e  s e n t e n c e .  The 
a s s o c i a t i o n  o f  l a b e l s  t o  a r g u n e n t s  is a c h i e v e d  by  o p e r a t i o n s  of i n t e r s e c t i o n  
upon l e x i c a l  i n f o r m a t i o n  of t l l e  fo l lov iny :  k ind :  

a )  t h e  v e r b a l  f rame ( i t s  a r g u m e n t a l  s t r u c t u r e )  and t h e  r e q u i s i t e s  ( s e l e c t i v e  
f e a t u r e s )  t h a t  t h e  "heads" o f  t h e  MP's must have  i n  o r d e r  t o  e n t e r  i n t o  t h a t  
s t r u c t u r e .  T h i s  i n f o r m a t i o n  i s  r e p r e s e n t e d  i n  t h e  form 

(<ve rb>  ( < p r e p o s i t i o n > (  < s e l e c t i v e  f e a t u r e >  < f u n c t i o n a l  l a b e l > ) + ) * )  where 
t h e  p r e p o s i t i o n  is t h e  one  which on t h e  s u r f a c e  r e a l i s e s  t h e  p a r t i c u l a r  



arrrunent  ; 
b )  t h e  s p c c i f i c a t i o n r -  n s s o c i n t e i l  t o  each p r e p o s i t i o n  f o r  t h e  F u n c t i o n s  t h a t  
i t  c a n  r e a l i s e  7 s  a s i ! r f ace  e I ~ r ? e n t ,  t h e  re la t i - . re  s e l e c t i v e  f e a t i r r e s  i r  
t h e  Form 

(<selecti . .re f e a t u r e >  C f u n c t i o n z l  l a b e l > ) +  
C)  t h e  l i s t  of se lect i - . ,e  f e a t u r e s  ~ f i i c h  r a n  h~ a s s o c i a t r r !  t o  e - ~ e r y  nsvn. 

The a n a l y s i s  of ti le v e r b  f r n v r  ~ r o r k s  a s  fol ior .=:  
- i f  t l i e  a r p n e n t s  p r e c r d ~  t h e  ve rh :  i )  a  l i s t  of f t l n c t i o n a l  l a b e l s  is 
a s s i g n e d  11y i n t e r s c c t i o n  of h nnrl c .  Ci.ren For i n s t s c c e  t h e  p r e n o s i t i o n  "A" 
d e s c r i h e d  a s  ((L.iiO?O ?:CTn.d) (PERSOFIA 7ATIVO)) and a  noup desc r ibe r !  a s  T.iJOC0, 
t h e  Eunct inn 'IOTOA i n  s e l - ec t ed ;  i i )  t h e  ..,erb v e r i f i e s  t h e s e  h y p o t h e s i z e d  
l a b e l s .  Thus t h e  - ~ e r '  ?T:T::CYPF Fnv inp  i n  i t s  f r a n r  (A (T.'IOGO IIOTOA)) a c c e y t s  
t l ? r  l n h e l  s c l e c t r r !  aho:,e. 
- i f  t h e  a rgumen t s  $olio:? t h e  .Jerb: i) t h e  v e r b  t e v t - l t i . ~ e l y  i n d i c a t e s  a  l i s t  
of hypo t l - r se s  by t h r  ~ l e s c r i h e r '  i n t e r s e c t i o n  o p e r n t i n ~  ; i i )  t h e s e  n r e  
v e r i f i r r f  hy t h e  p r c s e n c e  i n  t i le  s11rEace of a  p r e n o s i t i o n  and 5:? t h e  F e a t u r e s  
of t h e  head.  

T're ~ i cc l i a t i i sn  v e  have  f lescr iher '  f a l l s  e n t i r e l : ~  i n t o  t h v  c l a s s i c a l  AT3 
for.r;l l isr-.  t s  need i n f o r l a t i o n  co- in?  from d i E f e r e n t  p o i n t s  of t \ e  
s e n t e n c e ,  prc. have  h p a v i l y  used SFXOP. and T.IFT?, a c t i n r l s  of ATN which ~ i d e l y  
p a s s  i n f o r p a t i n n  fro17 one  !eve1 t o  a n o t h e r .  T h i s  cocrc??onr!s  t o  n ?ode1 o f  
nnp!psis  ~ ~ h i c l i  i nvo l . i e s  n  y r e d e t e r m i n n t i o n  of t h e  c o n f i p l l r n t i o n  trhertl t h e  
j n f o r n a t i o n  r ~ i l l .  he  r r o c e s s e d .  're thin'.. i t  von ld  h e  n o r e  c o r r e c t  t o  e n s u r e  a 
i ~ o r l e l  i.n whict, informa t i n n  ? r e  re t r ip-dei!  orhen ng,r.rle-!. 
!'e .irp low riorl-inn on t!~i.s t o p i c .  

T i ? u r e s  4 an,? slion n ~ r s e . :  ..ritli f u n c t i o n a l  Z a h ~ l s  aqs i -ncd  r c c o r . l i n r  t o  t h e  
f r i r e s  o: t k e  n l i ' l  -$\Irr1l.s: C1ITL!CP?F ((A(I,1!1)CO T!PTOA)) an,! n19E ( ( 4  (PTPSO:!,~ 
D.ATI'!O)). 

(IT. nr: ?ICEV. COST !ii'i'T?'J ,4J.!.T SIC!iOEI:'i: A ':.IVOT,A) 
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chese i t i fe rences  and trie a r l swr  s to q u e s t i o n s ,  a r d  cbil a l s o  p31af-Lirase Uie 
irxJivicrw1 seiiterlces of ttie s t o r y .  
T t ~ e  l a r g e r  systa.1 u : i W i c s  a novel apI~roach t o  Lhc 1rirr.jrutior1 of  low- leve l  
a112 i r i ~ j t ~ l c v e i  k r 1 o w l 4 j t ,  i n  i-Aiicl~ s c r i p t - l i v e  and plal-line s t r u c t u r d s  a r e  
ii-rdtxtd uy, drkl t t ~ u s  s u : ) o r ~ ! i ~ i d t ~  to ,  tile s t r u c t u r e s  diiclr ericode trxi erply 
r.turdarie knoi.~letlye; b~id a l s o  tias u u i i f i r d  abproacti t o  Uie problttids o f  
q u e s t i o n  aiisweriry air3 pronow? ~ e s o l b i i o n .  
'Ilio ana l  p e r  is of s , ~ c i t  ic lncer est becrjuse i r  c o , l l i n e s  sn.iaritic p rocess l ry  
b ; i t l  lob-levcl  s y r ~ t s c t i c  pro;.essimj, o u t  l i d s  rio rieed tor  an uv t~ra11  seiiterice 
,jra:ir,:ar; dr ic l ,  drllst o w r a t i c y  i r ~  a nail-uete~iiiinistic tdsil i011, i t  r e t a i l i s  
p l " u s i b i 1 i t y  because o t  trle li, ,iittul r!u.rl;er o t  p r t i b i  "rialyses L C  ~ i e ~ s i s  t o  
re~.lu. ik>r.  
'Ilre f i r s t  s e c t i o ~ i  preserl ts  the  principles LAiictr g u i d ~ i l  L i i e  oesicjri oL clre 
;inol)s+?r, ske tc l i l ry  the  d e r i v a t i o i i  of t l i r se  p r i n c i p l t s  t ra : \  r u r l l e l  w r k  oil 
a r a l y s i s .  'llic %coral s e c t i o n  p r e s e r ~ t s  t h e  b?issl ~trect~arriuns used t o  ku t  Ltrest 
p r i r lc ip les  i n t o  a f f e c t ,  p r e s r r ~ t i r i . ~  a s a n p l e  d i c t i o n a r y  e l l t ry ,  arvi s l ~ o ~ i r y  
lioig on ly  a,i;ll rlu.~tx.rs of  ~ a r t i a l  i ? r~a lysrs  r i rm s e  ketlt. 'file l ~ l r u  s s t i o i i  
s l ~ o k s  tire a p p l i c a t i o i ~  o f  these  , . ~ t c l ~ a n i v t , s  t o  s ~ c i f i c  l l r ~ u i s t l c  [~t~e~~ocneiid: 
c o r l j w ~ c t i o r ~ s ,  r e l a t i v e  c l a u s e s ,  l ~ x i c t l  ~ I K I  b t r u c t u r ~ 1 1  i;u~lbiljulty. 

1) P r i r ~ c l ~ l e s  
'rtlc p r i r ic ip les  oil M~ic l i  tile a r ~ a l y s e r  is bustxi here  d e r l v ~ d  11.airi1y i r u d  
corisic:erhtion of  e z r l l e r  w r k  or) a r ra lys i s  by k iesbrck[74j ,  h i l k s [ 7 5 j  arid 
wo(is['lO). v~oods adoptea Ule c l a s s i c a l  approacl~,  t i ~ r i v i i h ~  b e ~ . ~ d ~ ~ t ~ ~  r e a u i i x ~ s  
f r m  p r i o r  syr i tac t ic  &r!alyses, w n i l s t  botii kiesbeck diu wllkb d t ~ a i ~ ~ t ~ d  to  
parse d i r c c t l y  i n t o  a ser.~oiltic rei ;r tseir tat ion.  

h o d s  us& t h e  n o k - t d . ~ i l i d r  Al'14 ~ n e c t i c i r r ~ s ~ ~  t o  produce s y r t a c t i c  a r l a l Y s r s  of  
sen tences ;  tllesc bere ttierr checked sernarrtically. ' i l l? Nliu t o ~ i ~ i a l i s ~ r  a l l o h s  
g r e a t  f l e x i b i l i t y  I n  ttle h a r u l i r y  of syr l tcc t ic  s t rucLures ,  a~Kl 1s well  
s u i t e d  t o  tile t a s k  o f  srarchir lg t h e  s p c e  of  f l s s i b l e  clrralyses: l ~ o ~ v e r  I L  

i s  irot err i d e a l  ve i i i c le  f o r  sr i ; lar~tic  a n a l y s i s ,  s l r lc r  ttris uel-enus so 
s t r o r q l y  u p n  t h e  a c t u a l  w r d s  i i ~  t h e  serl terse.  'The s t r e r y t t i  o f  Liii. ArN is 
i r ~  cap tur  iry r e j u l a r  i t i e s ;  s y i i t d c t i c  r e g u l t r  i t y  i s  c u . u r ~ o ~ ~ p l x e ,  sw.rarrL~c 
r q u l a r i t y  is not .  

H i c s b t r k ' s  ana lyser  was d r i v e ~ r  by r e q u e s t s  - L e s t / a c t i o r ~  p a i r 5  - wlllch 
cor i s t i tu ted  the  def i r l i t io r r s  of  tlie hords i r r  the  d i c t l o ~ r b r  y .  I r r  r o u j l ~  
o u t l i n e ,  a s  a w r d  was t a h e ~ ~  fror ,~ m i r ~ p u t  sen tence ,  a s  I I I U I I ~  e x i s t i t y  
requests a s  p o s s i b l e  %re  s a t i s f l t u l ;  wncrl iro iirore of  t h e s e  colrlu ue 
s a t i s f i t d ,  any r e y u e s t s  a t tached  t o  tlrc: new wotJ h e r e  acltitcl t o  tile l i s r  of  
a c t i v e  r e q u e s t s  ( w s s i b l y  f o r  li,u,izdidtc use) .  whan rio i.rore r e y u e s ~ b  coulcl ue 
s a t i s f i e d ,  tt12 r ~ e x t  w r d  cai; corisiuered. 



nris sc tc l t i*  ws purely lef t - ro-r l~; l i~t ,  a iu  used v ~ ~ t w l l y  11o s,rttax; ttis 
caused so:,~e flobleos,  rio'iably w i t i ~  i l e ~ c c t i ~ r j  ure erd of a 11oui1 p ~ r i l s r .  
Problears dl50 arose uecduse t t ierr  was no ,~ieuns of destroyiii . j  irc,uests "fiicti 
. k i r  no lon je r  iieedrci, a ~ r i  Lxcausc Uirrc bas 110 ~ . , r~i iar~ib . r  to1 i i r l i y i r r j  Cfle 
s t r c t u r a l  decisiorrs :dlic11 :.iuL;t bc r.liuc in  t.rocessirg e~lkdtitu cidusrs.  
I t  fr&s deen s b j y t s t d  (i iserrst; lut[79J) t t i d t  Rli-sbrck's l u t s e r  I . I ? J ~  uc 
reforr l u l a t d  2s  an A'I.~;. buclr a retori.~ult;tion ia  irde& s~io;ifl to ue t*)sslule; 
tiosjeder ihe s p i r i t  of kiesLeck's worn is vety d i t t e r t r l ~ ,  e s j r c l a l l ~  w i t i i  

r e s p c t  to noni<eter~.ri~iis,~ i i u  over t  sbrrcactic processlry. 'illc b l l a l j > J L  

Cis-uss& l a t e r  can ~ i , . i i l a r l y  be v l i d  a s  i?r1 AM, 01, ,,lore i w l p f u ~ i y ,  a s  
t w  ATNs i l l  s e r i e s :  f a r  l r~s t i l~ l c r ,  i t  iiiis rnecilani%.is ~ r i c l ~  & t a l l e l  u ~ e  
PtiStb'PJP o ~ r c t i o n s  + r fo~~ . l t i i  i n  d r i  AI'I<. d e r a l l ,  i L  r.ga, be r e - j a r i a  u ~ s t  a s  
a dynanic t l ly  c u r t ~ t r W t ~ d  til'd, furUler bbji.lentcxi ,>ief~i~et r t i t i l  or~er i r i , ,  
of 6rcs.  I t  is in  s p i r i t  f a r  L ~ : I O V W  i ~ u . 1  .4'1'iqs a s  t r a d i i i o r ~ a l l y  curicrivcu. 

\.,ilks1 s arrel y s ~ r ,  ~ s ; e u  qan prei - r t r~cu s e i ; ~ i ~ i t i c s ,  £ 1 ~ 5 ~  U ~ U K C ;  cr ~ ~ ~ I C ~ I I C L '  

illto fracjr.~errts, 3 1 K i  Lhti~ ~iri.rpldtes CUL ~ e s ~ i u i ~ q  LO D L ~ d i r ~ ~ l r l i j i ~ l  

i.,t-saajt- scirc,,ias orito Liiesc. friiji.,tr LS. 1 2 1 ~  Ltfi.lldlutes ,jere L ~ i i . . l ~ t s  of 
sei.~&iitic kr i l . l i  t ives ;  tile . :~&>~ir ly  process irwulvcu c a . i ~ t  linj Liiesi- LII Chd 
hedo e i a e n t s  of the fori,iulas khriclr d t f  iricz w r d  se~~ses. hhen I succcssiul - 
r:tlitctr iias Eoui~J, ~ t l e  fonnulas ior tl,? WIGS i r i  ttir i r a j ~ . ~ e n t  wre suusci tu t td  
i i i  rtie bare tutiii1;te. 'Ill,? fort;iulcis a l sv  ei~cvrjui preierertces for sn(101iL1:: 
fea tures  of coritrxtually r e l a t t u  l t n ~ ~ s ;  t i l e s  krricrenceb c o d a  ak usru Lor 
choosing ward seiises, 111akin.j scruucurdl r r~cis ior is  ,rid trsolv1it.j (m!,te) 
pronours. 
h i l k s ' s  ~lotiori  o t  r refe tcr~ce  seet~is a valuabie ide6; Iluv,cver ilia 
i~ i ip le~le~r ta t ion k i  t l i  r e p a t w  kcscans oL dany a1 t e r r~dc iv r  unhlyst-s 1s i r i i J 1 l l  y 
i , , t i . lsusible a 1.1otie1 of huiiai~ liukjw.je c~~~i~r t i i e r l s io i r .  

I ' O ~ L  rcc~. r r t ly ,  i.laLCuS 1791 116s p r ~ i ~ ~ ~ l i  d detetiiiirlistic 1.1odr1 01 syrrl;clc~ic 
reccrjrtltion for  t r i j l i s l r  sc.iltcncts. 'llioyli t t l i s  rmrk ws conteii&riry, arm 
hence did  not for1.1 &.rt of  Llie background Lo t l l i s  b u r l i ,  t l lerr  a r c  soiaie 
super f i c i d l  s i ~ ~ i i l d r i t i e s .  ~ E I ~ C U S  i i r r j s  t ha t  yraiiu,iir ru l e s  1,iay ur  hi1 ~ t e r i  i l l  

a fon.r i.8iich p?ri.iit a sylttaccic &rser  w o s r a t e  de tc r~~r i i r i s t i ca l ly .  ' i i ~ i s  is 
a c l ! l ~ v ~ s l  l d r j e l y  by wnnittir1.j ir 3-ueep lcukahead; ~ r rus  so~de u q t e e  of 
rrorxleter~.~irlis!i is i4,lr1ied l jut  t~ iduer~.  IS b i l l  be s6err i r i  srctiori  2.3, Erie 
br~alyser cliscusscd here has e x p l i c i t  1ii;iiLd.l norrcietcr~,lirtis,i. ' I l r l s  dildlybirc 
is ~,larkeJly diffc-rrrrt i r ~  otiler r e s p x c s ,  notdbly tlre , u r s i r r j  iiltchurils,i ~ , d  
Ule seiclantic, arialysis i L  ~ . rovides ,  corltrastirly d i t n  tile s y ~ i L c t i c  aird1,sis 
providtd by iflwrcus's sysLtr~l. 

F ru :~  consideration of the various inerits  arxl tiisadvarltayes of the e d r l i r r  
a~ la lyse r s ,  ttte following p r inc ip le s  wierge: 

i) ' h e  ~rrfonaation to guide analys is  of a sentence sliould be oerivil i  fror.r 
tile clefirritiolrs of the w r d s  i n  Li~e sentence; trris stlould be 4 c k a j d  in  a 
,;ian:rer sit.iilar to requests - t h a t  is, t e s t  + act ion pits. 

ii) Tire requests used slrould be ~~ral l ipul ib le ,  c a w o l e  of be i r r~  ruhroveci wtrerr 
no longer appl icable ,  anJ clean,  no t  tnodifyirrrj tile def i r l i t ions  of  o u ~ e r  
mrds .  

iii) Tire r o l e  of syn tac t i c  processiry should be to  loca te  corlsti tuent groups 
of vords h i c t i  rnay be t rea ted a s  bui ld i rq  blocks fo r  a l a rye r  sentence 
representation: n e i t i ~ e r  a request inecharrisu, nor ally keywrd-based 
algorithm, should be e x ~ c t d  to p r f o n n  t h i s  task. r b r  should an e x p l i c i t  
syntact ic  ana lys i s  of whole sentences be s o y h t ,  s ince  a sehrantic 
representation na tu ra l ly  encodes t h a t  s t ruc tu ra l  infornation whict~ is 
i m p r t a n t  for  ~a~ ip rehens ion .  



iv) 'Ti12 analysers  p r q r e s s  t h r o y t ~  a sentence si~olrld De , rdu t~ i r l a i~ t ly  
lef t - tu-r ight ,  out  should r o t  ildvt Lo e.l,loy c u i ~ i i t r ~ o r ~ c  strata. ja, is  W I ~ I I  a 
give11 ~ t h  of arlalysis proves f r u i  t l e s s .  

V) 1'11ere shoulu be a r8rectisr~is,i for s p c i f y i r y  a w  a&iylry pretererlces. 

a )  I t  uses an PXN garser t o  locate  the uasic building alocns o i  sentences,  
na .~ely  sii.12ie n o u ~  .jcou;is, vero jroups, p r e p s i t i o r ~ a l  pmrasrs, ccxraas, 
mi-for1.1~ d i ~ i  conj w ictions. 

b) I t  uses s s e t  of requests,  c l a s s i f i w  lrlto s i x  t 2 ~ t . s ~  arid e~socia tec l  both 
i.ritIl inciividu~A ~iorcis i n  the uictioilary anu i d i t ! !  s tardard o w r a t i o n s ,  such 
a s  r r l a t i v e c l a u s e  p r o ~ ~ s s i l ~ : ~ .  

C) I t  uses 2 c o r ~ t r o l  ititchariis;~ for apl~lyi ry  I l e se  recluusts, bh ic~ i  fo l ioks  a 
p r e t e r e r ~ c r h s c r i  s t r a t e j y  f o r  co r~ t ro l l imj  a r i o ~ ~ l t t e r ~ ~ ~ i t ~ i s t i c  a r~a lys i s ,  arLd 
requires only ii sriall  riietiory fo r  e r t i a l  aridlyses. 

2)  The basic coio+:rents. 
7. 1 'I'hr. AT14 ---, - - -  -- 
AII Ar1.l is used here to  i so l a t e  syntact ic  c o f l ~ t i t ~ n t s  of a ser~terlce, rattier 
tiiari to build a s t ruc tu re  d ~ i c h  expl ica tes  the sy:ltdctic r e l a t i o n s h i i ~ s  
Setivecrl ttie corlsti tuerits. 'rile coristi tuents  i t  r e c q r ~ i s e s  a r e  sir,iple i~our~  
piirbscs, verb ~ J L ~ U ~ J S ,  $1 e p s i t i o n a l  &rases,  corij wictions and hi]-forr.~s. 
'lllese cons t i tuen t s  art. recajnised by s b n e t s  rvi~ich siltiPly fitxi s y ~ t a c t i c  
coiist i tuents.  711is crontrasts wit21 tile use o r  subriets i r ~  tile PIkiuES systeru 
(ha1 tz[7' i])  for f indi ty  sei,iai~tic const i tuents .  
Veru ~jroulls a r e  not  treiiteci corict~,tually by rhe Kl'li, but 1.1erely arlalysed i l l  

teri.15 of inair1 verb,  tense,  voice,  for1.1 arc1 flyfirion. 'l'r~us "has riot ociry 
given" h o d u  oc KepreSer~tHCj b y  tlle HI'N a s  the consti tuerit  
(VP (terise PAS'I') ( E ~ L T ~ I  pH&) (voice PAbSIVrJ) (nhj  T) (verb GIVE)) 
Sir,ik~le r iou~  phrases - f l s s l b l y  c u n t a l n i n ~  d e ~ c r ~ d i r ~ e r s ,  aujeci ives ,  
p s s e s s i v e s  drd c l u d r i t i t i e r ~  - dce accepted by tile NP subnet of Lhe KI'N. 
Tt~eir rekresentatioil  b t  t h i s  stay e close1 y & r a i l e l s  tile ul t i i .~ate conceptual 
r eprescntatiori, t l~ou jh  d isar,~oiguation of wlysei:~ous rlouris arlu tile ,ittachherit 
of i i iwif iers  a r e  +rfon:lrd a t  a l a t e r  sta.je. P r r f l s i t i o r ~ a l  pllrases a r e  
treated s i r ,~ i l a r ly .  
llie treab.irtit of cor~jwlct ions  atld cch.u;las by t t ~ c  KI'N is t r l ~ i d ,  s ince  ~ t s  
task is ~ ~ i e r e l y  t o  locate  ar~d i d e r ~ t i f y  cu r~s t i tuen t s .  Un lc r~o~~  horcis, or w r d s  
ktiici~ t i t  in to  110 h i jhcr  s t ruc tu re  (such a s  o;l lyliry p reps l t i o r i s )  a r e  
iaarked a s  i s o l a t d  herds. 
biiice some hotcis tiavt several s y ~ t a c t i c  ca t e jo r i e s ,  tilcre art- occas ior~s  
cvi~ere i t  i s  p s s i b l e  to kind ,.lore tlrarl orie c o n s t i t u e ~ ~ t  i n  one Piace. it is 
then 6i-propriete to  build L c o n s t i t u e ~ ~ t  trer - ahirl to a l a t t i c e  - t o  
represent t11e ~ s s i b l e  co r~s t i tuen t s .  
This use of 311 tCM ilks tw [ , r i i~ci@l e i f e c t s .  k i r s t l y ,  i t  provides a 
c s r lde~~ ien t  ~,iecharrisi~ for t r e a t i r y  w r d s  k i t i ~   r ore t t lai~ oIie s y i ~ t a c t l c  
cetegory, es$cially s i r ~ c e  frequently one cateqory orlly w i l l  ue cor~siuerrd 
because of che influence of rtie surrowidiry context. kcoiuily, ~t proviues a 
~~io t iva ted  and is31able Erdji.ier~tatioti ~ ~ t i t ~ . ~ e ,  whlct~ Carl a s s i s t  the 
i d e ~ ~ t i f  i c a t i o r ~  of ttic key eluilerlts of a s rn t e r~ce  (veru a d  i l e a  rwuris) . Y 1 1 i s  
].lay br contrasted k i t i l  h i l h s ' s  f r a j~ ,~ tn taL ion  a1ijorith.1, vhicli ~ d s  b-s~il  

1ar.jely +on ney kurus, a w  htlich could :lot bc s r p ~ a t d  f r u , ~  tile r e s t  of 
tiis systei,]. I t  ,.lay a l so  bc cor~tras ted  with kiesueck's akiiroactl, d r ~ l c t ~  r t l i t d  
u@n Coi;l,leic r t rues t s  assocl i ted  ~i t r ~  detcr,tiiner s, aJJc<~1vbb dr1d a ~ x l l  idry 
verbs. 



2.2) Thc requests 
A s e t  of r ~ q u e s t s ,  f x i i  itavi:t, orre ac:ion 41-il  aid t r d  =rI.rdii.ite )irr t s ,  is 
us& to 3uidc i 3 1 ~  analysis s f  s;.:~Lciizes. 'ilir: f l r  SL pred ic6cc- crteri.,lr~es 
whettier t i i f  Xt ioi i  +%Kc is to be executed, i , t~i le  Uii; srcurd u t t c ~ i i ~ i ~ l c s  
&.tletlier tire reGue2t stioulc. de i i sca rd~u  iE lt  is iiot &a. 'l:~cbc t w  
ritc;icctes s f e  IIB,I& rts,cctivtly t : ~  ;~>3l1< ‘:sty. tic iu'E't;i-' ~ L W ~ ; U L , - .  ' l ie -- - 
requests hre US& to s p x i f y  v . 1 1 ~ ~  bilod~. ijd U X ~ C I C . L ~ ,  i l l  t a t 1 1  ayi~tact lc  ~ I K I  
st;.iaritic ter~.is, s,ld to detur~iir~-; tilt. u t i l i s t i o ; ~  of sucri eln.ierits . d ~ = i ~  tiis? 
are  fouic. 
'file L-e~iuests curie fra:,  tho s u r c e s :  i l r s t l y  Er~ i l  tile def irhi t io~~b o: , ~ U L C ~  i ~ i  

ttlc 21ctioi;;rr, rrirtcitully EiuLt vtrus aiid cuii;uiictioris; oil4 sccsiu;y f ro- ]  
ylocds i r i  t:ic projr9.1 .>.idre a st";d"rd s l t u t i o n  las ~ U L I I  i ec~ynibrd ,  tur 
lr~staiice, tiid ;irjirlrriiy of ii ssiiLence, r e l ~ ~ i v e  ciczuses, O L  %iltci,cu~ uf the 
foit.~ "A uo k tu LO Z". 

~ e h u c s t s  art' cliibsifieu lllio L-lx t y & ~ - ,  eiicri ~ ~ r r t s ~ - o i d i t h ~  U i bLel. i l l  

c i ~ t  c,clt  of rrocec;sin~ r. coristitktiit. '111s c~~araccer i sLics  oL 'ciic s lx  typ;a 
v~i11cll !.lake l t  ~ s e t u l  tv i ifFciicr~tiarc uecwcri tiie1.1 \ , i l l  be cxt.1&lirLxJ 1 1 1  

sec t i o : ~  2.4 ~ I O Y I ,  r / r i ~ ~ r  L I ~ L  co[itrol I , I ~ C ~ I U ~ I ~ Y . I  LIIIU ~ L I ~ J L  i e s ,  ~ f i ~  uuj LCLL P ~ I C  

i .~ec;w~~ini~ ~ . i ~ n i p u l ~ ~ e s ,  rlavi- u ~ e n  ~ltsi.1 1ocs.i. u i l + T l ) ,  Lrre blx ~y'.cb ate: 

i )  USL - us2  6 col~stitu?iiL iuunu by Lie trlii; i t  ci cu,isiLue~rt cull dc ubeu, 
3111 y ~ ~ ~ t i l r , ~  2bsociateJ wiLri tire 11ed rurd 1s executed. 111 eric case of vetus, 
t~iis  load5 i i r  crle requests \,~,icti ;ill1 process ilhc ~ t s t  or tlie sul>Ee~icc. 

i l )  '1'18.1l.rc; - jirovlurs for o siJrcifiet! delay, i i ~  tcri.~s oL coi~si i tuui~cs steii, 
ucfotc ,*lrfor. .~i~h~ so;.ie d~ t iu i i .  (Tilebe Iequdscs drc V e r y  Lure.) 

iii) TliIVlAI - L1.c .t y tu,.xs assuciateu w i ~ i l  vurLs i~orl.idli) lodu rt;~+csts ui 
t h i s  ilyth', \,,iose j&rtdse is to build u, sLiwLures, irlseit  L ~ J I I L  I I I ~ U L ~ I I ~ L ~ O ~ I  

r ~ ~ d  r~~sjatiori,  ,I-ILJ to bad tur ttler ~ec ,ueb t~ .  

iv) USi-1i~G - iiosi~!le z o r ~ s t i c u e i ~ ~ s  hi~icli liave i ~ e e n  i,l;ciil 1 1 1  tegibLers, d 

fot-1.1 ot local scorsjc. U s ~ ~ l l y  ~ l ~ i s  is j u s t  Lor ploci~i,  tiic subject uiro Uie 
structure tlililt u y  Verb jeiise. 

v) i ldi i~l6LU - 111srrt tile structures corresfl~kiiry to d.ibddtu clauses, 
re la t iv t  clauses ancl r r e [ ~ s i t i o ~ ~ a l  l i idif iers ,  into d pr~ieier;.riiicd klucc in 
tlie hiyliur-level clause. fdso resets  structure, r t - l is ters  and requests. 

vl) E89b tD - Lave axi5trrij structure, r e j i s t e r s  drld requesLs, drill p t t@re w 
pructss an er ~ M u e d  clause of sane kind. 

2 . 3 )  '1'11~ control r.~eckiar~in.i: tlieorics; ariu ;.ie,lory 1 i r . i i  tations. 
Based on the notioq of preference, a control ~~lechanis~r for tile spplication 
of requests ilas been d w t l l o w  ~~iricli ,  evcii i r ~  rrorl-deten.~li~isclc 
envirorunti~t, is found to i~etu! orrly a sr.~e,ll t i l l i re  I,luaory for k r t l d l  
anal1sc.s. 
l l iese w r t i a l  analyses, I c a l l  theories :when test64 Uicse will ffiually 
gtllerate new theories. h c l ~  bibs seven cixn~o~ients: 
1) A nuileric score kdiich iflay. be n o d i f i d  by tlre sat isfact ion or violatior1 of 
pr?frrencss, but a lso by betrind-UIL-scei~es act ivi ty ,  such a s  wia .~wddin~  
(see sectiorr 2.6) .  'I'ilis score is a sir,~plc int-jer, ai~d i r l  practice l i e s  
roujiily in  the rame -1;) La 5a. 
2) A & t i d l  sei,~antic structure. 
3 )  A s e t  of requests. 
4 )  An indication of the request-class to be tried. 
5) The ra.~airlinj constituent-tree ( p r d w t  of At14 $rocessiry) 
6 )  H current constituent ( i f  the request-class is USE) 
7)  A s e t  of reyis ters  , a fonii of local storage 



i'ilc. basic ;,ectiai~is.r ir, iiii.i$c, ~ i h l  is c ~ i a t d  w t . ~  G c ~ ~ i s  . I ' L ~ ~ L ~ L  
(Surz!1[55] ) , ~ r o d s ' s  "u~eur ies"  (s.ouis[77 J ) si~d Ute ;kl xli t 'c iui~r  ~i leuc 
(mirow e t  ~ 1 [ 7 7 ] ) .  '111~ t ~ c u r i e s  a le  . S ~ L L I A L ~ ~ I ~ ~ ~ A  in o r d ~ r  uf ;cure, araJ u ~ e  
!ll .~l~cst-scoriiij  ttt?orr is CiuSe;~; rcqilests of tlic ri.jtit c lass  c r r t  ~t-1ucLtd 
iild tried. yew tiieorirs,  wiU~ ,uu.ufiec s c t d t u r r s ,  r e j i s t e r s  c t c c t e ~ ~ ,  art .  
. e t~era td ;  i l l  r.::~;til$~ rlek ttleories, t:,e as& LcquejLs ore uiscardd, a, i, 
any sdec tcu  requ2si: iciusc hiiitJ i-'~e(..i3Gti- fa l l s .  'lilt! j~ili1dtli);i uf ir iict. 

t: ,i,ory r tquires  syecif icat lur~ 01 ir Z ~ L ~ U C S L  c lass .  'lirld fulloriii CIL ~ C L ~ L I ,  
si1ob.n 11) f i ~ i l ~ e  1. Li'Y  ti^& liot lcbel ~ I Z  ~equi-f;tS a~ -11, ; ju t  is LIJL s t tdc  
o; krocessirh3 wiere G ;lei.. c u i r s t i t u e ~ i ~  is ~ O W I ~ ,  dauilly fro.) Ure 
coris t i tu~r~t- t ree rc-turiitd bY tiir A'l'id (but sue jectioii 3 . 2 ) .  

eiitry 
I 
I Exce,L ior G2'i' a , ~ 1  Gr, d cldss  1s o,ily 

/ \  I cikoseil i f  tliercl ate  requssts of t i ~ ~ t  
I GrJ'i' c l ass  i i i  the tlieury. If t t l ~ r c  ; ~ e  110 suci: 
I I recjuests, t ik  ili.xt clash i l l  tile c y c l e  1~ 
I I t r ied; sc ~ i i .  

I UJE 

I 'ritiviti~ I 
I I I 
I I I 
I USL-IIIX I l'iiis loo, is used i: i l l  UdC.~l;tb 
I I I succ~crls 
I I I 
I d\ld$tlLU I 

11 jurc 1: Tile cu i~s t l  Luent yroc~ssincj cycic. 

'Tne loo> st~obal f r ~ . ;  J iS~,rjEU t~ I'KIVIAI appl lc5 o;lly kllell ail cli\lit.,utLj 11-s LLCII 
dorle, ,jerl,~ittinij la~l l t iple  unei.ibtdciirys witt~owc COIISUI.III~J ~ ~ l o i e  ~ o i i s t i t u e ~ ~ ~ s ,  
and also jxrinittiny an U2dU.inEU t o  iililucrrce TI\LVIAI or Ubt-]ILL reyucscs 
direct ly  (tlrouji, th i s  is se1do1.1 11eec~c4) . ?<lien rro U'W;'.inW is dil~ie, t4l;EU is 
selecLt?d next; or i r i  the abseilce of ti.lbEU r e q u e ~ t s ,  GZI'. 

'Mie o#~at io; i  of the ~.lectiariisn as  descrlutu is 1:loclifid itl oil? & r t ~ c ~ i s r  
case. I nave &id that a tiieory is stlectcd frwl ttlc tok oT tlie stacK o i  
theories, on tlie basis of preference. 1 r 1  f ac t ,  a l l  Uiiories iriu~ the -.re 
preference a s  tne top tt~cory a re  sepra ted  f r a ~ i  Uir stack, and r~oeessed 111 

turn. 'lhis averts probltms h e r e  one theory generates neb, t!icories j i i t t i  o 
sl iijhtly hi:jher preference, c~usiriq the next tiiror) , i r ~ t t  l r~s ica i iy  o i  clie 
satit value, to  ue obscurtd. 

'fie i~lect~tinis~,~ is also usefully restr ic teu uy t~kirXj accowlt of arl ilir~,irical 
fact  bt~ich, I believe, a lso 116s ii.ip1icotioris foc LIIL  relcitlil:~ bc t~ .~c l i~  i~i~iilur~ 
ant1 l l n j u i s t i c  faculLics. I t  has ~ C L , I  . J . , : > - L V ~ ~  ttiat, Lieb;>ite L l ~ r  a1~pa~-e11tly 
norl-Ceter..~iiiis~ic u t ~ ~ a t i o r i  of tllis oilalyscr, tile derLll of its scach ui 
t l~eories  need only be s.1~11; the s ize of stack ~lect id  cali,ares w i t 1 1  Ltie 
ps tu la ted  size u t  hunln sliort-trri,~ 1iia.iory. Ii , , i i t iry tile size of t h i s  Stack 
to seveli theories, by siiilply discardirrj any cl~eories bhiici~ f a l l  off the erd, 
actually iraproves the prfon:larlce of the snslyser f o ~  ccnoplt~ sentences; a1112 



i r ~  focc tile l a r j e s r  stack riecdtu for ally seiltence rr!lict~ I.& aeen ,recessed 
usilxj lay r e s t  vccahuld~y :ias Seer1 orlly j e i u , ~ e i ~ t s  iorrj. ' I l l i s  rcsulc is u r l  

e r ~ ~ ~ i r i c a l  observatio~i, biseci or1 tne successful analysis of sever e l  tlwld~rc 
diverse sentelicrs, a ~ ~ i  do25 r ~ o t  cie&-rL on aiiy i l r 1 2 - t l i i l i r ~ - j  o i  t r e i e r e n ~ r  
~ .~a l . i~u la t ions .  ( I t  :;li;y t u r ~ ~  out that rlru addition of lerge nh'lr;ers of 
i~i<jf~ly-i.olyse~~obs Lords iody require bjo;rtiori of L ~lt-arid-see strocnJy, 
sucii a s  those used ti1 t1byrb[77] aid , * ~ r c ~ s [ 7 9 ] .  H O ~ ~ E V ~ L ,  tr~)uj11 t:ie 
dicriolmry does c u ~ ~ t a i t ~  a  11u.1tt.c of: ,oLysrt.lous i i o L U S ,  no prohle~ls of t h i s  
rietutt llavf teen mcow~tered.) 
parcvs[7Yj propses  a  "Ceter,.ririis.l I~y~ntk,&is", ar-d J s s c r i ~ e s  all a i la i~ser  
bdlicn alsu t ~ s  a li,;~itixI ..lc;.lo~y. Iri h i s  sy'sta:~, cIle I.tonory consists of 
scacic o i  p i r t i a l  syrltactic h t c u c t ~ ~ r e s ,  i l i ~ j  U I ~  rules o i  the , j ~ a i ~ l ~ ~ ~ i l ~  a re  
+riaittcd Lo i ~ l s p c t  ollly a  sr.ial1 rlu,iber (usually 3) of these structures. 
trowever, hbrcus does ad:.~it tilat t r r is  anstlyser is ililcSlc- to deal r , i t l~ cui~,lex 
scrltellces, arki ;,lust seek advice frail sot:lt. other, :,lore pv.en£ul, ccx,l+leiiL of 
ttle l a ~ g e r  systa.1. 1c Sre,lS Lo tile U ~ a t  tti is is tatitiii.lourlt w iccrkt i ry ~ I I ? I L  

jr;i.ai~ar r u l i s  ere  irladeqlwLe 41er1 so c o r ~ ~ t r a i n t d ;  arlLi h i s  ar~aly.ser ddes riot 
atcan& to provirie d se:lla(itic hrialysis r i tner .  
,rt~is concept of a  l i . ~ i t a t i o r i  un lie:rory leads to a rldlrsible solution o i  trle 
question "lttler~ is a senterlce s t ructural ly  a.ibijwus?", ~f  w irnclu.!e ttlr 
I~ypt l l es i s  tliat elterriativd rt-adir~js vlolate  nd Islore ~IUUI-ieature 
rrefererices ttlari docs tne  f i r s c  rciaciiry f o u ~ u .  

2.4) 'l'iie sta,Jes o t  processirnj. 
The sta.jes of >roc?ssing are r~atural ly  d e s c ~ i b ~ i l  irr  terlns of Ltle c lass r s  of 
request to i ~ l ~ i c ! ~  tile) corresprni, since ttresr classes, ,+in11 tile exceptioi~ o i  
GE'I' , arc ill fact  ui.s& on ,,rocessiiy starjes. Ld'i' I s  Jiscbsst* .,iore tul ly  111 - 
scctior~ 3.2, vh~erd tric t reat .~t idt  of q u c s t i o : ~ ~  U ~ K A  ~ e l d t l v e  C ~ L I J M ~  is 
exa.iir~tvj : for Lhc ..lcl.lei~t a> iiay si!.iply rlote t t ~ i l ~  G t ' l '  r c t r  icvcs a  constl tuerit 
f r o  I t l l c  tree jive11 by trle P;id; tor racli : e t r i evd  i t e ~ , ~ ,  & riew Uai; clreo~) is 
coi~structeci, di trl trle Lpprala iaLe current cunstitudnt dlic1 ~ s t l c u e ~ ~ t - t r e e .  
i) 05': - 
iJSt ce~,uesLs riave .*~4Ii\; l i r ~ i  i i e t e  ~,ilich r v ~ ~ i i n l l  y spx1iit.s ciie ~ ~ i ~ t d c t i c  
class  exjoctt-3. 'f~ieir acLioii iArts,  i l l  ~ d u i t l o i ~  to sLieclfyiry tiie use LO be 
!:iacic of trle constitu-.~ir. ther dccept, \rill ufLcii cor~tdir~ ,reLeri-nce 
8.~ar~it;ulatior~s based u,firi tile Leirtures ~ s s u c i a i ~ r l  h~ t r ~  110w1s: f U L  ~ r ~ i b  

purpsc,  features LL-L' a~~c i i l j t i j  in d i i i e ~ a r c ~ ; ~ .  
kor eaci; serlsc of tile :lea<: ,or3 of s qonstltl;cllt, eoclr UJC lequcfst 1s  
i;pplle<;: and for e;lclt successful i r r t~l icat io~r ,  wiere ciiti : . W l t ~  precl lc~te  
succeeds, a  ileiv 'irleor y is creatta : ttie class- to j teir1.j t i e te r , ,~ i~ ,~ i l  accoruily 
ti, Lta r  rules jivcr~ i r ~  sccclori 2.3 auuve. 1:1< ru,uest apl,liti!, cl~u ally ouler 
re.jucscs oL tile sai ~c iy;& c.!ldsc K 2 t P  pitGlcate t c l l s ,  U L ~  ~a~lovt i l .  ( M 
rlotcd cariii-r,  ~ i 1 l 5  is ~ L U C  o t  e l l  reque~L c ~ ~ s s e s .  ) 1'1i~(s ii2L t+uestb ;!ley 
brc;l~<i~ 1 1 1  t w  ~ i t i e re11L ?.c?)b; to1 uifferei~c senses oL wJrLs, a~ld tor 
<lli:cicllt use> 3t t;,c cr,ilstlLu2,lL. 
L t  d c d i l ~ t i t u r ~ ~ ~  i s  ~*~~coL;ILc.~c< lor bd~ich 11s requGst sbcce~cls, i t  i s  trsttu 
ti, 5i.e i f  i t  c ~ i ~  :,e t~ zkj,cu; ~ I G ' A  - . , I I ~ C I !  r~arule  C J I I J  U I I C ~ ~ U I I ~ ,  s o i . ~ ~  coiu.iaj -- 
;;;L c c r t ~ i i ~  I i i  j1.c~-1ci.cl > t t  ~ ~ t u r ~ s  - ~ L C .  ~ i ~ c u s h e ~  ill  :,ectiu:i 3 .  J. 

,~!lt: ~l i 'h  ~ I E U L ~ .  i ' d i y  rIuI~c1. V C  suci, L . ; L , u ~ ~ ~ s  ,.iay ue p c e s e i ~ ~ ;  i t  t11e) a t e  
kresellt, Lileir :*SiL'. . J L L ~ I I C L L ~  I ~ L t . ~ ~ . ~ l r l e s  ~lc-ttieL tlrt ~ c L ~ o ; &  srlodu de 
1 crlui . . l~u,  :jut %!IS nt:tk' t , ~  cd ~ Z C L L ~  ib 1..11..acer id1 . iii,~liuG I tc,ucsLb iire rare, 
uc 111, dL;tx3 > i l l y  LCJL ;. it-%. c 0 . i ~  uiCti~.ib. 'lr<IVl/ri rcquesLS aLc ~ x h r - l e l ~  
L . ,> , , IO~. ,  :)clil.j t1.c d~111;lc fcr: ti,;: ~ ~ I C L ~ U I L L ~ U I I  u l  V ~ ~ I C L -  ~equ?sLs it-0t.1 tirc 
. . I ~ L ~ U I I ; I L  y .  ' l i , ~ ~  ~ ~ ' ~ u c :  L-. ; ;LC ~ t t c , ~  us<? to L ~ l i 1 0  cdilce>Lwl s ~ ~ u c L u ~ ~ ~ ,  
r:t .,.. Lit ic i J r l ~ 1  l re j~cidn lrifori iutlo,., oiiil  10- tlle 0L:li-r Lc4UesLS hillell 1 4 1 1 1  

; L ! I , . , ~ , S . >  tiic ~ e . . ~ ~ ~ i ~ l c r  u t  ~ l e w s ~ .  



i i i)  flS~-kcG 
U S t - ~ G G  requescs take a corlstituei~t,  usmi ly  LIE s i u j t c t ,  fro., ta+urar  1 
storc.je i r i  a t e ~ i s t r r .  S i ~ l c ~  the c o t i s t i ~ u e ~ i t  has uren pl=c;ctu uierr oy a USC 
request, i t  correspiuis co o111y one sense of t t ~ e  )lead r~oui. hoievtr, i t  
soluetir.lrs happens that  ,.lore ti:ar~ one USL-I<& re~,uest uists, aid 111 ulis 
csse a l l  tile a v ~ . i l s l l e  &G-iitG requests are  &,+lid , prmlx-lry oiie I I J W  

ttldory e ~ c t ~ .  '1711s s i t k ~ i o n  occurs ,.lostly ror ti~s + s s i v ~ - s  of 
i rd i~e~t -ub ; tcL  vsr ts ,  where tire subJtcc !:16y f i l l  either the sloL 
corresprdil-rj  tu tile d i r e c t  o b j a c ~  ur ttie 11ni l rec~  ouject i r r  all bcclvt 
sentence. 
iv) 
BI~DW requests dual bitt .~ ~ ~ & u c u j  clauses, re le t ive  clauses arK; 
,,tel-03itio;lal t.rlrasc. c,~ociif ierr;. An Ei.bElj oprcicioi~ IS u s ~ i i l l y  ofiLioild, so 
oiie theory will  resui t  Lro;.i U i i s  s t k j t  tdiicti ,ids not ucrii e,~;xnltitd, i r i h  oitc 
or !,lore wtiicn n a v ~ .  'Ilie* trluories b i l l  riavt tllc C U ~ L L ' I I ~  stoce o i  ttie 
r e j i s t e r s ,  the current s e t  of recjudsts, anu t!ir cbrrenr sci.iti:bric s t r u c ~ u r  e ,  
ti11 savcd or1 an otilervisr u l a n ~  list of r r j l s t e r s .  :111~11 t l~is  ihas beer1 uotie, 
tile actions of tile art,lic;ule t+!bEU requcut arc  rjX~.cbt~a. '111ckc ..ill al\rcryb 

aid r l t i  rcc,uests to deal \ i l t i ~  the ~ . I ~ W O L G  clause, ~ t l u  i q i l l  uLter~ jut- a i d h  

re j i s te r s .  t . 3 ~  tile l i t t e r  purpsc ,  t i le l r  ib L ~ , ~ I ~ A L G L ~  accts; co tile 
re j i s tc r s ,  wilich is ilocL!ssary to ilti~idle t k i c  telibiliij ~c~UCtu1us w l l l C I l  J i d U K  

i r i  eokided clauses, aid triosc clauses sniiici~ burror, t i l t  su$jJecL tru.t a 
lii~lier-level clause. 
ki obvious p i n t  is that an arialjsis carinot o r  allow.; Lo rer~.tiriate h:iiic 
still i l l  an u . ~ w J t r l  stdte .  
v) Uiq\lt14idD ; at~d constraints 
U!vil.lbEU requests dre tlie cvilversc of. hi.~trW. ' i i~ctc c211 uilly ~ ) e  uilc J i d T ; . : ~ ~ l r .  

request present a t  ariy tittle. h2$uests of L l l l s  C l i s s  restore tlic rej lscers ,  
requests arid se1.1a11tic structure before ttlair actloll IXAL ts ore c ~ e c u ~ e i .  
hobever, the ;WIN p r t i l i c ~ t e  or1 tile ilru~.loEU ieyuest is not rejcrutd UL; 

s u f f i c i e r ~ t  to & r ~ . ~ i t  ari uii;:ibt*luiry. A 1~rilic.t  ~.iccllar~iu,, ti ,< bLreciLi~&tluli 
(JT coristraints, !.lust be corlsitlcrtri. A jerr~-ral c o , ~ s t r a i l ~ ~  ori L ~ I I K . ~ L C ~ C ; ~ ~ Y  is 
tllat tliere 1.1ust bc o sr.,~aiitic s t r E t u r r  .Aiici~ id6s  uteri uu i l t .  C t - r ~ ~ l r i  verbs, 
tiowvec, s;rciEy iurttiet coristcaints - W ~ I L L J  sucri-arid-sbch a L C ~ L L E ~ L  ..IUSL 

be u s d .  If Any oL t n \  ~ t !  cot~straicits ;IDVC i i ~ t  bier1 siltisfltt i ,  110 ~ l i ~ . ~ L h d ~ ~ r t . ~  

can take place. ( Tills , . ~ r c i r ~ n i a . ~  a+,,lli's cilw to a c ~ e ~ i i r ~ ~ j  tile crlil 3f t t ~ c  
sei~terlcc, tviiich is see11 a s  b s;&cial case 01 wie.,lhiicli~kj. ) 
Ari Ui45'lSEI) request is also ortional; trlus o~le t t~ fo ly  i d i l l  clkays ue c ~ e i c t d  
irliicl~ corresiands to  a fdi lure  to ur~e~~tcxl. 

2.5) dictionary eritrics 
~<equests can be f a i r l y  cu:il~lex objects,  irlvulvirrj tho prciiicates aid 811  

arbi t rary s e t  of actiorls, arKl tilrir f u l l  s ~ c i f i c d t i o n  0x1 each veLo 
defiriition bodd be a t t d i o ~ s  a11d repet i t ive i,rocess. Kivsritaje call bc Ldkrll 
of the rep t i t iver less  of si!i~plc requests however, by Getirli~~y a s e t  of 
1.iacros with h i c h  suct~ requests car1 be bui l t  ur. Several swri rnacros ilzve 
been providtd, greatly easin3 tile u e f i ~ i i t i o : ~  of lie* vtrus. kijure 2 
i l l u s t r a t e s  sorile of these. 

'lhe macros available i r~c lde . :  

PI ACE-sUbJ for usliy the s u b ~ w t :  jer~erates  d UL-,<GG request 
PIACE4B.J fo r  using a noun-pirase: generates a USC request 
PIACE-PP for usilk4 a prepthrasc:  ~ e r ~ e r s t e s  a G t  request 

PIACE-CIAUSC, PIACE-SUBJEC'I'I ESS-CIHUSE, PIkCE4iUECTIVi-CiHUbE 
a l l  100% for various s o r t s  of anbedded clause. 
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r i , j ~ r c -  - 2:  L i c t i o : 1 3 r y  e l l t r y  for UlSPIEbr!;L -- - 

111 t t~is  e x a ~ ~ i c ,  t ~ i t ~ r  1s o r i l y  oiic d ~ t i f i i t i o i ~  Lor  t i l e  verb, ie .  o , 1 1 y  o n e  
s d n s  i:, aeirrj c o r i s l d c t c + : .  l ' r i r  j s r L  ~f t i l a  u t f i r ~ i L i o : l  w t i i c l i  is to be 
e x e c u t e c  is l i . ! ~ ~ l l ~ q !  I) ' r i ? ~ , u e s L s ' ,  r t iLi l  t r ~  L w l c t i o r i  WLIIxE; us& Lo add 6 

l e t , u e ~ t .  'i'ile o r l c  r c ~ ~ u - . s t  C L ) L I C C K ~ I ~ !  IICCC is o i  c lass  'I ' iclVIAI, d~Ki  its 1ila111 
, . r c ~ . l z r ! t e  is 'i' ( ' l ' i \ U ~ )  : L!;cretorc i t  a i l 1  S U C C ~ L Y ~ .  Its a c t l o r l b  are:  



BUlI.1;S . . . . . t o  builr! a srCirarltic s t r l lc ture  
'l'li-It-PInCE . . . t o  insel t t e o p r a l  infon.iaiion i r ~  a s t ada rc !  =y 
VFKHS-~JLI!@~IES. . t o  c rea t e  clew ' toker~s '  to  f i l l  i r b  p r t s  of  tihe s t ructure :  
t h i s  c o r r e s p x d s  t o  6ssu;iiiy f ea tu res  of ob jec t s  it1 de fau l t .  Rle 
destirlations a t t r i l l  the s t ruc tu re  a r e  denoted by tile paths 
(@.USi A3TSCLLJENT LWM' AZmH) and (CAUSE &SUIT SPATE Ili1:uG). 
Tihe recjuest-i:lacros 21% use p t h s  to  deter~. i i r~e  tile des t ina t ions  o t  che 
s h s t r  uc t u re s  they create .  
COi.13 . . . . . . ttle I lSP condi t ional ,  tlavirhj i ~ e r e  tw branci~es; tile 
s e l t c t i o r ~  is r:lade by the functions ACTIVE arw PASSIVL, wiiich iirspect 
r e q i s t e r s  dillict~ Irave been s e t  up a t  the ti!& the verb .jroup ;&s e n c u u ~ t e ~ e d .  
2 i e  I.lacros t u i l u  ui, requests rAiich ef f ~ c t i v e l y  s p c i f y  cdse-Eranes; these 
a r e  tilrri f i t t e d  by (1l1.ritrul) exbloration of ~ s s i b i l i t i e s .  

111 the ACTIVE i~ranch,  (PIACE-SclbJ . .... ANYTHING) id~ios a USE-IIa request 
d l i c l ~  will look a t  L11e 'suli j '  t e j i s t e c .  'fixis re.3ister iids been s e t ,  by one 
of the i n i t i a l  requests,  t o  cor,tain a conceptual rc,rese~ltation of the 
subject;  t h i s  request rloii i n s e r t s  t h a t  representation in to  the saaant ic  
s t ruc tu re ,  a t  ttie rrlcl of t t ~ e  9 t h  (U.U.UL;r; AlrPI'dCEUENT EVEli'I' ACTOLI); a l s o  i t  
b i l l  ~ [ ~ i ~ l y ,  i r l  t h i s  case ,  tiie very weak preference for the fea ture  AlYl'hlNG 
(beak, s ince  ANYPHIi.rG is very near the top of  t h e f e a t u r c  I~ierarchy) .  

(PIACL4uJ . . .. . a h S T  . . .) oilds a WSL request wilich seeks a noun phrase, 
preferr ing the fea ture  W A S P  t o  be , rese i~t :  when t h i s  rlas Dren fvulld, 
(PI~CE-SUBJEC'ri ESS-CIAUSO' dY (WUSC NV~LCEDCI\I'P) X.. .X subJ) adds a fur ther  
reciuu-s~, which correspxuls to  ari m~BEU. Tnis b i l l  orlly be used i f  the  kura 
BY is located,  i r ~  wi~ich ci;se an e a b e d u d  clause is expxtcxl, wtiici~ w i l l  l ack 
a subject ,  s ~ l d  wflnsc verb is a present pa r t i c ip l e .  llie cu r ren t  contents  of  
tile r q i s t e r  'sub)' ( i c  whatever d id  the  d i sp l r a s i ry )  is t o  be usetl a3ain a s  
tile subject  of  the e~rbcdded clause.  'llle conce[~tual representation of the  
e n t i r e  w,rMd~id clause is to  be a t  tile erxl of t he  pat11 (CAbSE 
AN'TECEUENT), r e p l & i n ~  the d e f d ~ l t  U3 cvellt. 

I n  the PASSIVE urancl-I, there  is ajairi  a PIACZ-SUUJ ilracro c a l l ,  a id  wine 
PIACE-SUbJCC'TI ESS-CIAUX ::~acros W~ich d i f f e r  orlly i r l  tlle vrorc! ttley expct  a s  
a cue. 'It~e new itrrils are :  

(PIACE-CIAUSE dY . .. .. X.. .Y,), wt~icll lovks fo r  a c c i ~ l ~ l e t e  clause cued by 
the w t d  MY, Wtivse verb is , a.jairi, a present p i l r t ic ip lc .  This \rill 
c o r r e s p n l  t o  sentences l i h e  "krecl was displeased by Mary gvirlg to  the 
shops" 

(PIACE-I'P BY . .... ANYl'liING) c t e a t e s  a USE request Miich looks for  a 
p r e p s i t i o n a l  piirasc, with the  p r e p s i t i o n  GY. 'l'llis w i l l  c o ~ r e s p o ~ d  to  
serltences l i k e  "kriil was displeased by : , ~ r y "  

2.6) Preference i . iar~ipulatioi~s 

Prefcrence, the iluneric scoic  associated w i t t ~  a tneory, is ~rdportarlt because 
i t  provides the Lss i s  fdr  the se l ec t ion  of t t ~ e o r i e s  i n  a ,7ordeteriiti11istic 
envirorune~~t. It has be?n ; l o t 4  ahove (Sactioil 2.3) , i r l  csrlneciion dittl tile 
observation tha t  only a sa1all  stack is rleecied for  t i ~ e o r i e s ,  t h a t  t h i s  d io  
not dewnd upm fir tely turiin7 the prefererlce ~ .~a r~ ipu la t io r l s .  'Illere a r e  
r~eve r the l r s s  severa l  d i f f e r e n t  reasons fo r  p r f o r n i r r j  sucli mal~ipulatioiis, 
most of  hhi~kl  a r e  s t r a t e g i c  rother than ~de re ly  t a c t i c a l  i r l  rlature. 
Preference filanipulation is reyuireil to &ill with: 
i )  Feature 1.1atches and ~ ~ ~ i u ~ i a t c h e s  
T l ~ i s  corresponds i n  s b i r i t  t o  h i l k s ' s  prsfererice ~ . ~ e c t ~ a n i s ~ ~ s ;  hwaver ,  
wilereas b t i l k s  uses 0 ~ 1 1 ~  d i r e c t  r,ratches be twen  indivirltlsl s e~n in t i c  
p r i ~ ~ r i t i v e s  ( k i t i ~  m,ie p r i ~ ~ i i t i v e s  a c t i r g  a s  c l a s s i f i c a t i o n s ) ,  I have found it 
useful to allow tw d i s t i r l c t  t y ~ s  of r,latcliing oir;.ratio;i. k i r s t l y ,  h i l k s ' s  



sct~ei.le is < e ~ ~ u r a l i s t d  2~ obi lcinj  .+ ~ ~ i e r a r c l ~ y  oL prii.~ary features  , a l l  o t  
\,irictr corresptr l  to >*ili.s1s "class" rrl .~iLivcs; a reque3c r.i>lch prefers 
feature X riill x c e t i t  a r~oul - sns t  uiUi fedture Y i f  Y is anybtlere oil d ~ i  
brarlct~ of the hierarct~y iic-sdd by X. ( L y  "acci.bt .i i~our~-Serisr", 1 I.leart ci~e 
preference w i l l  be applied.) Secoldly, t ~ l e r e  are  secormary features , SWII  

as  cPSSY, PH~PEIGVI~E ail< HLlkTION, wtlicil do not occur oil tire i~ ie ra rc l~y ,  ard 
with dlich only d i r e c t  !i~a~ct:es bKe considcrdxi.  
Noni~ally, tllese prefererlcrs art; a ~ ~ l i e d  ~ s l t i v d l y :  ii t l ~ e r e  is a i . l Z t ~ t . ,  t i l t  
'score' of the ]lent theory grneratcri is increased Ly 2. si,.,ulr;rilsously, a i l  
USE rcqudsts decrease the score u t  the I I L - X ~  Li~cory by 2. 'Illis e f f e c ~ i v e i y  
f.ira;ls cioii).j ~iut i l i i f ,  i l~a , ia t i c  hiirri a :1ou11 sense ~ L S  rile cixbect~xl f c ~ t u r u s ,  
but irrliibitiruj its use i f  tlie u x ~ c t w  fci tures  *re not pKrbellt; tiius rr1~ 

col.i&tinj sense of tiiet i~oun ,;ill be i-refL-rrcui (preference urlly i;likeS se11sc 
k!leii dealing .,itii cih21j;etirq 6lter1iatives) . Fbrttler, for U~ose ela.ie11ts Lo 
~41ich 1 1 0  preference is a + l i t i ,  sucii a s  vcrL ~ r o u p s  ~ I K I ,  c o r ~ j ~ ~ c t i o r i s ,  
cu,~+timj thcori ts  arc  ~ i v e ~ i  a chance Lo i.~k:h L, ar~d iilcreise Llleir 'score' 
if they con. 
i i) I2.,lcr;dfA clauses, 21-$1 w~e~ltxxldirq. 
i\:ie~l arl K4bEO rccjucst 1~12y ue ahpiidi,  L w  t i ~ e u ~ i u b  c ; ~ e  crtatk-d d ~ l c i i  
cur respn;  to uatriliiruj &rlii fai lure  to d.1h1 rest;ecLldely, haviiy the -.it: 

i,rafererlce. iioxever, tlle I.iacros fr~icl ~ r t l i ~ l l  tilebe re4UeStS are  ubwlly 
9erierateJ s,=cify a nm.ikr o t  USt requests 9 1 1  tile loiret level ,  aid Uic f i r s t  
of these w i l l ,  i L  s u c c ~ s s f u l ,  increase plcfereilce by 2. 'tne r t f e c t  o t  tt~ls 
i s  to s t i~, luldte  21; a,iLc<ldcd + ~ t h  ~ . l ~ i c t ~  lias locate4 i ca:i+lieiit ~wici ,  i t  
l r r & ~ .  
U\ii;:v~bCD rrcjuctsts w i l l  rsodify tile ,reLercnc~ of the unir;it~ddrd analysis, 
drcreasin,j it by 3 i f  saae otiler co~;uneilt is cxt-ectcd, by 1 otl~crkise. 'I'll,. 
gtrieral dis incl i r~at io; ,  to  u i i e t . ~ L d  re f lec t s  ctie observation c~iaL adbl.jwusly 
i.lac~xl cor~jwictions are  idoat often taken to corljoiii clous?s LC the ..IOSL 
iccS.ly c.lthddt2 level.  t . 0 ~  i l ~ s t a ~ ~ c e ,  a ktiilcr1cu yiver~ by C ~ l l i r y f o ~ J [ 7 ~ ]  
( r d l i i ' t ~  lie +ott-s fro,:) a i l e i ~ i a i ~ r )  i l l b s t r a t e s  illis y ~ i r i L  ilicrly: "I \  huh 
Jersey ! . l a  ~ 2 s  killirl  Eridab everi i r~~ ~~llerl ttle car i l l  U11;11 rle \id> ridirxj 
si~crvtd off kbute 5'; alai s t rk-k e tree" ki tural ly  ~ i ~ i s  ileuristic wi:~etir.ius 
t a i l s ;  LuL i t  llas k e n  uoservc<l tiidt w r u i , ~ i y - d . ~ ~ ~ J m i  d~ialyses o11.iost 
irivoriably cannot iicceimt rlie ilext const i tuer~t ,  ar~d so trle correct  
( u r ~ u , ~ ! ~ d d d )  analysis pa th  w i l l  h- ttricd 
I t  st~ould be iiottd tllat r~o e~~ddl la t io i l  is yivei~ tiere Lor the d i f f i c d t y  of 
gcirdeii-kath sentences s ~ i ~  a s  
"?he b a t  floated dohn the river sar~n'' 
"'illc l~orse raced past the oar11 f e l l "  
iii) Cues 
TIIG gesence or absence of d e t e r ~ ~ ~ i n e r s  is ,I cue for the d i s ;~b iyudt ion  of 
nowis, such a s  JWH1.J and bII.1, haui1t.j one ~ 2 1 1 ~  wfiich is a p r o p r  rloun, ark3 
one kdiich is noti p s s c s s o r s  provide the s , l e  cues. l r i  gerleral, trle 
selection of a noun serlse is e n a l i s e d  i f  these cues a re  iriapproyiate. &I 
exception occurs h e n  a relat ive clause follok,~, fo r  instance "'illc b i l l  to 
d t o ~ : ~  I s@keW. In sucl~ a case, no s r ~ a l t y  is applied, and ttle usual 
featurrriiatctiiny k:rocedures (nust m r k  unassisted. 
iv) Overwritinp 
Once a constituent has be& placcul into the saiant ic  s t r w t u r e ,  any crttenpt 
to replace that  par t  of tile s t r ix ture  w i l l  be pnal ised;  i n  practice, t u i s  
pzn,iits verbs to  be r ~ ~ o r e  easi ly  defined. 
v) Cor~stituents d ~ i c h  cannot ~e used. 
When no USE reuuest w i l l  acceut a constituent. and no traps can be invoked 
to use it, ;he analysis h t h  is e f t c ~ t i v & ~  tenilina&l. For t es t i ly  alrl 
develoy.lent purpses ,  a nerd theory is created with a score decreased ~y 25: 
an attenpt to  consicler t h i s  thsory is rqarded a s  an error. 



2 )  I i n ~ u i s t i c  pienaaeria: fu r the r  u t t a i l s  

3.1) TreaUnerlt of atiLijuicy 
I wish to  d i s t i rqu i s l l  three  l e v e l s  of  a:ibiguity, a id  to  breserit the 1;ia;~ner 
i n  ~ i i i c h  tile ana lys i s  lr ldel describrd a h v e  atteilpcs to  riarldle t i ~ e ~ i .  
i) lgultiple senses of  5 s y n G c t i c  const i tuent .  
I t  should be noted tha t  the use of saaancic prii.iitives telids t o  blur so.;ile 
f i ~ r e  sense dis t i r ic t ions .  
'file d imnb i i jw t ion  tectlriiques used d i f f e r  accordinj  t o  the syn tzc t l c  
catajory.  

Verbs with inore than one serlse z r e  rionaally d i s t i i qu i shab le  or1 the b a s i s  of - 
t t lelr  case-fra.ies, thou;ti occhsionally there  1s arl irrteraction w i d 1  the  
f ea tu res  of surrowdin.j  nowls. Illere is orle e x a a d e ,  evexi i n  the s n a l l  
vocabulary of  t h i s  systet:~, of a serlse d i ~ c r i ~ ~ i n a t i o n  a ~ i c f - I  cannot be 
effected by t h i s  techriicjue: t h i s  is tile c t u i c e  of GE'P = E'LTCH or GLT = 
ACQUIIIE, ktiich I r.1ust leave a s  ail op11 y o b l a , ~ .  

Nouns hicn severa l  senses a r e  r ~ o n ~ ~ a l l y  d is t i ryuis l lable  by tri6ir fea tures ,  
Lut occasionally CUES a r e  useful : f o r  ir~starrce,  proper na,les a r e  not  
norriially irltroducec! k i th  deterr~iiriers. 'Illis infon.iatiorl is ca.uiiwlicatecl to 
the ove ra l l  request i,i&tianiu.~ b j  i n s p c t i n ~ 3  CUES i n  tht? USE pl~ase; t h i s  
causes behind-thc-scei~es preference charyes. 

P r e p s i t i o n s  usually have severa l  senses,  but each ssnse is associated with 
a pa r t i cu la r  usage. 'ltlis is Ilandltrl by a s soc ia t i rq  appropriate requests w i t h  
t he  i . r e p s i t i o n s  i n  rl iffererlt  ways; ii~ost coliui~only, p r e p s i t i o n a l  p i r a ses  a r e  
located by PIACE-PP i.iacro requests,  arid Uie def in i t ior is  o i  ulic i r k p s i t i o n s  
d re  i i ,u.~aterial .  #@st  ~ ~ ~ e p s i t i o i t s  oiil, i k d .  iruliviuudl c lef in i t ions  t o  rlandle 
the i r  use in  p s t . ~ o d i f i e r s .  

tuj j c c t i v r s  :.lay have ;dally serlses; t l ~ e  cuKKerlt prujrad does rlot atta.ipL t o  
disa.lbi:juate these,  but assLu.ies each ad jec t ive  iias orle sense ,only. 

ii) Nul t ip le  syii tactic c a t e j o r i e s  of mrds .  
An e x p l i c i t  syil tactic analys is ,  wfirther of co,lplete sentences o r ,  a s  here,  
of k e l l - ~ o r ~ ~ l e d  cor ls t i tuei~ts ,  yoes a lory  way- towards i iarldlin~ t h i s  fori,~ of 
allbiguity. In t h i s  mcciel, t :~e  Ail4  perf on:^^ t h i s  function, but sori~etiriies is 
unable t o  deten.iirle Lhe co r rec t  consti tuerlt  ( a3  noted in  sect ion 2.1). The 
ap l~ l i ca t ion  of requests,  which c o t r e s p d  to  exFctations,  w i l l  i n  these 
cases  111hlCe u decis ion 011 the b a s i s  of surroundiwj context. If  any 
const i tuent  has inultiple senses,  these t i e  t r e a t ~ d  by the s&ie i ~ e c h a r l i s ~ ~ s  a s  
out1 ir~ed above. 

i i i)  S t ruc tu ra l  iu,lbigul t y  of sentences. 
'rtli: bllalyser t;reserlted trere is interlded a s  d fro~lt-trld to an infererlce 
~:iechania,i, arld atttrrlpts to find tile itlost p laus ible  readiry of a senterice. A 
seliLence is r e a l ~ a l y s d  or11 y i f  t r t ?  inference canpi lent  d r r rn , l i~ i e s  t h a t  the 
f i r s t  readirrj fou i t~  is ludicrous.  In t h i s  case ,  ttre analysrr  w i l l  r e p a t  its 
analys is ,  but r e j u - t  the f i r s c  readiry e ~ ~ c o u ~ c c r a l .  If  the  riext readily is 
a l so  founc! to  be l u l i c rous ,  the ar~alyser  cycles  round *air1 u n t i l  e i the r  the 
i~ i f e rence  canpi lent  f imis  all acceptable r ead i r r~ ,  or the arlalyser can f i ~ d  rlo 
more readirgs.  
This is no t  arl acceptable lory-terii~ solut ion t o  ffre ~ ~ o b l t r ~ i s  of genuine 
s t r w t u r a l  a, ibi~juicy; but the discussioli  i r i  sec t ion 2.3 rnby wirit the  way. 

3.2) P o s t ~ n e o e n t  ~.lectlar~isr~s: ques t io r~s  arid r e l a t i v e  clauses.  



v:~i;ilyueSiloilS c?ii[: i t l ~ t i v ~ .  c l a u s e s  uotii e x h i b i c  2  > u i & r f i c i a l  ~ ~ T I I S L O L I . I O ~ ~ O I ~  

o f  rile non.121 wrcl o r d t r ,  d!ie~.e Ltle it.~,litc: i -os i t ion  of t h e  i ~ l ~ t l v i s e d  
o b j s t  o r  t i ~ e  W > I - ~ O L . J  i b ,  i i i  t ~ b d i t i o n ~ l  c ~ L ~ . I > ,  a  -. In crie n r ~ a l y s e r  
d e s c r i b ~ i t  h e r e ,  s u c ! ~  a co i l s t i tue l t t  is i~clci  i n  6 r r j i s t r r ,  a.ai is tx1211cit ly 
r e i ~ ~ t r o d u u !  i n t o  tlic ser. o t  syr icu i t ic  c u n s ~ i t u e ~ ~ t s  ~ l h l n i l i ~  CY tile requesrs .  
'1111s is dorit. ~2i~iie.iier L i i e  i - ~ o ~ f b ~ i l ~ ~  C Y C ~ I :  i l o i ; ~  oiiy l i : r r l y ~ i ~  + t t ~  reasi ios 
t h e  C & 1  SLaje. 
G t i '  a l ~  c:esls i . i t i ~  Y ~ d r ~ o  i lws t io i l s ,  ail2 v . i t i l  ~ ih-queh~lo i l s  ilot i u c u s s i ~ i . ~  
up11  trte s d ) j e c t ,  r ~ i ~ i c l l  jot11 s p i l c  tile a ~ x ~ l i d r y  f r a , ~  u lc  ,.tali1 v e r i  .droul.. 
Seritellces l i k e  "has  i t  Jo lu~  d i o  3t111oi)eJ ; . E ~ L ~ "  can f i t  s t e n  2 s  jiou,r-C k i t h  
tilese i f  w a l low "ha;" to LucLlo:~ a s  b o t i ~  Lroiite; .-;.uxiiiaty 3ih: t~ie 

e i ~ t i r e  v e r b  jruup. 
In  ji.ctioii 2.4, tl irz d , , e r ~ t i o ~ i  oL crie GEL' fli~zs;e .,.aa sii.+ly D ~ X L ~ U C ~  &s 
tah i r i j  tlrle ~ i e x t  s e t  u i  s y i i t i c c i c  c u ~ i ~ t i t u e i i t s ,  air1 c r e a t i n j  t l rb  t I i=or ics  Lor 
eacii of  tlic'i,i. 'lo r~e:xJle L:ic ,.ii.-i~u?,iacia ~ u s t  !.icittio;l~G, C6'1 a~iust Cu ,.lore tkiart 
tllis. 'Uie .;iurc cia.iilex c;,erttiu;rs i t  a c t u d l l y  c a r r i e s  o u t  a t e  c u 1 1 t 1 0 1 1 ~ ~ ~  9) 
tile s c t t i ~ a j s  u t  r ~ j i s r e r s  ( l o c a l  to G I I  a ~ r & l } s i s  k a t : ~ )  , a ~ d  i n c l u l c  

i )  Irisct t i r 1 . j  an i ; u t i l l & r )  t o  ;l&l\e 6 c u . l i l e t b  V ~ L U  ~ L U U ~  - 
'This is <13ilC f o r  .les/~ic\ i jucst ioris  arid soi.~e d i - . 4 u u s t i o ~ ~ s .  'ill.: a u x l l l a r y  1s 

taiteil :roil tl,c r c j i s t e r  i i ~  bf~ ic i i  i i  1s bcortil,  arwi r l u c ~ d  i t  Ulr se. j i rui i iy 
o r  tile rc?.lailrir~j ~ ~ i d t ,  o f  L;ie suniciice. '~'iie s u u s t r i ~ ~ j  s L u r i . ~ ~  1s 
reanaljlscu :)y tllc cr'riJ coi &ci  tuci i t  j Lii.a.iL1 . 
i i )  I,t.,,l~ciii, a INJUJI ..ir;lsi: const iLurzi~t ,  or l i r c I ~ b i c i o : ~ ~ l  ~ . , ~ r i s ~  C U I I ; . ~ ~ L U C I I L  
' T i i l s  i s  co. u.iuii t o  r c l n  Live c l a u s e  ixnJ ~i,l-~jut;.s~ion t.r o c c s s i ~ i j  , c l i i ~ i  i ~ ~ k a i v t ~  
s l l l l r ly  ; e i ~ e ~ i i t i i i j  2 t l c s i  W i l l  ~l.1eof.y wriicli liiust L S ~  LIIC ~ o i i b t i t u e l ~ t .  vdi-rrul~s 
1 1 1  r e l l L r v e  d a u s e s  a r c  iep iu ie t l  ;y  t l l i  b u l c c t t u  S e i r S C  o i  t r ~ e  ~ e l ~ ~ l b i ; . ~ ~  
u b j c c t .  Lxar,i,lcs 01 tile sltwLloris islere t i 1 1 5  rel.l&L'~a.letat u,crLLlu:l ~ , l b y  ?)I: 

du;le ocCuL i r l  tllc seilteliCeS: 
hilo illd J 3 : l l l  i t l l lVy . '  i.11J ;(rl!l:>le:J !PCLy? 

iiic hersoil Jo:~ii ~lr lr loyc~ 1 L L  111t.1. 

'1'11e uarlana wllicll Jo:r~l jave Lu !,dry was L O ~ ~ C I I .  

'Yiic  lrlwil KO idlo. I .JJlni .j2;vc t ! ~ e  r s t t h i i  L ) L I \ L I ~ ~  ueca,lL ACK. 
S u ~ ~ i : t i ~ : ~ c ~  a  r c l ~ t i v e  c lauue ,  o r  ~ ~ I - . ~ U I I S ~ I O : I ,  is dret , ly ~ ~ , i u c d s t r j .  ~f t l r i b ,  1 
I ~ I ~ L I I  t h a t  L turtkler c l ius l :  is ei,l?jc~icltii ~,iL:iln t ird r e l u ~ i v e  c l a u s e  ( o i  
% u e s t i o n ) ,  acK: tile t r a c b  oL tile r e l a ~ i v i s i ?  u o ; e c ~  is t o  du LUUIIU ~ ~ ~ L L I ~ I I  

t u i s  ei.~btdf..~d c l a u s e ;  for  i~ lb tanc? ,  "Li8e c G r  your ? ) t o L i ~ e ~  h i d  IIC &,as 
e x t c c t i r y  us t o  c e l l  J a ~ r e  t3 >u f "  (CAI  b:c&li:le frai l  )2iiiujliiil[~/2] , w!iicl~ lie 
c a l l s  dor~trrel  ) 'Tlii:. o f t e n  .~&pi ie i~s  wit11 verbs ,  sw-ii 2 s  ' s a y ' ,  w!iicil I I O K , I Z ~ ~ ~  
e x j c c t  a c l a u s e  o r t i o n a l l y  iritro~ltxc;d uy ' t i iat ' ;  hob,cver k~ ic t l  tiir ~ . i t t d d t U  
c l a u s e  cor i ta ins  b L ~ B C L .  of a r e l a t i v i s e d  o b j e c t ,  ' t i rat '  ~cw.I:, ~ u i t r  3bL o t  
t . l ~ e .  Corisicicr : 
"'l'iic baidila 1 red s a m  t ~ l c  :.~urrkey d tr" ~ I Y :  

" ? r ~ e  banalla Fred sb id  t ~ i a c  tlie i,ioilhey a t e "  
kll;.n suclr an  d . l l j c t J c l a l  c l a u s e  is ~ J L  occssrd , tile sei.iantic sLr uc cure 1,111 

i ~ l d i c a t e  tile t d s i t i o r i  of  Lhe r r l ' a t i v i s ~ i !  u l ~ e c t  (or  quer l fd  o u j e c t )  v i l  t i l ~ r l  

i t s e l f ,  and t t l i s  r.lu=t be ca .~bin i r i  w i L i i  tlir ,&sitiorl of  t h e  u.iLcrlucd c l a u s e  
t o  g i v e  a  t r u e  r c p r e s r r ~ t a t i o n .  
I t  is necessary  d l e n  processirk4 r e l a t i v e  c l a u s e s  t o  itlake s u r e  Lliat 
q u a n t i f i e r s ,  i t  p r e s e n t ,  a l e  r ~ o p ? r l y  scopta .  l r l  t h e  r e i ~ r e s e n t a t i u i r h l  
l a ~ y w j e  used h e r e ,  t l i i s  recjuira. lei~t  is s i l L i ~ 1 y , i l i ~ t  by 1 ~ 1 ~ i r h j  t l l r  seO.iaritic 
r e p r e s e n t a t i o n  of  t h e  r e l a t i v e  c l a u s e  lr ls ide atiy c x i s t i ~ r j  q u a l i f y i t y  
i n f o ~ , , i e t i o n .  

i i i )  Coia~binir~,~ a  rrowl pllrase c o o s t r t u e n t  w i  t t i  a  d a i y l i r y  p i e p s i t i o n .  
'rtiis ~ ~ r a t i o s ~  is very  s i i ~ i i l a r  to ttie s t r a i q h t f o r k d r d  r r p l a c ~ ~ i e i i t  o u c l i n ~ d  
above,- bu t  is pzrfonncul ( d d u l t i o n a l l y )  i f  rhc n e x t  wid 111 t n e  ~ ~ I G I O L I ~ ~ I ~ ; ~  

part of  t h e  srnterlcc 1s a t r e p s l t l o r l ,  a i d  t i e  cons t l tuer r t  t o  b t  r r p l z r d  1s 



Frw.l.-s, I t  l ~ a s  oLcn cxgla i r r t r l  t i l ac  V L L U  J e i i ~ ~ i t i o i ~ t i  r ~ o v i u ~  a bet ~ i :  ccijL- 
idiicii  d t r ~ o t e  tnt.  e x ~ c c t r i  jrilss s y i ~ t ~ o t i c  elu!le!rtb ~ f :  a c l d u b c .  i ~ i ~ n i i b t ~ ,  
i t e : , , s  ;;u:I, e s  c o n j w r c t i o r l s   re : l e v e r  e i I e C i L u  I irot \,ill t r , e . ~ s ~ l v ( ; s  U C L ~ ~ , . I ~ L I ~  
how t ~ ~ e y  arc t o  Lr used.  'fire) ~ ? r c  tYuipLrr'c! W ~ U I  Lrai.2, :niicii, l l k d  LeilursLs, 
; r a t .  o k:recr ic i te  arnJ =I z c t io r i .  
I n  U:i- c a s e  uL c O l i j ~ l ~ t i ~ ! i ~ ,  crlt: t r d i l s t ~  & , i l l  lrura.,6lrr L c s t  i u  kt' kdi<L~rcL 
a c l a u s e  c t r i  5e ikt-i . i i~r~lr~x!; t ; i ~  i i c t l u i i s  &;ill 1 1 u r . . l b l l ~  
a )  rcr.love 2 1 i  e x i s t i 1 , j  r e q u e s t s  CXCegi > , d t : ' i s t U  r t r u e b C j  
b) o u i l d  a I I ~ W  s e i , , a ~ r t i c  s r i c L u r e ,  : i av i iy  ~ I I L  e x i s n i ~ ~ j  s i r t x L u r *  ; i s  o ~ L L  L 
C) t . ~ i ~ i n  f u r u ; ? r  e o n ~ ~ i e c i o : ~ ~  FLOI.I o+ ta t i i l . j  st  ~ : l i t r  I t -VC~ 
d )  I n i i l i d t e  L i r e  L ~ r o c e s s i r ~ j  3t u ilk.; c l i i ~ ~ e ,  G.IDLL~:III 111Ld ~ i . 2  I I L . . I : ~ - ~ L ~ ~ ~ L  

s t r w  turt-.  
'111~ t re i t ; , rc , l t  o f  fhq!), bkCIiiilit, LLkOlcc afllu AI l ~ r ,  E ~ l i d ~ * b  L l~ l t i  o u ~ i l l ~ < . .  
t , o i , e v ~ r ,  sCCALIL;k, bLt.Ultt 4.10 tl. ~ t l ,  I : I C ~  a i -  h ) ; ) i . j i r i  j c l i ~ l ~ e ;  Lot I I I S L G ~ I .  

" I X ' C ~ L ~ J U  :.=fy i t e i i L  LJ Llle L a C l . ,  J d i e ~  L c l L  ~ i l l i c i ~ . ; ~ ~ "  
TIICS~:  C O I I J W I C C I ~ ~ I S  L I C C ~ C L ~ ~ G  SILVL- b ~ g ~ t a l  I L L + ,  K . I>CC ls~c.:i:r.Lu~ 
d l s t i t i , u i s ! r  ttrc t.iir t i c u l a r  cases. l l ~ z  u ~ t ~ o ; ~ - b ~  L= i 3 r  LI ICLL J C I I ~ L ~  ..LLL 

c o n s u . 1 ~  ti co.il.,a i i  iL  o c c u r s  d t  cllc ; r u  J L  i i ic  1 1 ~ s ~  c l i lube .  
S i i ~ l l a r l y ,  t l iv  C u n s t t u c L ~ o r i  ' < c l i u s e >  t> Cou> . . .' ,ls 11a.ruie; uy a ~ L U L  ; 
d j a i r ~ ,  t t ~ e r e  is a tlcst t o  e i , s u ~ e  L l o t  i l i l i  i 1 1 s L  c l ~ u b e  13 C U . ~ ~ ~ C ~ C ,  
ot1,l.r rt.c,ucsts dtc U ~ ~ A I C ? L C I .  
C U I . ~ , I ~ S ,  3 ~ r t  troitl k i i 1 . j  e x , c c t e o  d t  L.1;. - 8 1 ~ ~  aL c e r r d l r ~  c l e s s u s  01 C I ; ; J ~ C ,  

CL:II be i i i lri i l l~:~ irk b Crc;p. Tl11;. L L ~ ) ~ ,  1 0 0 h . ~  nL L t i ~  . icvc  c o i i s t i ~ u c ~ ~ L ,  t3 s c ~  11 

l t  w l l i  bC iliAltiit5J Ly b tlur. 'lllirS C U i l j ~ l I C t l U i i b  .,:izy 5Lirayb Jc I l l s ~ ~ ~ > c U  

uy ccw,~r.ias, LL; !.lay ' LU . . .' CJIILLL &L~O:I>.  

As , i o t ~ i i  LL d ~ r i o u s  ; U ~ I I L S ,  t l ~ c  a r ~ u l ~ s c r  LO La1 ~ ~ ~ ~ - l u . l t ~ ~ L e i i  1;1 LL' LL.S , ,~  

k i r i j  t 'ult. cv t ~ ~ ~ ~ h l l e  ti le i b l i  Lail.,t: 01 s y i ~ ~ ~ , c t i c  c u r l s i r ~ ; L l o i ~ s .  lis 

p r f o r ~ . ~ i ~ i c t ?  f o r  Ule sen tc r i cua  s o  t a r  suprliecl is v e t )  dLLecLlvt., arnj b,e 

a s e  wit i i  iAlich its r o r q e  r:ss I;c.crl . r o j r e s s l v c l y  c h ~ c i h l u i  1 1 ~ s  I.IC)LL 
encour6,jiri , j .  I t  i~ 1 . i~  !)el i ~ f  L ~ I U C  ~ : I C  sysLt;.t C-,I UL i u r  ~ I I C L  c i t z ~ d ~ t i ,  
r c l y i ~ ~ j  o r ~ l y  ~ a r  t t ~ e  e x i s t i ~ ~ j  t ~ c l u t i ~ u r s ,  YJ sedl ~ , l t i l  ducir c . ~ ~ ~ i r c ~ , ~ ~ ~ ~ ~  O> 

r e f l e x i v e  pru:iour~b, a 5 s t t i c t  i iowls, t i c l y i h l  l,~-e, i uc ; lL ie r s  "rrd ' . ~ ~ x J ~ ~ L ~ v L  

c l a u s e s .  

b3d1-0k ~t ; l [ j 7 ]  
~ ) . ~ . w ~ r u d ,  l ' .h i iwjracl ,  &AN tile All r t - h e a t c i ~  J L O L ; ~ .  

Elc+rierrce h i t t l  &<I-i,; o;re c y c l e  u t  u h n o h l r u J c  r ~ ; ~ r e j c i ~ L i ( t i u i i  l i l ~ ~ u a j ~ . .  

i r r  lJCiiI5, ~ ~ 2 1 3 - 2 2 2  

S c r i p t  d p & l i c t t i u r ~ :  cJi. lkuter wrc l e r s t a r~d i ry  o f  I ~ e i v s + p r  s c o t l e a .  
hesea re l l  k'2,OLt 115,  Syt. o f  Coi ,~putcr  &iei~cr,  k'ole i ~ ~ ~ i v e r s i t y .  

I . ~ J L U I I [ G ~ ]  
J .Lbran 
An a p p r o a c h  i o  ~ .utoi t rd t lc  ~ ~ O ~ ~ Q L I - W I V ~ I Y ~ .  
i n  P ~ c h l n e  1 1 1 L e l l i j n 1 c e  l, L~p11~5-113 



EiScrlstuti t[75] 
I-.. LiseristadC 
Altrrrlative S r s c r s  fo r  concr-ptul  Ut,+hrr1cy:,sttln tiirte 11s tidl1 L I I ~  iui. 

In  IXAIG, ppL3~-24L! 

Saycs[77 J 
P.J.tiayes 
%r.~e associa t iorr t i i s i i l  tecturiquc-s f 3 ~  l ex ica l  Gis .~bi ,u , t io i~  by ~ . l a - r l i r ~ c .  

TK 25, k,L. of Colnputet Science, Ur~iv. s f  iiociicster. 

Ail overvieb of  a ttleory of s y ~ t a c t i c  recojnlt iorl  fo r  naturdl l a ~ y b d j e .  
A1 fi.ki11O IIO 531, A r t i f i c i a l  I r~te l l igerrce  iauoratory , 141'1' 

Hiesbcck[74] 
C.K. l i i ebb~rk  
Co'lputztional ulder stam) i rq  : ella1 y s i s  of sentences arld cor~tex t. 
k e ~ r t  [do. hI<~i-230,Co;.1i~utt~ Scierlce ih.pt,Starlforcl un1,versity. 

r a l t z [72]  
O . f i d l t L  

HI\ Lnjirstl l ~ n . j u a j t  qudbtlon ~ I ~ S L I ~ C ~ I I ~  ~ y b ~ e l i  Lor c lart3e relatiorlel  
database. 
LACIVI, do1 21 I I ~ J  7 1'178, pp5L6-539 - 

hoods[7l:] 
~~~.F>*;%oxis 
'Sr~l ls i t ion net',nrK -jrd~~~:.tBrs for 1 1 i l t ~ ~ i . 1  1d1k.juujt 2 1 1 a l ~ s i s .  
CAG.1, vui 13 nu 1: 147W, ,,ij551-2b5 - 
Xoods[77] 
.~./?.;.udi:~ 
S i~urc t a l i  a1r2 cie;lslty s c o r i ~ h ~  sirrc.tc.jies io t  sjdcct; wliierstii1a:iry 6lU 

corltrol. 
111 lJC!515 py1L-2*? 



A RATHER INTELLIGENT LANGUAGE TEACHER 

Stefano Cerri 
Istituto di Scienze delllInformazione 

University of Pisa 
Corso Italia 40, 56100 Pisa, ITALY 

Joost Breuker 
Center for Research into Higher Education (COIJO) 

University of Amsterdam 
Oude Turfmarkt 149, 1012 GC Amsterdam, Holland 

Abstract 
A semi-intelligent CAI program for teaching the use of conjunctions in a 
number of foreign languages is presented. The representation of well known 
confusions in the use of these conjunctions form the basis of tutorial 
strategies to correct the student. The program is written as a try-out 
of DART, an ATN-based system for authoring intelligent CAI lessons on the 
PLATO-system. 
Emphasis is put on the fact that intelligence in CAI is not all-or-none: 
the degree of intelligence required is dependent on the variances per- 
mitted and expected in the student's responses. Misconceptions are one 
of the major sources of variance. DART is proposed as facilitating the 
transition between traditional and intelligent CAI. 

1 .  DART and Computer Assisted Instruction (CAI) 
DART (Didactic Augmented Recursive Transition network) is an authoring 
system for CAI on the PLATO-system. PLAT0 is a CAI dedicated system, using 
a central computer that is at the heart of a network of up till 200 special 
terminals. In contrast to other CAI author languages, im DART the represen- 
tation of subjectlnatter (data) is separated from the teaching program. 
This separation of data and program increases the generative capacity of 
CAI programs: several programs may operate on the same data, or the same 
didactics (program) can be used for different domains of knowledge, repre- 
sented by different data-bases. 

Moreover, DART is designed for i n t e l l i g e n t  CAI. A major obstacle in tradi- 
tional CAI is the restricted nature of the processing of the students 
response (cf section 3). In DART the development of intelligent programs 
is facilitated by the use of two well tested conceptions from AI: semantic 
networks for the representation of the structure of the subject-matter, 
and ATN's (Augmented Transition Network) for the teaching program. ATN's 
are not only extremely suited for parsing student input, but also for 
planning or controlling the initiatives in the tutorial dialogue (cf Brown 
e.a.,1977). Although ATN's have a bias for top-down processing, which 
may lead to strongly teacher oriented tutorial strategies, DART does 
not exclude bottom-up procedures. 

2. A second language learning experiment 

2.1. The use of conjunctions 
The first operational program written in DART teaches the conjunctions of 
subordinate clauses in a foreign language (at present: Dutch, English, 
French and Italian). It is in fact a try -out in a domain which seems at 
first sight ill suited for a demonstration of intelligent teaching. In 
traditional CAI foreign word teaching exemplifies "dumb" drill and practice 
programs, which seem to involve no more than simply putting new labels to 
old concepts. We have opted for this domain, however, because some well 
known and tenacious errors can be attributed to conceptual confusions. 



The meaning of conjunctions is complex and their use is highly context 
dependent. Idhat makes things complicated in learning a foreign language, 
is the fact that different languages do not always make the same dis- 
tinctions in expressing temporal, conditional, causal etc. relations. 

Conceptually, conjunctions are one of the means to express inter-proposi- 
tional relations, i.e. relations between facts. In many theories these 
relations are represented by a limited set of primitives, like PURPOSE, 
ENABLEMENT, REASON, etc. (cf Schank & Abelson, 1977; Norman & Rumelhart, 
1975). Temporal relations are generally denoted by time labels. Although 
there is a correspondence between conjunctions and these relations, there 
is in general no one to one mapping. "Because" may indicate a REASON 
relation, whereas "although" implies pragmatic aspects, referring to 
expectations that should be invoked by the receiver. This makes a corres- 
pondence with one of these primitives definitely context dependent. 

In Westeuropean languages there is a considerable overlap in the use of 
conjunctions, but there are differences as well, leading to errors. For 
instance, the Dutch word "als" has both a conditional ("if") meaning and 
a temporal ("when") meaning. In Dutch the distinction between these con- 
ceptions appears to be less emphasized than, for instance, in Italian, 
where one cannot use "quando" instead of "se" as a connective for an 
impossible condition. On the other hand, the Dutch conjunction "sinds" 
has a strictly temporal meaning, while the English homophone "since" 
may also denote reasons. This lack of distinctive use leads to errors: 
e. g. Dutch native speakers using "quando" where only "se" is appropriate. 
English nati7j.e speakers using "sinds" in a causal context. 

These distinctions can be easily represented in a network. A node ('topic') 
stands for the discriminative use of conjunctions across languages. If in 
a particular language the use of a conjunction is less restricted, it is 
related to two or more topics.(cf figure 1 )  
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( 2 )  ... John's car runs. he c3.i row i n  t i r z  

The network emphasizes differences in meaning. The meaning itself is opera- 
tionalised by relating topics to contexts: sentences in which the use of 
the conjunctions related to that topic is more or less exclusively , or 
at least highly preferentially , allowed. A context consists of a subordi- 
nate clause , -withol~t the conjunction- and a main clause, e.g. ". ... . my 
car will start, we may be able to reach the city in time", which allows 
only conditional conjunctions (if, se, si, indien, als). In some cases, 
the use of other conjunctions cannot be completely excluded, but then a 
non-standard interpretation of the context is necessary. 



This short analysis of the knowledge domain to be taught and of the mis- 
conceptions that are common in students is primarily meant as an illustra- 
tion of the point that intelligent CAI does not necessarily involve full 
understanding by the program of all aspects of the teaching and learning 
process. 

2.2. Assessment of misconceptions 
The program teaching these conjunctions consists of three main phases: 
presentation, assessment and test. Particularly in the assessment phase 
intelligent didactics are indispensable. ifiere in the presentation the 
understanding is mainly up to the student, in the assessment phase the 
teacher/system has to figure out in what way the student may have (mis) 
conceived the presented subject matter. 

In the program, the student does not receive direct feed-back,in the assess- 
ment phase. In many cases, the student will lack the insight to understand 
what misconception is at the base of an error, and will therefore sot be 
able to self-correct, when only presented with the right answer. If the 
student gives a wrong answer in the assesment phase, the program exhaustively 
generates hypotheses on the nature of the error by generating a confusion 
matrix. The student is not informed about this. The cells in the confusion 
matrix are evaluated by succeeding presentations of relevant items (an 
item consists of a sentence in the source language, followed by a transla- 
tion in the target language, where the appropriate conjunction is missing) 
The evaluation of the confusion matrix generally takes two or three items. 
The misconceptions can be very superficial: the student may simply mix 
up the translation of a conjunction. But if tile misconception is concep- 
tual, ie the indiscriminative use of conjunctions, more steps are involved. 
Of course, the hypotheses testing may require more steps, when new and 
inconsistent errors appear, but this is quite improbable after the 
presentation phase. 

Generally, such an algorithmic approach is not possible in diagnosing mis- 
conceptions. In this domain, the subject-matter is simple and transparent. 
But for more complex subject matter misconceptions cannot be represented 
by confusion matrices. A first complication is the fact that the size of 
the set of wrong responses can easily lead to combinatorial explosions. 
Secondly, the pattern of errors may appear to be inconsistent, but the 
underlying misconception can be coherent:it can be based on context sensi- 
tive rules (cf Brown, e.a.,1977).And thirdly, misconceptions cannot simply 
be considered as a pattern of errors, generated by a variation on a cor- 
rect model, where eg a rule is missing. Misconceptions reflect the use of 
distinct and consistent other models (cf Stevens, Collins 8 Goldin, 1979; 
Stevens 8 Collins, 1978). These two last compLications require more than 
straightforward computation: they require guided or 'pattern-directed' 
inference . Psychologically, misconceptions are often difficult to trace 
by teachers or researchers, because they may contain elements which are 
correct, but not a specific context. As Collins & Stevens (1978) showed 
misconceptions may have at their base many naive preconceptions. These 
preconceptions are conditiorls, not causes causes of misconceptions. Pre- 
conceptions are, rightly or wrongly, invoked if the processing of a text 
which presents the new information exceeds the capacity of working memory 
(Kintsch & van Dijk, 1978). Dominant preconceptions easily seduce the 
reader in unwarrented interpretations of new information: this is not 
the consequence of "prejudices", but of the fact that well established 
preconceptions supply evidence for coherence testing (Breuker & van Dijk, 
1980). 



3. Inteligence in CAI 
Intelligence is a much desired feature in CAI mainly for understanding 
student responses (Camstra, 1977). In the presentation of new subject 
matter pre-specified texts, called 'frames' in CAI, will certainly be pre- 
fered to computation, as long as no text producing systems have become 
available with extensive paraphrasing capacities and a variety of didactic 
strategies, sothat the presentation can be adapted to the individual needs, 
capacities and pre-existing knowledge. 

The intelligence needed for response understanding is mainly dependent on 
the variations expected or allowed to the input. The following categories 
of variations play a role: 
1. Typing and spelling variations or errors. Some CAI systems, including 
PLAT0 have correction facilities at their disposal. 
2. Paraphrases. The student can express the same conceptualization in many 
different ways. There are three solutions to this problem. 'The most intel- 
ligent one is to provide a CAI system with natural language front-ends. But 
no general and manageable front ends will be available in the near future. 
Another solution is the use of subject-matter , which has a simple syntax 
and well-defined symbols for its expressions. Mathematics and programming 
are favourite subjects in ICAI, because the meaning of every statement in 
itself is easily found. This does not imply that the meaning of combinations 
of statements is trivial. On the contrary. Understanding the successive 
steps of a students solution of a mathematical problem may require lots of 
inferences. Thirdly, the vocabulary and syntax of the student can be re- 
stricted. There are indications that these restrictions will not hamper 
the students performances ( Kelly & Chapanis, 1977). On the other hand, 
students seem to have problems in paraphrasing their responses, even 
when their first responses may differ widely ( Burton & Brown, 1979). 
3. The amount of initiative permitted to the student in topic selection 
and specification in the dialogue. One of the advantages of ICAI over 
traditional CAI is that the student is enabled to pursuit his own interests 
because the system should be able to trace his explorations and guide his 
steps when desired. Apart from the fact tracing requires even more inference 
capacity than understanding paraphrases, we have found that mixed-initiative 
dialogues are rather an exception than a rule in tutorial dialogues. From 
protocols of students communicating with teachers by way of teletypes, we 
found that students only took initiatives when explicitly invited and were 
using strategies to return it as soon as possible to the teacher. An expla- 
nation for this phenomenon can be that the student is quite aware of the 
fact that he is less informed than the teacher. This is also indicated by 
the fact that students try to avoid well specified answers and that about 
60 % of the interactions refer asking for specifications by the teacher. 
4. The expected range and types of errors. The complexities in diagnosing 
misconceptions have been pointed out before. These may even cast a doubt 
on the feasibili~y of intelligent.CA1, and to the educational enterprise 
itself, because human teachers do fail also in many cases (Brown e-a., 1977) 
A strategy may be to use simple and well understood domains of knowledge 
or to accept a more heuristic approach, which can' be updated by collecting 
data from running programs or their simulations ( Collins, Warnock & Passa- 
fiume, 1975). 

If intelligence is not an all or nothing characteristic of CAI, the sharp 
division between ICAI and CAI appears to be accidental. ICAI has emerged 
from work in AI, which means that many accomplishments are in fact models. 
But wider applications of these models is impeded, because the instruments 
of A1 are not easily accessible in educational settings. In order to intro- 
duce and disseminate conventional CAI it took a lot of effort to design 
habitable authoring languages. These languages are not suitable for symbol 



manipulation, analogous to many other computer languages that do not lend 
themselves easily to A1 problems. 
We think that DART provides an instrument that can facilitate the transition 
between ICAI and conventional, frame oriented CAI within an established 
educational setting,ic PLATO-users. 

This transition is facilitated by the following characteristics: 
1. The data structures of DART can be used both for frame manipulation 
and for operations on structures for representing knowledge. Any node in 
the data network can refer to an input/cutput feature of PLAT0 (text, 
pictures, audio, etc). This references to output can vary fro= simple 
characters to complete frames. Therefore the more 'shallow' the controlling 
'semantic' network, and the larger the textual units for presentation the 
more a DART data-structure resembles conventional CAI. An example of 
this shallowness is the use of contexts to operationalise the meaning of 
conjunctions. 
2. The use of an ATN-dialect in DART programs has a number of advantages. 
Am's are not only very ssitable for parsing, eg the student's response, 
but they can be used for planning too, (For more arguments for the use 
of ATN's in ICAI cf Brown e.a., 1977). 
3. The DART package also includes an editor specifically designed for not 
very experienced authors, and an authoring guide, which is a (conventional) 
CAI program teaching some basic principles of AI. Moreover the author has 
access to a library (file) of tried out routines. 

References 
Breuker, J.A. & van Dijk, T.A. Tekstverwerking 11: betekenisselektie en 

hechtheid (Textcomprehension 11, selection of meaning and coherence) 
Subsidieaanvraag ZIJO, 1980 

Brown, J.S., Burton, F..R.,Hausman, C.,Goldstein,I.,Huggins,B.& Miller, M. 
Aspects of a theory for automated student modelling, BBN, Boston, 
BBN-Report 3549, ICAI, no 4, 1977 

Burton, R.R. & Brown, J.S. Toward a natural language capabilityfor computer 
assisted instruction. In H.F. O'Neil (ed) Procedures for Instructional 
Systems Development, New York, Academic Press, 1979 

Camstra, B. Make CAI smarter. Computers and Education, 1, 177-183, 1977 
Collins, A., Warnock, E.H.,& Passafiume, J.J. Analysis and synthesis of 

tutorial dialogues. In G.H. Bower (ed) The Psychology of Learning and 
Motivation, Vol 9, New York, Academic Press, 1975 

Kelly, M.J. & Chapanis, A. Limited vocabulary natuaral language dialogue 
1nt.J. Man-Machine Studies, 9, 479-501, 1977 

Kintsch, IJ & van Dijk, T.A. Towards a model of text comprehension and 
production. Psychological Review, 85, 363 - 394, 1978 

Norman, D.A. S Rumelhart, D.E. Explorations in Cognition, Freeman, San Fran- 
cisco, 1975 

Schank, R.C. & Abelson, R.P. Scripts, plans,goals and understanding. Erlbaum, 
Hillsdale, 1977 

Stevens, A.L. & Collins, A. Multiple conceptual models of a complex system 
BBN-Report 3923, Boston, 1978 

Stevens, A.L.,Collins, A.M. & Goldin, S.E. Misconceptions in students under- 
standing. Int. J. Plan-Machine Studies, 1 1 ,  145-156, 1979 



CLOCKSIN-I 
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A b s t r a c t  

We p r e s e n t  here  t h r e e  r e s u l t s  o b t a i n e d  f rom our  i n v e s t i g a -  
t i o n s  o f  a  c o m p u t a t i o n a l  model o f  t h e  e f f e c t  o f  3 o t i o n  con- 
t r a s t  on t h e  p e r c e p t i o n  o f  p h y s i c a l  (3D) sur faces .  The f i r s t  
r e s u l t  i s  a  s e t  o f  e q u a t i o n s  t h a t  d e s c r i b e s  t h e  r e l a t i o n s h i p  
between f i x e d  bounded s u r f a c e s  and t h e  mot ion  c o n t r a s t  i n f o r -  
m a t i o n  g i v e n  t o  a  a o v i n g  observer .  I t  i s  shown how t o  ex- 
t r a c t  s u r f a c e  s l a n t  and t h e  t y p e s  o f  bounding edges. The 
second r e s u l t  i s  a  computer program t h a t  implements t h e  
theory .  The t h i r d  r e s u l t  i s  a  s e t  o f  graphs, d e r i v e d  f rom 
t h e  equat ions,  t h a t  d e p i c t s  t h e  psychophys ica l  t h r e s h o l d s  f o r  
s l a n t  and edge d e t e c t i o n  under a  v a r i e t y  o f  c o n d i t i o n s  f o r  
human s u b j e c t s  and f o r  computer programs. The graphs show 
t h e  p r e c i s e  c o n d i t i o n s  under u h i c h  s l a n t s  and edges can be  
e x t r a c t e d  f rom mot ion  c o n t r a s t  i n f o r m a t i o n .  

I n t r o d u c t i o n  

Our i n v e s t i g a t i o n s  a r e  concerned w i t h  t h e  r o l e  o f  o p t i c a l  m o t i o n  con- 
t r a s t  on  t h e  v i s u a l  p e r c e p t i o n  o f  p h y s i c a l  su r faces .  A l though  we would 
expect  t h a t  v i s u a l  p e r c e p t i o n  i n  g e n e r a l  i s  d e r i v e d  f rom t h e  o p e r a t i o n  
o f  a  v a r i e t y  o f  subsystems, i t  i s  u s e f u l  t o  know t h e  d e t a i l e d  p roper -  
t i e s  o f  i n d i v i d u a l  subsystems and computa t iona l  models o f  them. Such 
i n f o r m a t i o n  can t e l l  us t h e  c o n d i t i o n s  under which t h e  subsystea can 
respond t o  s t i m u l i ,  and whether i t  i s  f e a s i b l e  t o  c o n s t r u c t  such sub- 
systems. 

Our i n v e s t i g a t i o n s  enp loy  c e r t a i n  assumpt ions ( o r  ' c o n s t r a i n t s ' )  about  
t h e  n a t u r e  o f  t h e  s u r f a c e s  t o  be perce ived .  The widely-known assump- 
t i o n s  o f  s u r f a c e  c o n t i n u i t y  and uniqueness (Marr  and Poggio, 1976) a r e  
observed. Furthermore, i t  i s  assumed t h a t  s u r f a c e s  a r e  r i g i d ,  f i xed ,  
opaque, and hounded. The bound o f  a  s u r f a c e  i s  e i t h e r  some s o r t  o f  
c o r n e r  o r  a  d e p t h  d i s c o n t i n u i t y .  The observer  moves w i t h  non-zero 
v e l o c i t y  th rough  t h e  envi ronment .  When imaged b y  t h e  observer, t h e  
p r o j e c t i o n  o f  a  s u r f a c e  i s  covered i n  luminance d i s c o n t i n u i t i e s  ( o p t i -  
c a l  t e x t u r e ) .  I t  i s  assumed t h a t  t h e  o p t i c a l  t e x t u r e  i s  f i x e d  t o  :he 
surface, so that ,  u p l i k e  ' g l a r e '  o r  shadow boundaries, i t  does n o t  ncve  
w i t h  respec t  t o  t h e  s u r f a c e  when t h e  observer  moves. F i n a l l y ,  t h e  
observer  i s  equipped t o  r e c q v e r  t h e  p r o j e c t e d  v e l o c i t y  o f  o p t i c a l  



t e x t u r e  e lements as h i s  movements f o r c e  them t o  t r a v e l  ac ross  t h e  r e t i -  
na. At t h i s  p o i n t  t h e  assumpt ions end, and t h e  t h e o r y  can be  der i ved .  
bIe w i l l  n o t  examine t h e  assumptions themselves here; t h e y  a r e  accepted 
i n  a l l  t h e  o p t i c a l  f l o w  s t u d i e s  c i t e d  i n  t h i s  paper, and a r e  examined 
e lsewhere (Turvey, 1977, 1979). 

I t  has been p r e v i o u s l y  shown tha t ,  p r o v i d i n g  t h e  above assumptions a r e  
met, t h a t  t h e  r e s u l t i n g  o p t i c a l  v e l o c i t y  f i e l d  ( o p t i c a l  f l ow)  can be 
e a s i l y  descr ibed  f o r m a l l y  ( U h i t e s i d e  and Samuel, 1970; Lee, 1974). 
Furthermore, computat ions on t h e  o p t i c a l  f l o w  can y i e l d  i n f o r m a t i o n  
about  o b j e c t  con tours  (Nakayama and Loomis, 1974) and self-movement 
(Prazdny, 1979). I n  t h e  p r e v i o u s  AISB/GI Conference, C l o c k s i n  (1978) 
suggested t h a t  g r a d u a l  and abrup t  m o t i o n  g r a d i e n t s  in fo rmed about su r -  
f a c e  s l a n t  and edges r e s p e c t i v e l y ,  and showed how s u r f a c e  s l a n t  i n  
p r i n c i p l e  c o u l d  be  e x t r a c t e d .  I n  t h i s  paper we show t h a t  d i f f e r e n t  
k i n d s  o f  s u r f a c e  edges can a l s o  be d i s t i n g u i s h e d  by o p t i c a l  f l o w  i n i o r -  
mation, and we g i v e  t h e  r e s u l t s  o f  a  computer imp lementa t ion  showing 
t h e  p r e c i s e  c o n d i t i o n s  under which s u r f a c e  s l a n t  and edges can be 
d e t e c t e d  by a  human o r  machine observer .  Tlie sane c o o r d i n a t e  system 
and d e r i v a t i o n  used i n  t h e  p r e v i o u s  paper w i l l  a l s o  be assumed here. 

S l a n t  and Edges --- 
From C l o c k s i n  (1978), t h e  angu la r  v e l o c i t y  f o f  a  p o i n t  a t  range r and 
e c c e n t r i c i t y  b  appeared t o  t h e  observer  moving a t  speed S  as f = S * ( s i n  
b)/r,  p r o v i d e d  t h e  above c o n s t r a i n t s  were observed. Next, a  s u f f i c i e n t  
r e p r e s e n t a t i o n  f o r  t h e  Loca l  s u r f a c e  s l a n t  ( F i g u r e  1)  u i t h  respec t  t o  
t h e  d i r e c t i o n  o f  l ocomot ion  was g i v e n  by t h e  p a i r  ( t a n  s, t a n  t), 
where: 

t a n  s = c o t  b  - d/db l o g  f ; t a n  t = -d/da Log f. 

Now we show t h a t  t h e  t y p e s  o f  edges can a t s o  be  e x t r a c t e d  f rom o p t i c a l  
f l o w  p a t t e r n s  b y  n o t i n g  t h e  correspondence between types  o f  edges and 
t h e  o p t i c a l  f l o w  t h a t  a r i s e s  f rom t h e  edge when a  f l o w  l i n e  crosses i t .  
Wi thou t  l o s s  o f  g e n e r a l i t y ,  t h e  second d e r i v a t i v e  o f  f l o w  u i t h  r e s p e c t  
t o  a  m e r i d i a n  o r  e c c e n t r i c i t y  w i l l  inform, b y  t h e  d i s t r i b u t i o n  o f  
s i n g u l a r i t i e s ,  what k i n d  o f  edge t h e  m e r i d i a n  o r  e c c e n t r i c i t y  crosses 
( i f  any). Such an o p e r a t o r  can be  cons idered  as p r o v i d i n g  a  "s igna-  
t u r e "  i n  t h e  p a t t e r n  o f  s i n g u l a r i t i e s  t h a t  r e s u l t .  Each t y p e  o f  edge 
has i t s  own s ignature,  as shown i n  F igure  2. 

Four d i f f e r e n t  t ypes  o f  edges a r e  d i s t i n g u i s h e d .  The convex and con- 
cave edges a r e  common edges (Cloues, 1971) t h a t  t y p i c a l l y  occur  a t  
corners.  There a r e  two types  o f  e c l i p s i n g  edges -- o c c l u d i n g  edges and 
d i s o c c l u d i n g  edges. An o c c l u d i n g  edge g r a d u a l l y  covers  a  background 
surface, and a  d i s o c c l u d i n g  edge g r a d u a l l y  uncovers a  background sur- 
f a c e  as t h e  observer  moves pas t .  The e s s e n t i a l  f e a t u r e  o f  t h e  common 
edge i s  t h e  d i s c o n t i n u o u s  tangen t  i n  v e l o c i t y  w i t h  r e s p e c t  t o  a  f l o u  
l i n e  c r o s s i n g  t h e  edge. The s i g n  o f  t h e  f e a t u r e  s p e c i f i e s  whether t h e  
edge i s  concave o r  convex. The cor respond ing  f e a t u r e  o f  t h e  e c l i p s i n g  
edge i s  t h e  d i s c o n t i n u i t y  i n  v e l o c i t y  w i t h  r e s p e c t  t o  a  f l o u  l i n e ,  and 
t h e  s i g n  o f  t h e  f e a t u r e  s p e c i f i e s  whether t h e  edge i s  c o v e r i n g  o r  un- 
c o v e r i n g  t h e  background. 

Edges and s l a n t s  a r e  computed w i t h  r e s p e c t  t o  a  s i n g l e  a- o r  b- 



coord ina te .  Edges c r o s s i n g  a  c o o r d i n a t e  l i n e  w i l l  be detected, b u t  
t h o s e  l y i n g  t h e  l e n g t h  o f  a  l i n e  w i l l  n o t  be. Also, n o  f e a t u r e  can be 
d e t e c t e d  when b o t h  a  and b  a r e  0, because f i s  b y  d e f i n i t i o n  0  a t  t h a t  
p o i n t .  The t y p e s  o f  edges can be d i s t i n g u i s h e d  p r o v i d i n g  t h a t  t h e  
assumpt ions ment ioned i n  t h e  i n t r o d u c t i o n  a r e  met. I f  t h e  ambient 
v i s u a l  i n f o r m a t i o n  f a l l s  be low t h r e s h o l d s  d iscussed  i n  t h e  Last  s e c t i o n  
o f  t h i s  paper, t h e n  t h e  o b s e r v e r  would r e q u i r e  o t h e r  means (Clowes, 
1971) t o  d i s c r i m i n a t e  t y p e s  o f  edges. 

Imp lementa t ion  

For  t h e  plrrposes o f  e x p l i c i t  models o f  s l a n t  and edge- label  detect ion,  
t h e  f o l l o w i n g  g e n e r a l  i s s u e s  a r e  i m p o r t a n t :  t h e  d i s c r e t e  n a t u r e  o f  t h e  
computat ions t o  be performed; a  method f o r  sens ing  t h e  o p t i c a l  v e l o c i -  
t i e s ;  and e s t a b l i s h i n g  t h e  (a,b) c o o r d i n a t e  system f rom t h e  data. The 
f i r s t  i s s u e  suggests t h a t  i t  i s  necessary  f o r  t h e  purposes o f  inplenen- 
t a t i o n  t o  d e r i v e  a  d i s c r e t e  approx imat ion  t o  t h e  t h e o r y  b y  u s i n g  d i f -  
fe renc ing .  A l l  va lues  t h u s  o b t a i n e d  w i l l  be f i n i t e ,  so t h e  edge signa- 
t u r e  p o i n t s  a r e  now v e r y  l a r g e  i n s t e a d  o f  s i n g u l a r .  Thus, t o  d isc r im-  
i n a t e  edges f rom non-edges, a  mathemat ica l  analogy t o  t h e  psychophysi- 
c a t  t h r e s h o l d  must b e  considered.  P r e d i c t i o n s  r e s u l t i n g  f rom t h i s  a r e  
p resen ted  l a t e r .  Second, i t  i s  necessary t o  represen t  t h e  o p t i c a l  
v e l o c i t i e s .  Many i n v e s t i g a t i o n s  have p r o v i d e d  ev idence t h a t  t h e  per-  
c e p t i o n  o f  m o t i o n  has a  neuraL b a s i s  (SekuLer, 1975). The implementa- 
t i o n  d iscussed  here  makes no  f u r t h e r  c o n t r i b u t i o n  t o  o u r  knowledge o f  
v e l o c i t y  s e n s i t i v e  mechanisms, b u t  o n l y  assumes t h e  e x i s t e n c e  o f  
mechanisms w i t h  p a r t i c u l a r  p r o p e r t i e s .  Thi rd,  s i n c e  t h e  (a,b) coord i -  
n a t e  system used f o r  r e p r e s e n t i n g  f l o w  f i e l d s  b e a r s  no  r e l a t i o n  t o  
r e t i n a l  p o s i t i o n ,  t h e  imp lementa t ion  c o u l d  s i m u l a t e  r e c e p t i v e  f i e l d s  
l y i n g  a long  a  o r  b  f l o u  coord ina tes .  I t  i s  a  s imp le  m a t t e r  t o  check i f  
a  r e c e p t i v e  f i e l d  l i e s  a l o n g  a  f l o w  l i n e :  a  b - r e c e p t i v e  f i e l d  con ta ins  
o n l y  f l o w  v e c t o r s  w i t h  t h e  same d i r e c t i o n  as t h e  f i e l d ' s  o r i e n t a t i o n ,  
and an a - r e c e p t i v e  f i e l d  c o n t a i n s  o n l y  f l o w  v e c t o r s  p e r p e n d i c u l a r  t o  
t h e  f i e l d ' s  o r i e n t a t i o n .  Any f i e l d  n o t  meet ing  t h i s  c o n s t r a i n t  i s  n o t  
o r i e n t e d  a l o n g  an a- o r  b-coordinate, so i t  i s  d i s c a r d e d  from con- 
s i d e r a t i o n .  

We implemented a  computer s i m u l a t i o n  o f  t h e  above s l a n t  and edge equa- 
t i o n s .  The i n p u t  t o  t h e  program was a  dep th  map and some parameters 
f o r  observer  movement. The dep th  map was used o n l y  as a  s imp le  way t o  
genera te  t h e  v e l o c i t y  f l o u  f i e l d ,  and was then  d iscarded.  The p rograq  
used a  r e c e p t i v e  f i e l d  model t o  produce t h e  l o c a l  s l a n t  o r  edge l a a e l  
when t h e  r e c e p t i v e  f i e l d  passed over  t h e  simuLated t e r r a i n .  The output  
was e i t h e r  i n  t h e  fo rm o f  a  s l a n t  measure, o r  a  l a b e l  taken  from t h e  
s e t  {convex, concave, occ luding,  d isocc lud ing ,  contour?, where a  con- 
t o u r  edge j o i n s  a  s u r f a c e  w i t h  empty space. 

The program always r e t u r n e d  n e a r - p e r f e c t  r e s u l t s  f o r  two main reasons. 
F i r s t ,  t h e  s l a n t  equa t ions  a r e  t r i g o n o m e t r i c  i d e n t i t i e s  d e r i v e d  f r o ?  
t h e  geometr ic  b a s i s  o f  t h e  problem (Clocksin,  1978). Likewise, t h e  
edge-Labe l l i ng  scheme has been d e r i v e d  from f i r s t  p r i n c i p l e s ,  except 
f o r  t h e  temp la te  match ing  o f  t h e  s igna tu res .  Second, t h e  i n p u t  da ta  i s  
simulated, and hence w i t h i n  roundo f f  e r r o r  o f  b e i n g  p e r f e c t .  One k o u l s  
have m i s g i v i n g s  about  t h i s :  some programs, when g i v e n  t e s t  data, a re  
known t o  f a i l  when g i v e n  " r e a l "  data. However, psychophys ica l  s t u d i e s  



of  r e l a t i v e  v e l o c i t y  t h r e s h o l d s  Lead u s  t o  b e l i e v e  t h a t  t h e  human v i s u -  
a l  system i s  s u f f i c i e n t l y  s e n s i t i v e  t o  t h e  o p t i c a l  f l o w  t o  be a b l e  t o  
c a r r y  o u t  t h e  compute t ions  we propose, and t o  r e t u r n  r e p r o d u c i b l e  
r e s u l t s .  We t e s t e d  t h i s  h y p o t h e s i s  b y  exper iment ing  w i t h  t h e  computer 
program. We r a i s e d  t h e  program's r e l a t i v e  v e l o c i t y  t h r e s h o l d  f rom 
5 x 1 0 - ~  r a d i a n s  p e r  second ( r o u n d o f f  e r r o r )  t o  1 . 5 x 1 0 - ~  radlsec, a  r e l a -  
t i v e  v e l o c i t y  t h r e s h o l d  i n  humans under good c o n d i t i o n s  (Graham, Baker, 
Hecht, and Lloyd, 1948). As a  r e s u l t ,  we found t h a t  computa t ions  o f  
s u r f a c e  s l a n t  b y  t h e  program v a r i e d  p l u s  o r  minus 4 degrees f rom t h e  
c o r r e c t  va lue.  T h i s  compares w e l l  w i t h  judgements o f  s u r f a c e  s l a n t  b y  
humans, whose e s t i m a t e s  v a r y  between p l u s  o r  minus 4 and 7 degrees 
(Gibson, Gibson, Smith and Flock, 1959; Flock, 1964) under good condi-  
t i o n s .  

O ther  a r t e f a c t s  r e s u l t  f rom t h e  d i s c r e t e  n a t u r e  o f  t h e  computa t ions  
per formed.  The program cannot de te rmine  t h e  s l a n t  o f  s u r f a c e s  t h a t  
subtend l e s s  t h a n  5  q u a n t i z a t i o n  u n i t s  o f  arc, and a l l  non-contour 
edges a r e  l o c a t e d  t o  w i t h i n  2 u n i t s  o f  a r c  f rom t h e  c o r r e c t  p o s i t i o n .  
Contour  edges a r e  l o c a t e d  t o  w i t h i n  3 u n i t s  o f  a r c  o f  t h e  c o r r e c t  p o s i -  
t i o n .  Edge types  a r e  c o r r e c t l y  labe l led ,  except  f o r  edges w i t h i n  a  
unit o f  a r c  f rom t h e  o p t i c a l  c e n t r e  o f  expansion (a=b=O), where edges 
cannot  be de tec ted .  S l a n t  v a l u e s  a r e  smoothed over  t h e  c e n t r e  o f  ex- 
pansion. 

F u r t h e r  imp lementa t ion  d e t a i l s  a r e  n o t  a p p r o p r i a t e  here. A  complete 
d e r i v a t i o n  o f  t h e  theory, and a  p h y s i o l o g i c a l  model t o g e t h e r  w i t h  o t h e r  
i t e m s  r e l e v a n t  t o  v i s i o n  r e s e a r c h  a re  p u b l i s h e d  e lsewhere ( C l o c k s i n  
1980al .  R e s u l t s  w i l l  s e p a r a t e l y  appear on a  new s t a t i s t i c a l  a l g o r i t h m  
f o r  e x t r a c t i n g  v e l o c i t y  v e c t o r s  f rom images w i t h o u t  t h e  use o f  c o r r e l a -  
t i o n  o r  correspondence. 

S p e c i f y i n g  the c o n d i t i o n s  for p e r c e p t i o n  

What a r e  t h e  c o n d i t i o n s  and l i m i t s  under which t h e  observer  o b t a i n s  
e f f e c t i v e  i n f o r m a t i o n  f rom o p t i c a l  f l o w ?  The f a c t  t h a t  t h e  Ames Window 
(Ames, 1951) i s  ambiguous even though i t  i s  a  r e a l  moving s u r f a c e  means 
t h a t  t h e r e  a r e  t h r e s h o l d s  which must be  exceeded b e f o r e  t h e  i n f o r m a t i o n  
i s  e f f e c t i v e .  The n o t i o n  o f  a  ' t h resho ld ' ,  o r  t h e  minimum amount o f  a  
s t i m u l u s  t h a t  i s  necessary  f o r  i t s  d e t e c t i o n  a t  l e a s t  f i f t y  p e r c e n t  o f  
t h e  time, i s  used th roughou t  psychophys ica l  research.  Al though t h r e s -  
h o l d s  have been de te rmined  f o r  s imp le  s t i m u l i  such as luminance and 
motions, such work has n o t  p r e v i o u s l y  been c a r r i e d  ou t  f o r  more "physi -  
c a l "  s t i m u l i  such as s u r f a c e  s l a n t  and edges. Ue can use our  s l a n t  and 
edge t h e o r y  t o  d e r i v e  t h e  s l a n t  and edge d e t e c t i o n  t h r e s h o l d s  f o r  hu- 
mans under a v a r i e t y  o f  c o n d i t i o n s .  When c a s t  i n t o  t h r e s h o l d  boundary 
graphs g i v e n  below, we a r e  a b l e  t o  p r e d i c t  t h e  c o n d i t i o n s  under which 
humans can o r  cannot d e t e c t  s u r f a c e  s l a n t  and edges, based on vhe ther  
t h e  m o t i o n  c o n t r a s t  s t i m u l u s  i s  above o r  below e m p i r i c a l  th resho lds .  
For  s i m p l i c i t y ,  t h e  assumpt ion i s  made t h a t  n o t i o n  c o n t r a s t  i s  t h e  o n l y  
source  o f  i n f o r m a t i o n  used, b u t  i n  g e n e r a l  we s h o u l d  n o t  r u l e  o u t  
c o o p e r a t i v e  e f f e c t s  f rom o t h e r  sources o f  i n f o r m a t i o n .  Thresho lds  can 
a l s o  be es t imated  f o r  computer programs, so t h e  t r a d e o f f  between reso-  
l u t i o n  and per formance can be  de te rmined  i n  advance. 

The c o n d i t i o n s  we can v a r y  f o r  t h e  s l a n t  and edge j u d g i n g  t a s k s  i n c l u d e  



t h e  d i s t a n c e  t o  t h e  s u r f a c e  and t h e  speed o f  t h e  observer .  For t h e  
s l a n t  t a s k  we a l s o  v a r y  t h e  amount o f  s lan t ,  and f o r  t h e  edge t a s k  we 
v a r y  t h e  dep th  o f  t h e  dep th  d i s c o n t j n u i t y .  The o b s e r v e r ' s  msvement 
c o u l d  be, f o r  example, a  s ide - to -s ide  head movement. Given some se t  o f  
cond i t i ons ,  a l l  we need i s  t o  compute t h e  mot ion  c o n t r a s t  s t i m u l a t i o n  
r e s u l t i n g  from t h e  c o n d i t i o n s  (see F i g u r e  31, and d e t e r n i n e  whether t h e  
m o t i o n  c o n t r a s t  i s  above o r  below some th resho ld .  S t i m u l a t i o n  above 
t h e  t h r e s h o l d  means t h a t  t h e  s l a n t  o r  edge shou ld  be d e t e c t a b l e .  
Al though t h e  exac t  v a l u e  o f  t h e  t h r e s h o l d  i s  n o t  c r u c i a l  f o r  ou r  pur-  
poses, a  t y p i c a l  r e l a t i v e  v e l o c i t y  t h r e s h o l d  o f  0.5 m inu tes  o f  a r c  p e r  
second was e m p i r i c a l l y  determined b y  (Graham, e t  at, 1948), and depend- 
i n g  on  cond i t i ons ,  measured t h r e s h o l d s  can range f rom 0.4 t o  1.5 
m inu tes  o f  a r c  p e r  second. 

By comparing r e l a t i v e  v e l o c i t y  t h r e s h o l d s  w i t h  t h e  m o t i o n  c o n t r a s t  c a l -  
c u l a t e d  t o  occur  under a  l a r g e  combina t ion  o f  cond i t i ons ,  we computed 
t h e  t h e o r e t i c a l  boundary betueen sub th resho ld  and s u p r a t h r e s h o l d  
s t i m u l u s  c o n d i t i o n s  f o r  s l a n t  and edge d e t e c t i o n .  Graphs showing t h e  
r e s u l t i n g  boundary curves f o r  v a r i o u s  c o n d i t i o n s  a r e  shown i n  F i g u r e  4. 
I n  b o t h  s l a n t  and edge graphs, t h e  range t o  t h e  s u r f a c e  ( i n  meters)  i s  
represen ted  by t h e  abscissa, and curves  a r e  shown f o r  s e v e r a l  observer  
speeds ( i n  meters/second). The o r d i n a t e  represen ts  amount o f  s l a n t  ( i n  
degrees) f o r  t h e  s l a n t  graph, and change i n  dep th  ( i n  meters)  f o r  t h e  
dep th  graph. For  a  g i v e n  speed, t h e  a p p r o p r i a t e  cu rve  d e s c r i b e s  t h e  
boundary between s u p r a t h r e s h o l d  and sub th resho ld  s t i m u i u s  c o n d i t i o n s .  
P o i n t s  on  t h e  graph Ly ing  b e l o r i t h e  cu rve  represen t  c o n d i t i o n s  f o r  
which mot ion  c o n t r a s t  s t i m u l a t i o n  i s  below t h e  t h r e s h o l d .  P o i n t s  above 
t h e  curve  represen t  s u p r a t h r e s h o l d  cond i t i ons ,  which shou ld  be d e t e c t e d  
b y  human observers.  F igures  4a and 4c r e f e r  t o  edge and s l a n t  t h r e s -  
h o l d s  f o r  humans. For example, F i g u r e  4a t e l l s  us t h a t  ue shou ld  be 
a b l e  t o  r e s o l v e  (50% o f  t h e  t i m e  under good c o n d i t i o n s )  a  10 cm deep 
d e p t h  edge a t  a  d i s t a n c e  o f  8 meters, p r o v i d e d  t h a t  we ( o r  t h e  edge 
under c e r t a i n  c o n d i t i o n s )  t r a v e l  a t  1 0  cm/sec p a s t  t h e  edge. Also, we 
s h o u l d  n o t  expect  t o  judge t h e  10 degree s l a n t  o f  a  s u r f a c e  (by f l o w  
a lone)  u n l e s s  we a r e  moving a t  l e a s t  10 crn/sec and t h e  s u r f a c e  i s  l e s s  
t h a n  2 meters d i s t a n t .  1.1otion c o n t r a s t  s h ~ u l d  become more e f f e c t i v e  as 
c o n d i t i o n s  w e l l  above t h r e s h o l d  were observed. 

I n  o r d e r  t o  t e s t  p r e d i c t i o n s  r e s u l t i n g   fro^ t h i s  study, we rev iewed a  
number o f  exper iments p e r t a i n i n g  t o  s l a n t  and edge p e r c e p t i o n  ( i n c l u d -  
i n g  Gibson, e t  at, 1959; Smith and Smith, 1963; Flock, 1964; Rogers and 
Graham, 19791, and found t h a t  o u r  p r e d i c t e d  boundary cu rves  a c c u r a t e l y  
d i s c r i m i n a t e  amongst exper iments where s u b j e c t s  (on  t h e  average) d i d  o r  
d i d  n o t  o b t a i n  s l a n t  and edge percep ts  f rom mot ion  c o n t r a s t  (Clocksin,  
198Ub). Th is  uou td  suggest t h a t  t h e  e f f e c t i v e n e s s  o f  n o t i o n  c o n t r a s t  
i n  s l a n t  and edge p e r c e p t i o n  i n  t h e  absence o f  o t h e r  i n f o r m a t i o n  
depends on hav ing  c o n d i t i o n s  t h a t  p r o v i d e  s u f f i c i e n t  amounts o f  m o t i o n  
c o n t r a s t .  We hope t o  have shown j u s t  uhat  those c o n d i t i o n s  are. 

T h i s  a n a l y s i s  can a l s o  e v a l u a t e  computer v i s i o n  techniques.  Limb and 
Hurphey (1975) determined, f o r  t h e i r  n o t i o n  d e t e c t i o n  a lgor i thm,  t h e  
range over  which t h e  speed o f  a  s i n g l e  o b j e c t  moving a long  t h e  scan 
l i n e s  i n  t h e  v i d e o  image c o u l d  be measured r e l a t i v e  t o  a  c o n t r a s t i n g  
background. The lower bound was 0.25 p i x e l s  p c r  frame. Ce conver ted  
t h i s  t o  a  r e l a t i v e  v e i o c i t y  t h r e s h o l d  f o r  r e a l - t i m e  m o t i o n  d e t e c t i o n  
u s i n ?  a  proposed frame r a t e  o f  60 f rames/sec f o r  a  frame subtending 1 0  



degrees o f  a r c  and a  256x256 q u a n t i s a t i o n .  The r e s u l t i n g  threshold,  
0.010227 r a d i a n s  p e r  second, i s  about two o r d e r s  o f  magni tude h i g h e r  
(worse) t h a n  human v i s i o n .  The edge and s l a n t  t h r e s h o l d  boundary 
cu rves  under these  c o n d i t i o n s  a r e  shown i n  F i g u r e s  46 and 4d. Under 
these  cond i t i ons ,  t h e  o b s e r v e r ' s  speed must i n c r e a s e  s i g n i f i c a n t l y  t o  
d e t e c t  t h e  same fea tu res :  t o  measure s u r f a c e  s lan ts ,  f o r  instance, a 
r o b o t  equipped w i t h  such a  v i s i o n  system would need t o  move a t  r a t h e r  
d i s t r e s s i n g  speeds exceeding 6 mete rs  p e r  second. However, by inp rov -  
i n g  t h e  v e l o c i t y  d e t e c t i o n  a l g o r i t h m  o r  by i n c r e a s i n g  r e s o l u t i o n  ( t h e  
a n g l e  subtended b y  a  p i x e l ) ,  t h e  r e l a t i v e  v e l o c i t y  t h r e s h o l d  (and con- 
sequently, s l a n t  and edge t h r e s h o l d s )  would decrease. Thus, t h e  t r a -  
d e o f f  between r e s o l u t i o n  and per formance can be  examined. F u r t h e r  ways 
t o  i n c r e a s e  per formance c o u l d  make use o f  o t h e r  i n f o r m a t i o n  such as 
t e x t u r e  gradients,  however, B r a u n s t e i n  (1976) has founa t h a t  mot ion 
o v e r r i d e s  s t a t i c  i n d i c a t o r s  o f  s u r f a c e  s lan t ,  comp le te ly  d o n i n a t i n g  
s l a n t  judgements b y  humans. 
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FIGURE 1: (a) The coordinate system centred on the observer 0 moves 
w i t h  speed S i n  the d i r e c t i o n  o f  the  X-axis; a  and b  are angular spher i -  
c a l  coordinates o f  mer id ian and eccen t r i c i t y ;  n  i s  the  normal o f  sur- 
face Z a t  p o i n t  P; the  s l a n t  i s  ( t a n  s, t a n  t). Angle s  i s  the  angle 
between r and the p r o j e c t i o n  n '  o f  n  i n t o  the R X  clane. Angle t i s  the  
angle between r and the p r o j e c t i o n  n" o f  n  i n t o  the  QR plane. The 
v e l o c i t y  f l o w  from P i s  f = (S s i n  b) / r .  
(b) The image o f  P, viewed from 0, s i g h t i n g  along the  X-axis. 

FIGURE 2: 
Edge P r o f i l e  Edge P r o f i l e  Edge Signature 

(range) ( v e l o c i t y )  ( s i ngu la r  po in t s )  

FIGURE 3: 
Using f w i th  b=90 (movement perpendicular t o  Line o f  regard), mot ion 
con t ras t  i s  ( f  - f I = S ( l / r  - l / r  1.  



FIGURE 4: 

(a) Pred ic ted edge thresho ld  boilndary curves f o r  a human observer mov- 
i n g  a t  2 mm/sec, 1 cm/sec, 5 cm/sec, and 10 cn/sec. 

(b) Edge thresho ld  curves f o r  s imulated computer v i s i o n  system moving 
a t  25 cmlsec, 1 m/sec, and 2.5 m/sec. 

(c) Pred ic ted surface s l a n t  th resho ld  curves f o r  a human obser;er mov- 
i n g  a t  1 cm/sec, 3 cm/sec, 7 cm/sec, and 10 cmlsec. 

(d) S lant  th resho ld  curves f o r  s imulated computer v i s i o n  system moving 
a t  t h e  ra the r  formidable speeds o f  2 m/sec and 6 m/sec. F-;--]-q: -77 -- r--- I r - - - - T .  1 1..  r- , 7-1 
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Using models t o  augment ru le-based programs ------- 

Stephen U. Draper 
C o g n i t i v e  S tud ies  Programme 

U n i v e r s i t y  o f  Sussex 
Br ighton,  Sussex, U.K. 

A b s t r a c t  

T h i s  paper d iscusses t h e  des ign  of a  program t h a t  t a c k l e s  t h e  
ambigui ty  r e s u l t i n g  from t h e  i n t e r p r e t a t i o n  o f  l i ne -d raw ings  b y  
means o f  geometr ic  c o n s t r a i n t s  alone. I t  does t h i s  by supplementing 
i t s  b a s i c  geometr ic  reasoning b y  means o f  a  se t  o f  models o f  v a r i o u s  
s izes.  E a r l i e r  programs a re  analysed i n  terms o f  models, and t h r e e  
d i f f e r e n t  f u n c t i o n s  f o r  models a r e  d i s t i n g u i s h e d .  F i n a l l y ,  p r i n c i -  
p l e s  f o r  s e l e c t i n g  models f o r  t h e  present  purpose a re  r e l a t e d  t o  t h e  
concept o f  a  "mapping event"  between t h e  p i c t u r e  and scenedomains. 

I n t r o d u c t i o n  

The l i n e - l a b e l l i n g  scheme proposed b y  Huffman (1971) and Cloues (1971) i n  
e f f e c t  posed t h e  problem o f  p roduc ing  a l l  t h e  i n t e r p r e t a t i o n s  i n  terms o f  Line- 
l a b e l s  o f  a  l i ne -d raw ing  t h a t  can be made on t h e  assumption t h a t  i t  i s  a  p r o j e c -  
t i o n  o f  a  scene composed o f  po lyhedra  w i t h  t r i h e d r a l  ve r t i ces ,  p lane  surfaces, 
and s t r a i g h t  edges, and a l s o  t h a t  t h e  v iewpo in t  does no t  g i v e  r i s e  t o  any 
a c c i d e n t a l  a l ignments o f  v e r t i c e s  o r  edges (i.e. any "acc iden ta ls " ) .  The l i n e - ~  
L a b e l l i n g  scheme o f f e r e d  o n l y  a  p a r t i a l  so lut ion,  and l e f t  two major chal lenges 
f o r  f u t u r e  program designs: t o  r e l a x  t h e  non-accidenta l  and t r i h e d r a l  r e s t r i c -  
t i o n s  (i.e.to a l l o w  a c c i d e n t a l  a l ignments and v e r t i c e s  w i t h  more o r  fewer than  
t h r e e  surfaces), and t o  generate o n l y  those l a b e l l i n g s  t h a t  a r e  g e o m e t r i c a l l y  
cons is ten t  w i t h  t h e  assumptions - Huffman h i m s e l f  showed t h a t  t h e  l i n e - L a b e l l i n g  
scheme was inadequate i n  t h i s  respect .  Wal tz '  (1972) program d i d  n o t h i n g  
towards t h e  l a t t e r  goal, and made o n l y  ad hoc a t tempts  a t  t h e  former by i n c l u d -  
i n g  a  few hand-picked a c c i d e n t a l  and m u l t i h e d r a l  j u n c t i o n  L a b e l l i n g s  ( h i s  r e a l  
c o n t r i b u t i o n  was t o  t h e  express ion  o f  knowledge about shadows). Mackworth's 
program P o l y  (Mackworth 1973) achieved t h e  f i r s t  and p a r t l y  achieved t h e  second 
goal, and work by t h e  author  on sidedness reasoning i n c l u d i n g  a  design f o r  a  
program c a l l e d  ELLsid (Draper 1978, for thcoming)  has completed t h i s  goal. I t  
t u r n s  out, however, t h a t  t h e  p u r e l y  geometr ic  c o n s t r a i n t s  thus  f u l l y  captured 
a l l o w  an enormous number o f  i n t e r p r e t a t i o n s  (many hundreds even f o r  s imp le  draw- 
i n g s  o f  a  cube o r  a  te t rahedron)  even though people see o n l y  one o r  two. 
C l e a r l y  t h e  next  t a s k  i s  t o  a t tempt  t o  model t h e  choice o f  i n t e r p r e t a t i o n  made 
by us from among those g e o m e t r i c a l l y  poss ib le .  

Much o f  t h i s  amb igu i t y  comes from a l l o w i n g  a c c i d e n t a l s  i n d i s c r i m i n a t e l y  - 
i n  e f f e c t  t h i s  t r e a t s  each p i c t u r e  r e g i o n  as t h e  p r o j e c t i o n  o f  ( p a r t  o f )  an 
opaque p l a t e  w i t h  no necessary p o i n t  o f  con tac t  w i t h  any other, and many o f  t h e  
i n t e r p r e t a t i o n s  represen t  such weird, d isconnected scenes where t h e  edges o f  
f l o a t i n g  p l a t e s  a r e  l i n e d  up i n  v a r i o u s  u n l i k e l y  ways. T h i s  does n o t  however 
account f o r  a l l  t h e  ambigui ty  s i n c e  even exc lud ing  a c c i d e n t a l s  s t i l l  a l l o u s  
numerous odd i n t e r p r e t a t i o n s .  I t  i s  now c l e a r  t h a t  t h e  t r i h e d r a l  and a c c i d e n t a l  
r e s t r i c t i o n s  i n  t h e  Huffman-Clowes scheme were r e s p o n s i b l e  f o r  keeping t h e  
i n t e r p r e t a t i o n s  produced i n  f a i r l y  c l o s e  correspondence t o  human i n t e r p r e t a -  
t ions,  even though t h e i r  r i g i d  a p p l i c a t i o n  prevented t h e  i n t e r p r e t a t i o n  o f  some 
s imple p i c t u r e s .  Kanade (1978) shows how even a  s l i g h t  r e l a x a t i o n  o f  t h e  res- 
t r i c t i o n s  ( r e d e f i n i n g  t h e  t r i h e d r a l  r e s t r i c t i o n  t o  a l l o u  = % t h r e e  sur faces  a t  
a  vertex, which can be e i t h e r  laminae o r  faces bounding a  s o l i d  volume) g r e a t l y  
m u l t i p l i e s  t h e  p o s s i b l e  i n t e r p r e t a t i o n s  o f  s imp le  p i c t u r e s  and t h a t  e x t r a  scene 
c o n s t r a i n t s  must then  be mobi l ised.  Houever h i s  proposed scheme, a l though  an 



i n t e r e s t i n g  compromise between amb igu i t y  and geometr ic  competence, n e i t h e r  
reduces t h e  ambigui ty  t o  t h e  p o i n t  o f  corresponding t o  human percept ion,  no r  
f u l l y  enforces t h e  a p p l i c a b l e  geometr ic  c o n s t r a i n t s .  An obvious suggest ion then  
i s  t o  look  f o r  a way t o  s e l e c t  t h e  i n t e r p r e t a t i o n  which conforms o r  most n e a r l y  
conforms t o  t h e  Huffman-Cloues r e s t r i c t i o n s  w h i l e  r e t a i n i n g  t h e  more genera l  
geometr ic  powers o f  sidedness reasoning f o r  use as and when necessary. 

T h i s  paper o u t l i n e s  an approach which uses models o f  f a m i l i a r  o b j e c t s  and 
fragments o f  o b j e c t s  t o  implement, and h o p e f u l l y  t o  improve on, t h i s  suggestion. 
The program w i l l  be based on t h e  sidedness reasoner from E l l s i d ,  which i s  essen- 
t i a l l y  rule-based, bu t  w i l l  be augmented by t h e  models whose r o l e  i s  t o  guide 
t h e  i n t e r p r e t a t i o n  - i n  e f f e c t  r e s o l v i n g  t h e  amb igu i t y  found by E l l s i d  alone. 
I t  i s  argued t h a t  t h i s  o f f e r s  a method o f  c a p t u r i n g  t h e  good aspects o f  p a s t  
programs ( i n c l u d i n g  t h e  Huffman-Cloues scheme) p a r t i c u l a r l y  t h e i r  a b i l i t i e s  t o  
choose t h e  same i n t e r p r e t a t i o n s  as people, w h i l e  overcoming t h e i r  inadequate 
grasp o f  geometr ic  c o n s t r a i n t s  and i n a b i l i t y  t o  cope w i t h  a c c i d e n t a l s  when t h i s  
i s  necessary. I n  a d d i t i o n  i t  o f f e r s  a way o f  mode l l i ng  t h e  e f f e c t  o f  common o r  
f a m i l i a r  o b j e c t s  o r  c o n f i g u r a t i o n s  on t h e  p e r c e p t i o n  o f  drawings. 

Mode 1-based v i s i o n  programs ---- 
Most, perhaps a l l ,  programs can be seen as model-based i n  some sense 

d e s p i t e  the  f a c t  t h a t  t h e i r  genera l  " f e e l "  may be t h a t  o f  a bottom-up genera l  
purpose method. For ins tance  Woodham's (1977) program f o r  g e t t i n g  shape from 
shading by a l o c a l  computation uses models o f  f ragments o f  su r face  shape. I n  
t h e  domain o f  l i ne -d raw ing  i n t e r p r e t a t i o n ,  t h e  succession o f  programs can be 
seen as having been based on success ive ly  sma l le r  models. Roberts  (1965) used 
complete, simple, convex po lyhedra  such as b r i c k s  and wedges as models. L ine -  
l a b e l l i n g  schemes a r e  based on models o f  p o s s i b l e  v e r t i c e s  and t h e i r  appear- 
ances. Mackworth's P o l y  and t h e  au thor ' s  E l l s i d  b o t h  use p lanes as t h e i r  b a s i c  
element o r  model: they reason about how these may be f i t t e d  t o g e t h e r  t o  make up 
scenes. 

Here i t  i s  u s e f u l  t o  d i s t i n g u i s h  t h r e e  d i f f e r e n t  aspects of t h e  use o f  
models. 
1. They can Largely determine t h e  way i n  which t h e  scene (i.e. t h e  i n t e r p r e t a -  

t i o n )  i s  described. Th is  i s  most o b v i o u s l y  t r u e  when models a re  used t o  
achieve r e c o g n i t i o n  o f  known o b j e c t s  - t h e  i n t e r p r e t a t i o n  may then  c o n s i s t  
almost e n t i r e l y  o f  t h e  names o f  those ob jec ts .  L i kew ise  when models c a r r y  
i n f o r m a t i o n  which cou ld  no t  o therw ise  be deduced from t h e  p i c t u r e  - such as 
Lengths i n  F a l k ' s  (1972) program and h idden sur faces  i n  Rober ts '  program - 
they have a Large e f f e c t  on the  content  o f  the  scene d e s c r i p t i o n .  Apart  
from t h i s  e f f e c t  on i t s  content, models may a f f e c t  i t s  s t r u c t u r e  by de te r -  
min ing t h e  elements o f  which i t  i s  made up: Roberts '  program sees an L-beam 
as two b r i c k s  welded toge ther  whereas P o l y  sees i t  as p lanes meet ing a long - 
edges w i t h  no s u b - d i v i s i o n  i n t o  convex b locks.  

2. Models can be used as hypotheses - s e t s  o f  conc lus ions  about t h e  scene t h a t  
a re  jumped t o  on t h e  b a s i s  o f  s l i g h t  evidence, though some checking may f o l -  
low. Roberts '  program has t h i s  f l avour ;  l i n e - l a b e l l i n g  does not  s ince  i t  
considers a l l  p o s s i b i l i t i e s  and a l lows  a l l  c o n s i s t e n t  i n t e r p r e t a t i o n s  t h a t  
s u r v i v e  a l l  t h e  checks i t  knows how t o  make. As ue s h a l l  see, i t  i s  t h i s  
aspect o f  models t h a t  i s  needed i n  t h e  present  a p p l i c a t i o n  s i n c e  they  a r e  t o  
be t h e  b a s i s  f o r  going beyond t h e  geometr ic  c o n s t r a i n t s .  

3. Models a re  o f t e n  t h e  b a s i s  f o r  o r g a n i z i n g  t h e  way knowledge i s  b u i l t  i n t o  
t h e  program - p r i m a r i l y  c o n s t r u c t s  t o  h e l p  t h e  programmer o rgan ize  t h e  code, 
n u c l e i  f o r  s t r u c t u r i n g  the  program. I t  i s  i n  t h i s  sense t h a t  a l l  t h e  pro-  
grams mentioned are model-based - they  a re  a l l  o rgan ized  around some b a s i c  
scene concepts. Loosely speaking, frames (Minsky 1975) a r e  models i n  t h i s  
sense s ince  a frame b r i n g s  toge ther  procedures 6s w e l l  as d e c l a r a t i v e  i n f o r -  
mation, and t h e  idea  i s  t o  o rgan ize  t h e  program round frames whether o r  n o t  



i t  has a hypothesise-and-test f lavour  and however i t s  scene descr ip t ions  are 
organized. i n  v i s i o n  t h i s  i s  taken fu r thes t  by Freuder (1976) who organizes 
a l l  knowledge around models but these appear i n  uhat are e f f e c t i v e l y  four  
d i f f e r e n t  netuorks o f  dec la ra t i ve  in format ion  and have a t  Least tuo  sets o f  
procedures associated u i t h  them ( f o r  use uhen ac t iva ted i n  top-doun and 
bottom-up inodes respect ively) .  

A program design using models t o  se lec t  i n te rp re ta t i ons  - 
We are now on a be t te r  p o s i t i o n  t o  speci fy c l e a r l y  what r o l e  the models are 

t o  play i n  the  proposed program design. We do not want them fo r  de f i n i ng  the 
scene desc r i p t i on  language - that  i s  s t i l l  t o  be done p r i m a r i l y  by the underly- 
i ng  sidedness reasoning program using t ine- labels and i t s  representat ion o f  
planes and t h e i r  re lat ionships;  ne i t he r  are the models t o  be cen t ra l  u n i t s  o f  
the program organizat ion.  They are instead required t o  provide L ike ly  
hypotheses about pa r t s  o f  the scene. 

The basic sidedness reasoner i s  retained f i r s t l y  t o  ensure t ha t  the f i n a l  
i n t e r p r e t a t i o n  i s  geometr ica l ly  consistent - and so i t  i s  used t o  check tha t  the 
hypothesised fragments o f  scene descr ip t ion  are mutual ly compatible. Each 
hypothesis must there fore  be expressed i n  terms that  the reasoner can deal u i t h  
d i r e c t l y  - as sidedness assert ions about planes. Note t ha t  i n  terms of the 
under ly ing plane-based approach the models do not correspond t o  na tu ra l  frag- 
ments of scene objects: f o r  instance the all-convex l a b e l l i n g  of a Y-junction, 
uhich i n  the Huffman-Cloues scheme i s  a complete model o f  a vertex, t e l l s  a 
plane-based system something about one corner of each o f  th ree surfaces and the 
way they meet each other there. I n  t h i s  respect these models are more l i k e  the 
M.1.F.s and N.U.F.s developed by Frank B i r ch  (1978) i n  a l e t t e r  recogn i t ion  sys- 
tem than they are Like Roberts' models. M.U.F.s (minimal unambiguous fragments) 
are combinations o f  strokes tha t  have no meaning by themselves as l e t t e r s  but 
are valuable t o  a program as a combination that  can belong t o  on ly  one l e t t e r  
and can hence i n i t i a t e  some spec ia l  processing. M.1.F.s (minimal impossible 
fragments) are s t roke combinations tha t  cannot be pa r t  o f  any s ing le  l e t t e r  and 
hence s igna l  t ha t  some stroke junc t ions  must be undone. Both are models 
selected not f o r  t h e i r  s ign i f i cance i n  the resu l t i ng  i n t e r p r e t a t i o n  but f o r  
t h e i r  usefulness t o  the process const ruc t ing  the i n te rp re ta t i on .  

The second funct ion  o f  the sidedness reasoner i s  t o  f i l l  i n  the gaps i n  the 
i n t e r p r e t a t i o n  uhen there are pa r t s  o f  the p i c t u r e  not covered by hypotheses o f  
f a m i l i a r  conf igura t ions  - e.g. a t  accidentals. Hou many such "gaps" occur - 
that  is, how much of the i n t e r p r e t a t i o n  u i l l  not be covered by the models - 
depends p a r t l y  on how extensive the set o f  models is, and p a r t l y  on whether the 
cont ro l  s t ra tegy i s  t o  search f o r  the i n te rp re ta t i on  tha t  has the maximum pro- 
po r t i on  suppl ied by models, or t o  grow an i n t e r p r e t a t i o n  outuards from an i n i -  
t i a l  model match, using other models i f  possible but on ly  backtracking i f  forced 
t o  by a geometric inconsistency. The Lat ter  s t ra tegy w i l l  not aluays give the 
"best" i n t e r p r e t a t i o n  and i n  general u i l l  depend on the order i n  uhich pa r t s  of 
the p i c tu re  are tackled. Probably both should be explored t o  see uhich can be 
made t o  f i t  human performance best. 

A second major design dec is ion  i s  t o  t r i g g e r  the  models by matching cues i n  
the p i c t u r e  domain. I t  i s  poss ib le  t o  have a system uhere scene descr ip t ions  
are generated by some means and then models of 3-0 conf igura t ions  are matched t o  
them. This i s  s u f f i c i e n t  f o r  recogn i t ion  systems, uhere the purpose o f  the 
models i s  t o  i d e n t i f y  knoun objects, and i t could be used here by p re fe r r i ng  
i n te rp re ta t i ons  containing f a m i l i a r  3-D conf igurat ions.  Houever i t  seems 
u n l i k e l y  t o  prov ide a good model of human preferences f o r  several reasons. 
F i r s t l y ,  such a system uould behave l i k e  a paranoid: i t  uould have strong ideas 
about uhat the  i n t e r p r e t a t i o n  "should" be and very s l i g h t  evidence uould be 
enough t o  "confirm" t h i s  - i t  uould take no account o f  uhat those appearances 



probab ly  o r  u s u a l l y  i n d i c a t e .  What we r e a l l y  want i s  a  system t h a t  ass igns 
appearances a  p l a u s i b l e  i n t e r p r e t a t i o n  and does n o t  invoke  u n l i k e l y  L inks  
between appearances and i n t e r p r e t a t i o n s  un less  i t  has to.  T h i s  i s  achieved by 
hav ing  a  s t o r e d  se t  o f  p i c t u r e  c o n f i g u r a t i o n s  c a l l e d  "keys" o r  "cues" each o f  
which t r i g g e r s  a  p a r t i c u l a r  fragment o f  3-D i n t e r p r e t a t i o n  c a l l e d  a  model. I t  

i s  these p a i r s  o f  keys and models t h a t  a re  stored, and have been l o o s e l y  
r e f e r r e d  t o  up t o  now s imp ly  as "models". 

T h i s  d e c i s i o n  f i t s  u e l l  w i t h  p r e v i o u s  programs, and w i t h  t h e  aim o f  t r y i n g  
t o  recap tu re  t h e  i n s i g h t s  conta ined i n  p a s t  uork. L i n e - L a b e l l i n g  i s  based on an 
i n s i g h t  f i r s t  e x p l o i t e d  by Guzman (1969) t h a t  p i c t u r e  j u n c t i o n s  are good e v i -  
dence about t h e  scene (see Hochberg 1968 f o r  evidence o f  t h e  p s y c h o l o g i c a l  r e a l -  
i t y  o f  t h i s ) :  what ue want t o  cap tu re  here i s  t h e  i d e a  t h a t  Y-junctions, say, 
n o r m a l l y  have one o f  t h e  t h r e e  i n t e r p r e t a t i o n s  a l l o u e d  by t h e  Huffman-Cloues 
scheme a l though  a  Lot more a re  poss ib le .  S i m i l a r l y  i n  Rober ts '  program models 
have keys assoc ia ted  w i t h  them t h a t  a re  good candidates f o r  i n c o r p o r a t i o n  i n  t h e  
present  program, as a re  t h e  " l i n e  fea tu res"  used by Grape (1973). 

P r i n c i p l e s  f o r  choosing model-key p a i r s  f o r  i n c o r p o r a t i o n  

Depending on t h e  mot ives f o r  c o n s t r u c t i n g  a  v e r s i o n  o f  t h e  proposed pro-  
gram, va r ious  p r i n c i p l e s  might be used i n  s e l e c t i n g  t h e  model-key p a i r s  t o  be 
used. I n t e r e s t i n g  exper iments cou ld  be made t o  see how w e l l  t h e  ideas i n  p r e v i -  
ous programs w i l l  work uhen augmented by sidedness reasoning - f o r  i n s t a n c e  by 
u s i n g  as models j u s t  t h e  Huffman-Clowes s e t  o f  j u n c t i o n  l a b e l l i n g s  one cou ld  
f i n d  out i f  i t  cou ld  nou cope w i t h  m u l t i h e d r a l  v e r t i c e s  and a c c i d e n t a l s  w h i l e  
avo id ing  g e o m e t r i c a l l y  imposs ib le  i n t e r p r e t a t i o n s  and s t i l l  g e n e r a l l y  p roduc ing  
o n l y  those i n t e r p r e t a t i o n s  which people see. 

Another idea  would be a  Learning program which had some method of ana lys ing  
each p i c t u r e - p l u s - d i c t a t e d - i n t e r p r e t a t i o n  i n  a  t r a i n i n g  sequence and compi l i ng  a  
se t  o f  p i c t u r e  fragments p l u s  i n t e r p r e t a t i o n s  t o  use as models, s e l e c t e d  perhaps 
on the  bas is  o f  f requency o f  occurrence. A l t e r n a t i v e l y  a  set  cou ld  be compiled 
by hand, the  aim be ing  t o  model t h e  i n t e r p r e t a t i o n s  people s e l e c t  over as Large 
a  set  o f  p i c t u r e s  as poss ib le .  

The above program designs might  p o s s i b l y  achieve a  good approx imat ion  t o  
human percep tua l  behaviour  ( w i t h i n  t h e  1;n;ts o f  t h e  power o f  L ine - labe ls  t o  
express 3-D i n t e r p r e t a t i o n s )  bu t  they  cou ld  never o f f e r  a  t h e o r e t i c a l  explana- 
t i o n  o f  why they  worked. What than should the  p r i n c i p l e s  f o r  s e l e c t i n g  models 
be? A p o s s i b l e  answer comes by ex tend ing  Huffman's General Viewpoint  i dea  
(Huffman 1971 p.298): we want p ic tu re - to -scene  hypotheses t h a t  a re  probable. To 
exp lo re  t h i s  we need t o  develop t h e  p i c t u r e l s c e n e  d i s t i n c t i o n  emphasized by 
C Loues (1971 ) . 

The keys a re  d e f i n e d  i n  t h e  p i c t u r e  domain - e:g. a  Y- junc t ion  i s  de f ined  
b y  p i c t u r e  angles etc.  independent o f  t h e  l a b e l l i n g  ( i n t e r p r e t a t i o n )  t h a t  may 
l a t e r  be assigned t o  i t .  The models a re  d e f i n e d  i n  t h e  scene domain - t h a t  i s  
they  s p e c i f y  aspects o f  t h e  3-D scene i n  a  uay t h a t  i n  p r i n c i p l e  i s  independent 
o f  the  p i c t u r e  ( t h i s  i s  complete ly  t r u e  of Roberts '  program, o n l y  p a r t l y  t r u e  
when the i n t e r p r e t a t i o n  i s  s p e c i f i e d  by l i n e - l a b e l s ) .  I n  o rder  t o  i d e n t i f y  
p robab le  key-model p a i r s  we must consider  the  r e l a t i o n s h i p  between p a r t s  o f  t h e  
scene and t h e  appearances they generate - I s h a l l  c a l l  these p a i r i n g s  "mapping 
events". A good example o f  a  mapping event i s  a  T - j u n c t i o n  generated by an edge 
be ing  occluded. Not a l l  T - junc t ions  s i g n a l  o c c l u s i o n  and no t  a l l  occ luded edges 
generate T - junc t ions .  When t r y i n g  t o  i n t e r p r e t  a  T - j u n c t i o n  t h e  ques t ion  i s :  
was o c c l u s i o n  the  mapping event t h a t  generated i t ?  I f  t h a t  i s  t h e  hypo thes is  
you adopt, i t  d i c t a t e s  c e r t a i n  fea tu res  of t h e  p u t a t i v e  scene - a  r e l a t i v e  depth 
r e l a t i o n s h i p  f o r  instance; i n  genera l  severa l  someuhat unconnected scene r e l a -  
t i o n s h i p s  a re  s p e c i f i e d  by t h e  hypo thes is  o f  a  g i v e n  mapping event. Occ lus ion  



i s  not a scene property - i t  i s  not pa r t  o f  a scene but a consequence o f  the 
associat ion o f  a scene and a vieupoint, p a i r i n g  a p a r t i c u l a r  appearance (i.e. a 
p i c tu re )  u i t h  the  scene. 

I n  order t o  pursue the idea o f  choosing key-model p a i r s  t ha t  represent 
probable hypotheses, then, models should not be chosen by se lec t ing  convenient 
scene fragments nor keys by se lec t i ng  convenient p i c t u r e  fragments. Rather we 
uant t o  i d e n t i f y  keys tha t  have a good chance o f  leading t o  a cor rec t  p iece o f  
i n te rp re ta t i on .  I t  i s  mapping events Like occlusion and accidentals t ha t  are 
more or less probable, and so i t  i s  these p r o b a b i l i t i e s  t h a t  should be taken 
i n t o  account i n  formulat ing hypotheses and i n  designing the model set t ha t  
determines the hypothesis-making of a program. Key-and-mode! p a i r s  correspond 
t o  mapping events and should there fore  be selected f o r  maximum. p r o b a b i l i t y  o f  
the  correspondence. Some mapping events have a r e l a t i v e l y  high p r o b a b i l i t y  and 
are worth being stored e x p l i c i t l y  as models, u h i l e  others do not have e high 
enough r e l a t i v e  frequency t o  uarrant t h i s .  I d e a l l y  ue would l i k e  t o  i d e n t i f y  
keys f o r  which a subset o f  t h e i r  possible i n te rp re ta t i ons  account f o r  the large 
major i ty  of t h e i r  p re fer red i n te rp re ta t i ons  i n  prac t ice .  The non-accidental 
i n te rp re ta t i ons  of a junc t ion  are an example o f  t h i s .  The se lec t i on  should a lso  
be inf luenced by the e f f e c t  o f  other const ra in ts  operat ing on a hypothesised 
i n te rp re ta t i on  - one can a f f o rd  t o  consider f a i r l y  u n l i k e l y  i n te rp re ta t i ons  i f  
they are (near ly)  always ru led out by other const ra in ts  uhen they are i nco r rec t  
(not preferred).  A considerable f u r t he r  amount o f  t h e o r e t i c a l  uork needs t o  be 
done on the behaviour of such systems, but p r a c t i c a l  experience wi th  var ious 
sets o f  models i n  the proposed system may suggest important leads i n  th is .  

Conclusion 

The proposed program u i l l  have a competent geometric f a c i l i t y  as i t s  basis 
(the sidedness reasoner) t o  check the o v e r a l l  i n t e r p r e t a t i o n  produced and t o  act  
as a medium f o r  combining the cont r ibu t ions  o f  other parts.  This u i l l  be sup- 
plemented by a system of  stored models o f  a range o f  sizes. These models are 
not included t o  provide the program's basic a b i l i t y  at  i n t e r p r e t a t i o n  but t o  
generate good hypotheses f o r  the  reasoner t o  uork on. They can be seen as par- 
t i a l  r esu l t s  stored ready-made because they are f requent ly  encountered, and as 
such they may save coinputation. However tha t  i s  not t h e i r  primary function. 
L i ke  M.1.F.s and M.U.F.s, they are items use fu l  t o  the  program f o r  c o n t r o l l i n g  
the computation rather than f o r  making up Large po r t i ons  o f  the output. They 
are hypotheses i n  the sense intended by R.L. Gregory (e.g. 1974) uhen he charac- 
t e r i sed  v i s i o n  as a process of forming and checking hypotheses: they are used t o  
resolve the ambiguity inherent i n  the p ic ture .  They cause the program t o  jump 
t o  a conclusion tha t  goes beyond the evidence i n  the  sense that, although i t  
u i l l  check that  no const ra in t  re fu tes  the hypothesis, the i n t e r p r e t a t i o n  i s  
p a r t l y  determined by ignor ing  the possible a l te rnat ives .  

Acknouledgements. The ideas put foruard i n  t h i s  paper most ly o r i g i na ted  i n  some 
form u i t h  my colleagues. Max Clones shoued me tha t  most v i s i o n  programs can be 
seen as based on models of some sort .  Aaron Sloman has p e r s i s t e n t l y  argued f o r  
the simultaneous use o f  models o f  d i f f e r e n t  sizes: an idea analogous t o  t h a t  put 
foruard f o r  na tu ra l  language by Becker i n  "The phrasal  Lexicon". But most 
immediately important was t a l k i n g  t o  Dave Ouen u h i l e  he struggled t o  f i n d  p r i n -  
c i p l es  f o r  apply ing t h i s  idea i n  the Popeye program: i t  uas he uho made me rea l -  
i s e  tha t  models may not form na tu ra l  subdiv is ions i n  the scene domain. 
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Abs trac t .  The system ADTCOMP which constructs LISP-implementations from algebraic 

specif icat ions of abst rac t  data t y p ~ s  i s  presented. ADTCMP accepts spec i f ica t ions 

w i t h  condit ional axioms and hidden operat5ans (parameterized spec i f ica t ions are not 

ye t  accepted). Code i s  generated by applying programning knowledge cod i f ied i n  term: 

of production ru les .  

1. In t roduct ion 

A standard paradigm of software development i s  t o  s t a r t  w i t h  abst ract  specifications, 
and t o  gradually expand, re f ine,  and transform them i n t o  an appropriate l i n g u i s t i c  level 
t o  obtain e f f i c i e n t  implementations. Algori thm design should be done independently of 
machine representations. 

Algebraic specif icat ions [ADJ 761 of abst rac t  data types (ADTs) al low t o  specify 
data types by characterizing the behavior of data objects under character is t ic  opera- 
t ions without using any pa r t i cu l a r  representations of data objects. Hence. developing 
algorithms a t  the leve l  o f  manipulating objects o f  a lgebra ica l ly  specif ied ADTs provides 
an optimum o f  freedom from spec i f ic  representations, f ac i l i t a t es  the Mn ipu la t i on  of 
algorithms (e.g. oronram transformations), and allows t o  prove propert ies of algorithms 
which are independent o f  representat ion deta i ls .  The remaining task consists i n  
implementing such abstmct atgoz.itlmis i n  terms o f  appropriate representations supported 
a t  the machine leve l .  

Previcus investigations [BAR 77, LON 771 i n  construct ing concrete implementations 
o f  abstract algorithms have revealed that  the problem p r ima r i l y  i s  h m  t o  represent and 
u t i l i z e  programning knowledge. However, the "abstract" structures considered by PECOS 
[BAR 771 (and even more i n  [LON 771) are substmtialty more "concrete" than algebraic 
ADT-specifications. ADT-specifications only provide f unc t i ona l i t i e s  of operations and 
equational axioms on which design decisions can be based on. 

We present the system ADTCWP which constructs LISP-implementations from algebraic 
ADT-specifications. Programing knowledge i s  cod i f ied i n  terms of production rules, 
contained i n  f ive  d i f f e ren t  production bases. ADTCOMP constructs LISP-code by successive- 
l y  working through seven phases, each o f  which incorporates special ized programing 
koowledge and re f ines intermediate construct ions obtained from the previous phase. 
AOTCOITP accepts spec i f ica t ions wi th  condit ional axioms and hidden operations (see e.9. 
[ADT 791). but  not ye t  parameterized spec i f ica t ions.  So far. ADTCMP has successful ly 
implemented at t  ADT-specifications we could get  hold o f  (about 70). The f i v e  production 
bases contain sane 120 rules. There i s  an add i t iona l  system of meta-rules for  meta- 
reasoning and constraining search. ADTCCUP uses well-establ ished AI-techniques such as 
agendas and dependency-directed backtracking. 

I t  turned ou t  that  the choice of LISP as target  language was not essential.  Although 
t h i s  w i l l  not become c lear  from t h i s  paper, we could have eas i ly  changed our ru les  t o  
generate implementations i n  terms of  SIYULA-classes(say; i n  fact,  such a redesign making 
ADTCOMP mul t i l ingual  i s  cur rent ly  under way). 

This paper i s  aimed a t  introducing the basic machinery by which ADTCDttP works, a t  a 
leve l  of de ta i l  that  al lows t o  reconstruct how simple and f am i l i a r  data types are 
implemented. Section 2 gives a rough survey on ADTCLWP i l l u s t r a t e d  by a deta i led walk 
through the implementation o f  a simple data type. Section 3 reviews decision rraking 
and coding i l l u s t r a t e d  by a var ie ty  o f  simple, but non - t r i v i a l  examples. 

ADTCDIP i s  implemented i n  INTERLISP without using features not being standard i n  
LISP-systems (ADTCWP even runs on LISP-F3 INOR 791). The system as well  as a deta i led 
reference manual i s  ava i lab le  from the t h i r d  author. 



2. A Survey of t he  ADT-Cmpiler 

This  sect ion introduces the most important mechanisms of ADTCGMP. To show how the 
system works, t h i s  overview i s  i l l u s t r a t e d  by a p a r t i c u l a r l y  simple and fam i l i a r  example, 
the unbounded stack abstraction. 

2.1. Input  Specif ications and System Structure 
2.1.1. Input Specificat-. The inpu t  t o  ADTfDMP i s  an algebmic type s p e c i f i ~ ? t i o n  
(S,r,E) which consis ts  o f  - a signatme (S.1) containing so r t s  and operations w i t h  

t h e i r  funct ional  i t i e s .  
- a se t  E o f  eauatwM2 ariams descr ib ing the ef fect  of opera- 

t ioris. 
Completeness and consistency checks are no t  y e t  included i n  ADTCOMP. 

2.1.2. EmnpZe. We consider the spec i f i ca t i on  f o r  unbounded stacks: 

DATATYPE : STACK D: 0, X m e  sorts  for STACK- rmd cormonent-objects 
COMPONENTSORT: X; 
OPERATIONS : PUSH: U X * D; 

POP : D + 0; these m e  the operations and the i r  ~ t & m a Z i t i e s .  

AXIOMS: [ A l l  (POP DO) = UNDEF; 
[A21 (TOP 00) = UNDEF; 
IA31 (POP lPUSHD2 X2)) = D2: 
[ ~ 4 j  (TOP ( P U S H D ~  MI) = X2 ; 

So fa r ,  ADTCOMP i s  r e s t r i c t e d  t o  speci f icat ions o f  data types D s.t. a l l  D-objects can 
be i nduc t i ve l y  generated from a basic  0-object 00, which i s  the empty stack i n  our 
example. For a l l  sor ts ,  UNDEF i s  the e r r o r  element o f  the respect ive s o r t .  

2.1.3. System structure. Upon encountering an i npu t  i ns t ruc t i on ,  ADTCOMP works through 
seven phases t h a t  successively construct  a LISP-implementation o f  the data type. Except 
f o r  the f i r s t  and l a s t  one, each phase incorporates specia l ized programing knowledge 
and ref ines the i n t e n e d i a t e  construct ions obtained from the previous phase. 
These seven phases are: 

(1) InitiaZization (I-)  Phase. The I-phase converts the input s p e c i f i c a t i a  i n t o  a LISP- 
representation. 

( 2 )  h m c t i a a Z i t y  I-) Phase. The -phase considers the signature o f  the i npu t  speci f i -  
ca t i on  only. Conclusions from the operations' f unc t i ona l i t i es  are drawn, and the 
s t ruc tu re  of LISP-functions implementing these operations i s  established. 

f j )  azin I=-) Phase. The =-phase considers the a z i m s  o f  the i npu t  spec i f i ca t i on  only. 
and makes inferences from observations on the axioms. 
After the =-phase, t he  i npu t  spec i f i ca t i on  i s  no longer considered. 

( 4 )  Representct ia IR-) Phase. The R-phase combines conclusions of t he  previous phases 
t o  determine the data s t ruc tu re  i n  which D-objects are represented. 

(5 )  CompiZe (C-) Phase. Using a l l  information obtained so far, t he  C-phase constructs 
actual  LISP-code t o  make opt imizat ions and improvements. 

( 6 )  CZemtup Phase. The Cleanup-phase re f i nes  and/or rearranges the LISP-code obtained 
from the C-phase t o  make opt imizat ions and improvements. 

(7) LISP-Phase. The LISP-phase constructs the f i n a l  LISP-code. As LISP does not  Support 
a module-construct such as SIMULA-class o r  ALPHARO-form, a corresponding 
mechanism i s  b u i l t  up i n  the LISP-phase. 

Phases (2)-(6), which ac tua l l y  apply programning knowledge, are production systems. 
Appl icat ions o f  production ru les  i s  con t ro l l ed  by meta-rules and a t t e n t i o n  focussing. 
These mechanisms; dependency-directed backtracking, and pa t te rn  matching are not  
discussed i n  t h i s  paper. 

2.2. A Walk Through the Automatic Implementation o f  an Abstract Data Type Speci f icat ion 

To expla in how AOTCOMP works, we present a walk through the implementation of the 
STACK-specification 2.1.2. 

2.2.1. In i t i c lZ i za t ia  ( I - )  Phase. The input  spec i f i ca t i on  i s  converted i n t o  an i n te rna l  
LISP-representation, and the LISP-atoms 0, X, PUSH, POP, TOP are associated w i t h  the 
fo l lowing proper t ies:  

0 NAME STACK nme-pmperty o f  D has uatue STACK. 
X COMPSORT the COMPSDRT-property of X has uatue TRUE (omitted). 



{ ]  ;kese opemzima are t o  be IlfiPLUbxted, 
TOP OP (IyPLEN) -.e. they m e  r& hiddm apemtions. 

2.2.2. F w z t i m Z i t y  (-I Phase. - ru les check func t i ona l i t i es  of operations t o  make 
useful observations. I n  our case, t he  three ru les  41, 42R, 4 8  apply: 

41. 4P1 :  0 <1 *Y> . .. - 0, <1 *Y NOTEQUAL D> 
=>4P1  CONTINUABLE SINGLE I 

if 4 P l  maps a 0-object and possib ly  a *Y-object t o  a 0-object mtd r Y  i s  not D 
then 4 P 1  i s  a s ing l y  continuable operation 

Note. (1)  An operation op i s  n-foid continwrbte i f f  op constructs from n 0-objects 
another 0-object. 

(2) The f i r s t  clause of the above r u l e  i s  matched against  the#OPERATIONS-part of 
t he  speci f icat ion.  pref ixes match-variables. I n  ' < I  *Y7  , 1 i s  a LISP-atom 
bound t o  TRUE iff *Y i s  matched t o  something. 1 serves as a condi t ion f o r  the 
t e s t  ' c l  *Y NOTEQUAL D?' which i s  evaluated only  if 1 i s  bound .to TRUE. 
We c a l l  such a t e s t  a condi t ioned test .  

4 l :Resu l t .  PUSH CONTINUABLE SINGLE 
POP CONTINUABLE SINGLE 

+LA. W p l :  D ... + X =, tOPl READS 

if 4 P l  maps 0-objects and possib ly  more arguments t o  component s o r t  X 
then *OPl reads some contents from 0-objects. 

4 2 A  only f i r e s  f o r  operation TOP which resu l t s  i n  

[ 4 2 A : ~ e s u l t .  TOP READS I 
The t h i r d  appl icable r u l e  sets up the s t ructure o f  the LISP-functions tha t  w i l l  
implement the operations: 

4 8 .  *OPl OP IWPLEM, 
NOT 4 P l  CONTINUABLE DOUBLE, 
LET *LIST BE LIST, 
c l  cNA !!EMORY 1,. 
'2 iNB !!EMORY 2>, 
LET 3 BE NOT 1, 4 BE NOT 2. 
<7 4 P 1  CONTINUABLE,, 
4 4 P l  SETS,, 
+OPl:<D><5 *NA> <6 *NB> *LIST + 

=> *OPl FUNCT then tern;*LIST i: the l i s t  of a l l  sor ts  fo l low- 

Q.O<l *NAx2 t N B x 3 ~ 5  +NAs,<4<6 tNB>, *LIST. ing the 3rd argument 
FORV < lc7  S>> <8 5, <3c7 D>>, t h i s  i s  the s t ruc tu re  of the LISP-function 

4 P l  PARAYS <1 *NAx2 *NB, I implementing tOP1, entered under property 
<3<5 *NA>>,<4<6 *NB>> *LIST) FUNCT o f  tOP1, 

the property PARAYS of *OPl records a l l  I parameters except for the f i r s t  ( f o r  O-ob- 
j ec ts ) ;  the PARAMS-property i s  used i n  recurs ive c a l l s .  

POP FUNCT ((LAMBDA (0)  FORM 0)) 
POP PARAMS 
TOP FUNCT ((LAVBDA (D) FORM)) 

2.2.3. Ariom I=-) Phase. =-rules analyse the a x i m s  of the spec i f i ca t i on .  

-01. *OPl READS TRUE, I ( 4 P 1  (*OP2 ... X2 ...)...) = X2 <1 I F  *CONO>/ 
=>4P1  READS 4 I F  *COND>, 4 P 2  WRITES ELEM, rE DENOTES 4 P Z  

if *OP1 i s  a read-operation ex t rac t i ng  in format ion from a term as described by 
the axiom-pattern i n  slashes (poss ib ly  q u a l i f i e d  by a condi t ion *COND) 

then tOPl i s  a read-operation (poss ib ly  under -CONO), and 4 P 2  i s  the elementary 
construct ion operator for  D-objects which i s  s igna l l ed  by permanently bin- 
d ing the pseudo-variable *E t o  the value of *OP2. 

if 4 P 1  i s  t o  be implemented, and 
*0P1 i s  not  doubly continuable, m' 
the var iab le *LIST i s  declared to  be bound 

t o  l i s t  structures, mtd 
(these condi t ions don ' t  apply here), rmd 
3.4 are bound t o  iRUE (as 1.2 are NIL),& 
7 i s  TRUE i f  *OP1 i s  continuable, & 
(doesn't apply here, i .e .  8 i s  NIL), mrd 
the func t i ona l i t y  of *OPl matches t h i s  pat- 

t 
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=03. LET *EXPR BE EXPR, f(iOP1 +EXPR ...) = UNOEF <1 I F  .COND>/, 
<2 *EXPR EflUAL 00, 

=> iOP1 UNDEF I F  <l<P(AND>> G(EQ D D0)s <1 KOND, <1 2)>,. 

mto. Inc lud ing an axiom i n  slashes r e s u l t s  i n  omi t t ing  the respective axiom from any 
fur ther  considerat ion a f t e r  the respective r u l e  has been appl ied successful ly.  The 
conditioned t e s t  <1 I F  rCOND, i s  checked i n  the consequence-part o f  the r u l e i f  the  
t e s t  has been estrrbtisked i n  the precondition, i.e. the  axiom which matches I s  a 
condit ional axiom. 

=01 appl ies t o  the  axiom A4 (TOP (PUSH D2 X2)) = X2, and r e s u l t s  in :  

I i f  iOP1 appl ied t o  some expression *EXPR y i e l d s  UNDEFined, possibly under 
condit ions (a) rCOND, and (b) *EXPR can be shown t o  be EQUAL D0 

then applying *OP1 returns UNDEFined under the condit ions establ ished i n  the precon 
d i t i o n  of t h i s  ru le .  The axiom involved i n  a successful app l ica t ion  of the ru1 

=Ol:Resul t. TOP READS 

- - -  -- -- 

Note. A meta-rule makes sure t h i s  r u l e  i s  neverJgpplied when ne i ther  cond i t ion  (a) nor 
(b) holds. 

-03 appl ies t o  the axioms [ A l l  andIA21, (POP OB)=UNDEF and (TOP DO) = UNDEF: 

=03:Result. POP UNDEF I F  (EQ D 00) 
TOP UNDEF I F  (EQ D DO) 
axioms [ A l l  and iA21 are deleted 

I 

TOP reads +m D-objects. 

I = 0 6 ~ .  *OP1 CONTINUABLE, *E CONTINUABLE SINGLE, NOT *OPl WRITES, 
(*OPl (*E . . . 02 . . .) . ..) = <l(rOPl>. . .D2<1.. . )>  <2 I F  4OND> 

=> *OPl DELETES <2 I F  .COND, 

i f  *OP1 i s  a continuable operat ion ex t rac t ing  a D-object from an ob jec t  b u i l t  uo 
by the elementary construct ion operat ion E, possibly under cond i t ion  *COND 

then 4 P l  i s  a de le t ion  ooerat ion whenever tCOND holds ( i f  *COND i s  establ ished). 

=06C appl ies only t o  axiom LR31 (POP (PUSH 02 X2)) = 02: 

WSH KTIES (ELW) PUSH -te> e Z m t m y  objeds into D-objecfs lo 

[ = 0 6 ~ : ~ e s u l t .  POP DELETES 1 

*E DENOTES PUSH 

2.2.4. ifepresentation (R-j Phase. There i s  a wealth o f  conclusions which can be drawn 
from the resu l ts  of the previous phases. F i r s t ,  r u l e  R01 decides to  implement data types 
as l i s t s  i f  t h e i r  elements are constructed by a s ing ly  continuable construct ion operatior 

R01. *E CONTINUABLE SINGLE => 0 LIST 

RO1:Result. D LIST 

For operations which uncond i t iona l ly  read or  delete, r u l e  R04 concludes t h a t  t h e i r  act ior 
affects the  l a s t  [NEWEST) element of t h e i r  argument which had been added by the elemen- 
t a r y  construct ion operation: 

R04. LET *ACTION BE !READS DELETES!, ! . . . ! mazoses aZtemtives (ORingl 
*OPl *ACTION 

=> *OP1 *ACTION NEWEST 

c a s t m c t  new D-objects. 
*E i s  a &Ze M to PUSH. 

i f  4 P 1  READS (DELETES) uncond i t iona l ly  
then READing (OELETing) of +OP1 affects the NEWEST element i n  i t s  argument 

R04 appl ies t o  operations POP and TOP: 

R04:Result. POP DELETES (NEWEST) 
TOP READS (NEWEST) 

There i s  another r u l e  t o  detect the OLDEST element i n  a D-object as affected by some 
operation. 

Although R01 has decided t h a t  stacks should be implemented as l i s t s ,  i t  i s  s t i l l  
open what p a r t i w l a r  k ind  c f  l i s t  z t ruc ture  -such as s ing ly  o r  4cubl:/ l i n k e d  l i s t s -  
should be chosen. E.g., the doubly l inked l i s t  s t ruc ture  i s  selected when reading i s  



done a t  one end, and a counting operat ion recurs ive ly  works through the l i s t  from the 
other end. To prepare t h i s  decision, we have t o  f i n d  out  about whether operations work 
a t  the f r o n t  rera. back end. .. . -  . --r -- - 

R11A. D LIST, NOT D DIRECTE3.4Pl OP IYPLErl, 
LET *PLACE BE !NEWEST OLDEST! OP1 DELETES PLACE4 I F  +COIID> 

=> D DIRECTED, 4 P 1  DELETES FROM <1 I F  +COND> - -~ - ~ 

if D i s  t o  be implemented as a l i s t ,  bu t  no d i r e c t i o n  has been establ ished yet.  
and 4 P l  i s  an operat ion t o  be implemented. 
and 4 P l  deletes the NEWEST (resp. OLDEST) elements from 0-objects, 

possibly under some cond i t ion  &OND 
then 4 P l  deletes a t  the f ront  end of D-objects under cond i t ion  &OND ( i f  estab- 

l ished), and the l i s t s  representing D-objects are d i rec ted now. 

R l lA  appl ies t o  POP: 

R13A:Resul t. PUSH WRITES (FRONT) 
POP: NEWEST-value o f  property DELETES i s  erased 

R15A. LET *ACTION BE !READS DELETES!, KIP1 *ACTION /NEWEST/, i E  WRITES FRONT 
rOPl *ACTION FRONT 

if 4 P l  READS (resp. DELETES) the NEWEST D-elment, 
and the elementary construct ion operat ion wr i tes  i n  the  FRONT-position 

then +OP1 READS (resp. DELETES) i n  the FRONT-position, and the NEWEST-value 
of property READS (DELETES) o f  4 P l  i s  removed. 

R1SA:Resul t. TOP READS (FRONT) 
TOP: NEWEST-value of property READS erased 

We have now co l lec ted a l l  infonnation which makes the next r u l e  choose the s inu lv  l inked 

R11A:Result. D DIRECTED, POP DELETES (FRONT) J 
Bemmk. After having appl ied Rl lA  t o  some operation, t h i s  r u l e  i s  no longer appl icable 
fo r  any other operation, as 0 i s  tagged DIRECTED now. This i s  important because 
operations may work on opposite ends s . t .  choosing one operat ion t o  work a t  the f ront  
end impl ies the other operat ion works a t  the back end. 

With r u l e  Rl lA, we have now establ ished what i s  taken t o  be the f r o n t  resp. back end 
of l i s t s  representing D-objects w.r.t. operat ion POP. The next two ru les  determine a t  
which end the other operations work. 

- .  
l i s t  s t ruc ture  t o  represent D-objects: 

RZ1. 0 LIST, EXISTS NO rOP: 4 P  DELETES BACK AND *OP OP I:tPLEM, 
EXISTS NO 4 P :  *OP COUNTS BACK AND 4 P  OP IMPLEM 

=> n I KT 21 

, 

if D-objects are represented as l i s t s ,  and there i s  no operat ion t o  be implenen- 
ted which deletes o r  counts a t  the back end o f  l i s t s  

then D-objects are  represented as s i n g l y  l inked l i s t s .  
Note. The value IMPLM o f  property OP o f  rOP ru les  out  t h a t  +OP i s  a 

hiddon operation. 

R21:Result. D LIST SL 

R13A. D LIST. N P 1  DELETES FRONT, 4 P l  DELETES /NEWEST/ 
=, *E WRITES FRONT 

if the data type i s  relresented by l i s t s ,  and +OP1 DELETES the NEWEST element 
of D-objects, and the NEWEST element i s  i n  the FRONT pos i t ion  of the l i s t  

then the elementary construct ion operat ion *E WRITES i n t o  the FRONT pos i t ion ,  and 
the NEWEST-value under property DELETES o f  4 P l  i s  deleted. 

F ina l ly ,  R29 establ ishes the LISP-representation of the  basic O-object D0(empty stack): 

R29. D LIST SL 
=> D0 FUNCT (NLMBDA (FRONT) (SETQ FRONT (CONS)) (RPLACA FROM FRONT)) 

if D-objects are  represented as s i n g l y  l inked l i s t s  
then imo lemnt  the basic O-element 00 bv thp ahove LISP-ftlnctinn. 



R29:Result. DO FUNCT (NLALtBDA (FRONT) (SETQ FRONT (CONS)) (RPLACA FRONT FROtiT)) 

2.2.5. CompiZe IC-) Phase. C-ru les  work on t h e  FUNCT-property o f  o p e r a t i o n  names which i. 
a p a t t e r n  o f  t h e  L ISP- funct ion  t o  implement t h e  r e s p e c t i v e  opera t ion .  A l l  s t r i n g s  i n  
such a FUNCT-pattern t h a t  a r e  n o t  LISP-atoms a r e  regarded as keywords t o  be ~zpmded t o  
LISP-code b y  C-rules. C-rules work frm f r o n t  t o  back ends o f  FUNCT-patterns. A C-ru le  
inspects  t h e  n e x t  keyword a f t e r  t h e  c u r r e n t  p o s i t i o n .  The 5 - s i o n  i n d i c a t e s  the c u r r e n t  
p o s i t i o n  p o i n t e r .  

F i r s t ,  we work on o p e r a t i o n  PUSH. 
1 

C01. D LIST, 
LET *ACTION BE !READS DELETES WRITES!, LET *POSITION BE !FRONT BACK!. 
tOPl  *ACTION *POSITION, 4 P 1  FUNCT: /FORM/ 

=> (COND UNDETERYINED ( T  *ACTION +POSITION)). 

if D i s  a l i s t ,  and *OPl does *ACTIONEREADS, DELETES, WRITES) a t  t h e  
*POSITION€{FRONT, BACK1 end 

then i n  t h e  FUNCT-pattern of rOP1, FORM i s  rep laced w i t h  
(COND UNDETERMINED (T ACTION POSITION)) 

Note. C-rules d i f f e r  frm a l l  p rev ious r u l e s  i n  t h a t  IFORMI o c c u r r i n g  i n  t h e  p r e c o n d i t i o l  
i s  rep laced w i t h  t h e  va lue o f  t h e  consequence o f  t h e  r u l e  (shorthand n o t a t i o n ) .  

I C0l:Result .  PUSH FUNCT ((LAMBDA (D X) g (COND UNDETERMINED (T WRITES FRONT)) D ) )  

The n e x t  keyword a f t e r  5 i s  UNDETERMINED; i t  i s  s imply  d e l e t e d  b y  r u l e  ClOB: 

ClOB. NOT *OPl UNOEF I F  tCOND, +OP1 FUNCT:/UNDETEPJlINED/ => . 
C1OB:Result. PUSH FUNCT ((LAMBDA (D X) (CON0 5 (T WRITES FRONT)) 0 ) )  1 

C15 generates LISP-code from t h e  observat ion  "WRITES FRONT": 

C15. D ~ I S T  SL, OP1:FUNCT:lWRITES FRONT/ 
=> (REPLACE FRONT (CONS X FRONT)) (AND (EQ (CAR URD) O)(RPLACA URD FRONT)) 

C1S:Result. PUSH FUNCT 
((LAMBDA (D X) (COND (T (REPLACE FRONT (CONS X-FRONT)) 

(AND (EQ (CAR URD) D)(RPLACA URD FRONT)))) D ) )  

The n e x t  two k e w ~ o r d s  a r e  b o t h  FRONT and a r e  b o t h  expanded b y  r u l e  C33: 

I C33. *OPl FUNCT:/FRONT/ => (CDR 0 ) .  1 
((LAMBDA (0  X) (COND (T (REPLACE (COR D) (CONS X 5 (CDR 0 ) ) )  

(AND (EQ (CAR URO) D)(RPLACA URD FRONT)))) 0 ) )  

We omi t  t h e  r u l e s  f o r  f u r t h e r  exoansions and show t h e  f i n a l  r e s u l t  of c m o i l i n c  PUSH: 

C:Result(PUSH). PUSH FUNCT 
((LAMBDA (D X )  (COND (T (REPLACE (COR D)(CONS X (COR 0 ) ) )  

(AND (EQ (CAR URD) D)(RPLACA URD (CDR 0 ) ) ) ) )  D ) )  

Next, we t u r n  t o  o p e r a t i o n  POP. Ru le  COl(above) y i e l d s  

I CO1:Result. POP FUNCT ((LAMBDA ( 0 )  5 (COND UNDETERMINED (T DELETES FRONT)) D ) )  

Cont rary  t o  PUSH, POP i s  sometimes UNDEFined, so r u l e  ClOB does n o t  app ly .  Ins tead,  
r n R  f ir .<.  

C08. *OPl /UNDEFINED I F  *COND/, ~1 *OPl WRITES,, *OP1 FUNCT:/UNDEFINEO/ 
=, (<ON0 (RETURN (QUOTE UNOEF))) c l  UNDETERHINED>. 

r n R . R e ~ t 1 1  t PnP FIINTT - - - . . . - - - . - . . - . . - . . - . 
((LAMBDA ( 0 )  (CON0 5 ((EQ 0 DO)(RETURN (QUOTE UNDEF))) 

(T DELETES FRONT)) D ) )  

Our next  r u l e  r e f i n e s  t h e  t e s t  IEO D 00). i .e .  " i s  0 t h e  emtov stack?": . .  . .  
C08B. LET *ACTION BE !READS DELETES WRITES!, NOT *OPl +ACTION REFERSTO *N, 

NOT *OPl COUNTS BACK I F  ..., *OP1 FUNCT:/(EQ D DO)/ 
=> (NULL FRONT) 

COPE rep laces t h e  t e s t  (EQ C 00) w i t h  (NULL FRONT): 

CO8B:Result. POP FUNCT ((LAMBDA ( 0 )  (COND(g (NULL FRONT)(RETUf!N(QUOTE UNOEF))) 
(T DELETES FRONT)) 0 ) )  



Rule C23 expand$ DELETES FRONT i n t o  LISP-code: 

C23. D LIST SL, 4 P l  FUNCT:/DELETES FRONT/ 
=> (AND (EO (CAR URD) FRONT) (RPLACA URD 0))  (REPLACE FRONT (CDR FRONT)). 1 

Omitt ing several fur ther  steps, the C-phase f i n a l l y  produces the fol lowing code for  POP: 

C:Result(POP). POP FUNCT 
((Laueon (0) ( c o ~ o  ((NULL (CDR D) )(RETURN (QUOTE UNDEF))) 

(T (AN0 (EQ (CAR URO) (COR 0)) (RPLACA URO 9)) 
(REPLACE (CDR 0) (CDR (CDR 0 ) ) ) ) )  D ) )  

I 1 
To implement TOP, we need two addi t ional  rules: 

C13. LET *POSITION BE !FRONT BACK!, 4 P 1  FUNCl:fREADS *POSITION/ 
=> (COMPONENT *POSITION). 1 

C36. D LIST SL, 4 P l  FUNCT:/COMPONERT/ => CAR. 1 
I n  our example, these two ru les  determine tha t  TOP reads the CAR-position o f . l i s t s .  
Again w i t t i n g  fu r the r  steps, the C-phase f i n a l l y  implements TOP i n  t h i s  way: 

C:Result(TOP). TOP FUNCT 
((LAMBDA (0) (CON0 ((NULL (CDR 0 ) )  (RETURN (QUOTE UNDEF))) I 

2.2.6. Ctemnrp Phase.The Cleanup phase again works through the FUNCT-property o f  
operation names, and makes optimizations and f i n a l  expansions. I n  our example, the 
fol lowing ru les  apply: 

CLEAN04. LET *VARl 8E LIST, 4 P 1  FUNCT:/(COND !T *VARl))/ => *VARl. 
rmy COND-fonn hoving only a T - b ~ m c h  1.8 replaced with the T-brunch. 

The fo l lowing ru les replace REPLACE applied t o  a CAR- resp. CDR-form w i th  RPLACA resp. 
RPLACD: 

CLEANOI. LET *VAR BE EXPR, 4 P l  FUNCT:/REPLACE (CAR *VAR)/ => RPLACA *VAR. 1 
CLEANOP. LET WAR BE EXPR, 4 P l  FUNCT:/REPLACE (CDR *VAR)/ => RPLACD *VAR. I 

2.2.7. LISP  Phase. Simulating a CLASS-construct i n  LISP, the LISP-phase returns the 
fol lowing LISP-code: 

(PRINT 'STACK) 
<DEFINEO 
<STACK 
<NLAMBDA (OP DLIST) (SETQ DLIST (EVLIS DLIST)) 

(PROG ((URD (CAR DLIST))) 
(RETURN (NEVALA (APPLY (EVAL OP) DLIST STACK>> 

Z S E T ~ C  STACK 
(<TOP LAMBDA (D) 

(COND ((NULL (CDR 0))  (RETURN 'UNDEF)) (T (CAR (CDR D> 

(POP LAMBDA (0) 
cCOND ((BULL (COP 0 ) )  (RETURN 'UNDEF)) 

(T ( W J  (E? (CAR UnO) [COR a))  (RPLACP URD 0))  
(RPLACD 0 (COP (CDQ D> 0) 

(PUSH LAMBDA (D X) 
(RPLACD D (CONS X (CDR 0))) 
(AND (EQ (CAR URD) 0) (RPLACA URD (CDR 0 ) ) )  0) 

(00 NLAMBDA (FRONT) (SETQ FRONT (CONS)) (RPLACA FRONT FRONT, 

As an example, the empty stack i s  generated by 
(SET0 S (STACK 001). 

~~~Hin i - i 7 'on t ; - the  e m i i i  stack S i s  done by 
(STACK PUSH S 17). and (STACK PUSH S 25) PUSHes 25 onto S so tha t  we obta in 

fra (STACK TOP S) the value 25, and (STACK POP S), (STACK TOP S) y ie lds  17. 
Popping S twice, i .e. doing (STACK POP S), (STACK POP S) y ie lds  UNDEF. 



3. L i s t  and Tree Representations o f  Abstract Data Types 

ADTCMP implements ADT-specifications i n  terns of a va r ie ty  of given data st ructures 
This section b r i e f l y  reviews decision making and coding f o r  three simple structures: 
(3.1) doubly-linked l i s t s ,  (3.2) association l i s t s ,  and (3.3) binary trees. 

3.1. DoubZy-Lirked L is ts .  After the R-phase has established tha t  objects of the data 
type D are t o  be represented as l i s t s  ( i .e. 'D LIST (TRUE)'), one o r  both of the ru les  
R19A.B may apply: 

1 ~ 1 9 ~  D LIST TRUE, OP INPLEH, 4~1  DELETES BACK => D LIST DL i 
R19B D LIST TRUE, 4 P l  OP IMPLM, 4 P 1  COUNTS BACK I F  . . . => D LIST DL 

if D-objects are t o  be represented as l i s t s ,  and there i s  an operation 4 P l  to be 
implemented which deletes (counts) a t  the back end 

then D-objects are t o  be represented as doubly-linked l i s t s .  

R27 establishes the LISP-implementation of doubly-linked l i s t s  by generating code fo r  th '  
basic D-obiect 00: 

RZ7 D LIST OL 
=, 00 FUNCT (NLAI4BDA (FRONT) (SETQ FRONT (CONS (CONS))) 

(RPLACA (CAR FRONT) FRONT) FRONT). 

The fol lowing C-rules compile LISP-code f o r  various kinds of operations: 

C36 D LIST DL, 4 P 1  FUNCT:/BACK/ => (CAR (CAR 0)) .  
the BACK-end is reached by CAAR. 

C37 LET *REPKIND BE !DL ASSOC!, D LIST +REPKIND ..., 
LET *LIST BE LIST, *OP1 FUNCT:/COMPONENT +LIST/ 

=> (CDR (CAR *LIST)). 
theFRONT-element i s  obtained by upplying CDAR. 

The fo l lowing four  ru les generate code (up t o  fu r the r  refinements) for  operations w r i t -  
ina (de le t i  nal a t  the FRONT-/BP.CK-oosition: - .  -, 

C16 D LIST DL, rOPl FUNCT:/URITES. FRONT/ 
=> (REPLACE FRONT (CONS (CONS D X) FRONT)) 

(COND ((NULL (CDR FRONT)) (RPLACA (CAR URD) FRONT)) 
1T (RPLACA (CADR FRONT) FRONT))). 

C19 D LIST DL, 4 P l  FUNCT:/URITES BACK/ 
=> (REPLACE BACK (CDR (RPLACD BACK (CONS (CONS BACK X)(CDR BACK))))). 

C24 D LIST DL. 4 P l  FUNCT:/OELETES FRONT/ 
=> (COND ((NULL (CDR FRONT))(RPLACA (CAR URD) 0)) (T (RPLACA (CADR FRONT) D))) 

(REPLACE FRONT (COX FRONT)). 

C26 D LIST DL, 4 P l  FUNCT:/DELETES BACK/ 
=> (REPLACE BACK (CAAR BACK)) (COND ((EQ URD D) (REPLACD BACK)) 

(T (RPLACD BACK 0 ) ) ) .  

Compile-rule C03 constructs a schema fo r  implementing operations tha t  count recurs ively  
from the back end: 

C03 D LIST DL. LET +ACTION BE !READS DELETES WRITES!.LET +POSITION BE !FRONT BACK! 
LET MODE !NONE OVER!, NOT 4 P 1  +ACTION *POSITION, NOT 4 P l  *ACTION REFTO tN, 
4 P 1  COUNTS BACK I F  40ND3. e l  4 P I  *ACTION MODE I F  4OND2, . 
4ONDl IYPLIES (NOT rCOND2) <1 *CON02 IMPLIES (NOT 4OND3)>, 4 P 1  FUNCT:/FORM 

=> (COND UNDETERqINED (4ONDl &TION BACK) e l  (+CON02 +ACTION +MODE BACK), 
(T (APPLY* 4 P l  BACK PARPHS))). 

EmnpZe: Two-way l i s t .  An algebraic spec i f i ca t ion  o f  a two-way l i s t  i s :  
DATANPE: ~WO~<AYLIST D: COMPONENTSORT X: OTHER SORTS: A = NAT:fNAT-wt'l mmbersl 
OPERATIONS: ADDI: D x +.D, ADDP: D x + D; REMOVEI: D + D, REMOVEP: D + D, 

READ1: D A + X, READZ: D A + X; 
AXIOMS: (ADD1 00 x )  = (ADD2 D0 X) ,  (REMOVE1 00) = UNDEF, (RMOVE2 00) = UNDEF, 

(ADD1 (ADD2 02 X2) X) = (ADD2 (ADD1 02 Xl X2l. 
(REYOVEI (ADD2 02 x i ) )  02 1 i  (EQ 02 00) '. 

= (ADD2 (REMOVE1 02) X2) I F  (NOT (EQ D2 OD)), 
(RE(OVE2 (ADD2 D2 XZ)) = 02, (READ1 D0 A) = UNDEF, (READ2 D0 A) = UNDEF, 



(READ1 (ADD2 02 X2) A) = X2 I F  (AWD (EQ 02 00) (EQ A 1)) .  
= (READ1 02 A) I F  (AND (NOT (EQ 02 OB))(EQ A 1)). 
= (READ1 (REWIVE1 (ADD2 02 X2))(SUBl XlF(NOT(EQ A 1 ) )  

(READ2 (ADD2 02 X2) A) = X2 I F  (EQ A 1). 
= (READ2 02 (SUB1 A)) I F  (NOT (EQ A 1)); 

This speci f icat ion i s  compiled t o  the fo l l cw inq  LISP-cede: 
cDEFINEQ <THOWAYLIST 
<NWBDA (OP DLIST) (SETQ DLIST (EVLIS DLIST)) 

(PROG ((UP.0 (CAR DLIST))) 
(RETURN (NEVALA (APPLY OP) DLIST) THOHAYLIST>> 

* - -  - 
(COND ({EQ {CAR (CAR 0))  URD) (RETURN 'UROEF)) 

<(EQ A 1) (CDR (CAR (CAR (CAR 0, 
(T (APPLY+ REPDl (CAR (CAR 0))  SUB1 As 

<READZ UIMBDA (0 A) 
(CON0 ((NULL (COR 0 ) )  (RETURN 'UNDEF)) 

c(EQ A 1) (CDR (CAR (COR D> 
(T (APPLY* READ2 )CDR D)(SUBl A> , 8 ""on" ,m, (REMOVEc Lnrioun (u, 

<CON0 ((NULL (COR 0)) (RETURN 'UNDEF)) 
(T (CON0 ((NULL (CDR (CDR 0))) (RPLACA (CAR URD) 0)) 

(T (!?PLACA (CADR (CDR 0)) 0 ) ) )  
(RPLACD D (COR (CDR D> D) 

(REMOVE1 WBOA (D) 
(COND ((NULL (COR 0) )  (RENRN 'UNDEF)) 

(T <RPLACA (CAR 0) (CAAR (CAR (CAR O> 
(COND <(EQ URD 0) (RPLACD (CAR (CAR D> 

(T (RPLACD (CAR (CF.? 0))  0 ) ) )  0)) 0) 
(ADD1 LAMBDA (0 X) 

<RPLACA (CAR 0) (CDR (RPLACD (CAR (CAR 0)) 
(CONS (CONS (CAR (CAR 0))  X)(CDR (CAR(CAR O>D 0) 

(ADD2 LAMBDA (0 X) 
(RPLACD D (CONS (CONS D X) (CDR 0)))  
<CON0 ((NULL (CDR (CDR 0))) (RPLACA (CAR URD)(CDR 0)))  

(T (RPLACA (CADR (CDR 0))  (CDR D> D 0) 
(00 NLAMBDA (FRONT) (SETQ FRONT (CONS (CONS)))(RPLACA (CAR FR0NT)FRONT)FRONT))). 

3.2. Aesociation Lists. If cmponents of a data type D are accessed v i a  an index sor t ,  
then O-objects are represented as association l i s t s .  This decision i s  made by ru les o f  
the - and =-phase. As an example. we show how ADTCOMP implements the f l e x i b l e  record 
abstraction. 
EmmpZe: Flexrecord. I n  our specif ication, a predefined operation LEGAL? checks whether 
an object  of the cmponentsort X may be entered i n t o  a record under a pa r t i cu la r  index. 

DATATYPE: FLEXRECORD 0; COMPONENTSORT: X; OTHER SORTS: I = NAT. B = BOOL;' 
OPERATIONS: ASSIGN: D I X + 0, DROP: D I + D, READ: D I + X; 
GIVEN OPERATION: LEGAL?: I X + B; 
AXIMS: (READ 00 I )  = UNDEF. 

(READ (ASSIGN 02 I 2  X2) I )  = X2 I F  (EQ I 12) 
= (READ 02 I) I F  (NOT (EQ I 12)). 

(ASSIGN(ASS1GN 02 I 2  X2) I X) = (ASSIGN 02 I X) I F  (AND (EQ I IZ)(LEGAL? I X)). 
= UNDEF I F  (NOT (LEGAL? I X). 

(ASSIGN 00 I X) = UNDEF I F  (NOT (LEGAL? I X)). 
(DROP 00 I )  = UNDEF. 
(DROP (ASSIGN 02 I 2  X2) I )  = 02 I F  (EQ I 12). 

= (ASSIGN (DROP 02 I )  I 2  X2) I F  (NOT (EQ I 12)); 
This spec i f i ca t ion  i s  implemented by ADTCCMP i n  t h i s  way: 

dDEFINEQ <FLEXRECORD 
<NLAMBDA (OP DLIST) (SETQ DLIST (EVLIS DLIST)) 

(PROG ((URD (CAR DLIST))) 
(RETURN (NEVALA (APPLY (EVAL OP) DLIST) FLEXRECORD>> 



<SET99 FLEXRECOAD 
1 <READ LAYBDA 1D 1) 

(COND ( ( r m ~ i  (CDR D))  (RETURN 'UNDEF)) 
<(EQ I (CUR (CDR 0 ) ) )  (CDR (CAR (CDR D> 
(T (APPLY* READ lCDR D) I >  

( c o ~ o  ( [ H u i i  (CDR D ) )  (RETURN 'UNDEF)) 
<(EQ I (CAAR (CDR D))) (RPLACD D (CDR 
(T (APPLY* DROP (CDR D) I ) ) )  D) 

(ASSIGN LAMLIDA (D I X) 
(COND ((NOT (LEGqL? I X)) (RETURN 'UNDEF)) 

<(NULL (CDR 0 ) )  (RPLACD D (CONS (CONS 
((AND (EQ A (CAAR (COR D))) (LEGAL? I 

(RPLACD (CXR (CDR 0 ) )  X) D! 
( T  (APPLY* ASSIGN (CDR 0 )  I X)) )  D) 

(D0 NLlvlBDA NIL  (CONS),: 

3.3. Binmy Trees. An ACT-spec i f i ca t ion  i s  implemented i n  tenns of t r e e s  i f  ' there a r e  
n- fo ld  c o n t i n u a b l e  opera t ions  (see 2.2.2) w i t h  1122. We cons ider  n-2, i .e. b i n a r y  t r e e  
renresenta t ions .  

R- ru le  R30 generates code f o r  t h e  empty b i n a r y  t ree:  

R30. D BINTREE = DO FUNCT (NLAYBDA ( )  (CONS)). 

C04 s e t s  up t h e  s t r u c t u r e  of t ree-opera t ions  t o  be expanded subsequently: 

1 C04. D BINTREE. LET dCTION BE !READS DELETES WRITES!. I 
LET .NODE-BE !NONE ACROSS FROM!, < i  +OPI UNDEFINED IF +~i,, 
<2 4 P 1  *ACTION I F  *B23, c3 tOPl  *ACTION #ODE I F  +B3>, 
*OP1 CHOPS P1 I F  4 4 ,  *OPl CHOPS P2 I F  4 5 ,  
<1 <2 4 1  IMPLIES (NOT d 2 ) > s ,  <1 <3 *B3 IVPLIES (NOT *B3)>>, 
<l *El IMPLIES (NOT *B4)>, <1 *El IMPLIES (NOT *B5)>, 
<2 <3 4 2  1f.lPLIES (NOT *B3P>, <2 +B2 IMPLIES (NOT *B4)>, 
<2 *B2 IMPLIES (NOT iB5)>,  <3 *B3 IYPLIES (NOT *B4)s, ~3 *B3 IMPLIES (NOT *65b 
*B4 IMPLIES (NOT 4 5 ) .  *OP1 FUNCT:/FORM/ I 

" (COND <1 ( *E l  (RETURN (QUOTE UNDEF))), 
c2 (*B2 *ACTION FRONT), 
<3 (*B3 *ACTION #ODE FRONT), 

(*I34 (APPLY* 4 P l  (CAR FRONT) P A W S ) )  
(T lAPPLY* *OPl FRONT PARAPIS))). 

flote. Nodes i n  t r e e s  a r e  accessed v i a  pre f ix -c losed s t r i n g s .  An o p e r a t i o n  t h a t  
works through a t r e e "  proceeds from node t o  node by CHOPping off a c h a r a c t e r  from 

t h e  access-s t r ing .  Such an o p e r a t i o n  has t h e  p r o p e r t y  CHOPS. 

' (COND <1 ( *E l  (RETURN (QUOTE UNDEF))), I - c2 l r B 2  *ACTION FRONT), 
<3 i*B3 *ACTION ~ODE'FRONT)  > 

(*I34 (APPLY* 4 P l  (CAR FRONT) P A W S ) )  
(T lAPPLY* *OPl FRONT PARAPIS))). 

flote. Nodes i n  t r e e s  a r e  accessed v i a  pre f ix -c losed s t r i n g s .  An o p e r a t i o n  t h a t  
works through a t r e e "  proceeds from node t o  node by CHOPping off a c h a r a c t e r  from 

E;umqZe. As a n  example, we present  t h e  implementat ion o f  t h e  usual b i n a r y  t r e e  
c a t i o n  which c o n t a i n s  a doubly c o n t i n u a b l e  h idden opera t ion .  

DATATYPE: BINTREE D; COMPONENTSORT X; OTHER SORTS: A = STRING(NAT); 
OPERATIONS: INSERT: D A X + D, DELETE: D A + D, READ: D A-X; 
AUXOPERATION: CONS: D D X+D; 
AXlollS: (INSERT D0 A X) = (CONS 00 D0 X) I F  (EQ (FIRST A) I ) ,  

= UNDEF I F  (NOT (EQ (FIRST A) I ) ) ,  
(INSERT (CONS D l 2  022 X2) A X) 

= (CONS D l 2  022 X) I F  (EQ (FIRST A) L),  
= (CONS (INSERT D l 2  (REST A) X) 022 X2) I F  (EQ (FIRST A) I ) ,  
= (CONS D l 2  (INSERT 022 (REST A) X)  I F  (EQ (FIRST A) 2). 

(DELETE D0 P.J = UNDEF 
(DELETE '(CONS D l 2  0 2 2 ' ~ ~ )  A) = ' D I  I F  (EQ (FIRST A) 0),  

= (CONS (DELETE D l 2  (REST A)) 022 X2) 
I F  (EQ (FIRST A) l ) ,  

= (CONS 012 (DELETE 022 (REST A)) X2) 
I F  (EQ (FIRST A) 2). 

(READ D0 A) = UNDEF, 
(READ (CONS D l 2  022 X2) A) = X2 I F  (EQ (FIRST A) 0) 

= (READ D l 2  (REST A)) I F  (EQ (FIRST A) l ) ,  
= (READ 022 (REST A)) I F  (EQ (FIRST A) 2); 

Note. FIRST, REST a r e  s t r i n g  opera t ions .  

i f i -  



Fram t h i s  speci f icat ion,  ADTCW.P generates the fo l lowing LISP-code: 

<DEFIHEQ <BINTREE 
<NwlBDA (OP DLIST) (SETQ DLIST (EVLIS DLIST)) 

(PROG ((URD (CAR DLIST))) 
(RETURN (NEVALA (APPLY (EUAL OP) DLIST) BI?iTREE>> 

:SETQQ BINTREE 
(<READ LWBDA (0  A) 

(COND ((NULL (COB D)) (RETURN 'UNDEF)) 
<(EO (FIRST A) 0) (CAR (CAR (COR 0, 
((EQ (FIRST A) 1) (APPLY* READ (CAR (CDR 0 ) )  (REST A)) )  
I T  (APPLY* READ (CDR 0) (REST A> 

(COND ( { N U L ~  (CDR D) )  (RETURN 'UNDEF)) 
((EQ (FIRST A) 0) (RPLACD D)) 
((EQ (FIRST A) 1) (APPLY* DELETE (CAR (CDR 0))  ('?EST A) ) )  
'I "- "".ETE (CDR 0) (REST A) 0) 

(INSERT LAMBDA'(D A x) - - ~  

(COND ((AND (NULL ( 
<(AND (NULL I 

{ i~ i  {FIRST I 
(T (APPLY* Ib 

(00 NLa6DA NIL (CONS> 

:CDR D) )  (NOT (EQ (FIRST A)  0 ) ) )  (RETURN 'UNDEF)) 
'CDR 0 ) )  (EQ (FIRST A) 0 ) )  (RPLACO D (CONS (CONS X> 
il 0 )  (RPLACA (CAR (CDR D I I  XI DI 
i j  ij (APPLY* ~NSER?  (CA 
{SERT (CDR D) (REST A) X j  j j  v j  

4. F inal  Remarks and Conclusions 

4.1. Interactive System DeveZq,z~ant md Theory Porntion.  The development o f  ADTCOIlP has 
been evolutionary, d r i ven  by considering more and more examples, and feeding the program. 
ming knarledge necessary t o  implement the examples i n t o  the production bases. To support 
codi fy ing and incorporat ing programing knowledge, AOTCOYP has an extensive i n te rac t i ve  
user in ter face.  This i n te r face  helps a user t o  f i n d  out  why ADTCMP fa i l ed ,  coding new 
ru les and experimenting w i th  them, and f i n a l l y  changing meta-rules and the production 
contro l  u n i t  a f te r  i nse r t i ng  new ru les  i n t o  the production bases. The userinterface 
i s  extremely important f o r  upgrading the production bases: whenever a new po r t i on  of 
programing knowledge has been fed t o  ADTCMP, i t  i s  usual ly  i n  order t o  condense r u l e r  
i n t o  fewer and more general ru les.  BZe condewation ac tua l l v  contr ibutes t o  the 
formation of a theory of p-ng, and we expect such a theory t o  eventual ly  evolve 
f ran our invest igat ion.  

4.2. Accomplishments. Previous systems s t a r t  a t  a much more concrete l eve l  of data 
f t ructures such as sets, co l lect ions,  etc., and implement them a t  the somewhat more 
cqncrete" l eve l  of l i s t s ,  arrays, etc. ADTCoMP generates code from representation-free 

ananatizat ions o f  a l l  s t ructures previous systems could implement, and i n  add i t i on  
succeeded for  about 60 other axiomatizations. ADTCOHP generates c lusters of rout ines 
which may be mutual ly  recursive. Previous systems could not  introduce recursions. 

4 . 3 .  A u t m t i c  Programing hvimmnent. ADTCOMP i s  p a r t  o f  the automatic programning 
environment PEN cu r ren t l y  under development. I n  PEN, a user specif ies s t ructures i n  term: 
o f  equations about the behavior o f  data objects under operations intended t o  manipulate 
them. The system analyses such specif ications. and guides the  user t o  make them consistent 
and complete. The user then develops algorithms i n  terms o f  se l f -def ined o r  l i b r a r y -  
supplied data abstractions, obta in ing abstract  algorithms t o  be compiled i n t o  e f f i c i en t  
and machine-executable code by ADTCOMP. 

4.4. Current Wmk. ADTCOMP i s  cu r ren t l y  being extended i n  three d i rect ions:  
(1) Generating code i n  other  ta rge t  languages; (2) an extension t o  generate code from 
parameterized ADT-specifications; (3) compil ing abstract  algorithms. 
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ARSTRACT 

T h i s  paper. d e s c r i b e s  t h e  d e s i g n  ph i losophy  u n d e r l y i n g  a debug- 
g ing  a s s i s t a n t  which w i l l  he1 p n o v i c e  programmers debug a r b i -  
t r a r y  programs o f  t h e i r  cwn design.  The a s s i s t a n t  syn thes izes  
p l a n s  which a r e  s u i t a b l e  f o r  c a r r y i n g  out  a p a r t i c u l a r  s e t  o f  
i n t e n t i o n s .  The i n t e n t i o n s  may e i t h e r  b e  s p e c i f i e d  i n  advance 
( b y  us ) ,  o r  ob ta ined  f rom t h e  s tuden t  a t  debugging- t ine.  The 
p lans  a r e  represented i n  an a b s t r a c t  plan-language, and a r e  
compared aga ins t  a s i m i l a r  r e p r e s e n t a t i o n  o f  t h e  s t u d e n t ' s  own 
code i n  an a t tempt  t o  f i n d  anomalies. The system focusses 
m a i n l y  on t e l  e o l o q i c a l  bugs (unachieved i n t e n t i o n s ) ,  b u t  can 
a1 so he1 p t o  p i n p o i n t  t h e  source o f  more complex conceptual 
bugs, even though i t  cannot  reconmended s p e c i f i c  patches. 

1. INTRODUCTION AND OVERVIEM - 

Th is  paper d e s c r i b e s  rmrk c u r r e n t l y  i n  progress on  t h e  d e s i g n  and im- 
p lementa t ion  o f  a 'debugging a s s i s a n t '  f o r  psycholoqy s tuden ts  l e a r n i n g  
about a r t i f i c i a l  i n t e l l i g e n c e .  The approach i s  novel  i n  t h a t  i t  combines 
t h r e e  aspects o f  so f tware  des ign :  (a )  f r i e n d l y  user -a ids  o f  t h e  'do-what- 
I-mean' v a r i e t y  [Tei te lman,  1974; Wertz, 19781; (b)  e x p e r t  debugqers which 
know t h e  a l g o r i t h m  f o r  which t h e  s tuden t  i s  w r i t i n g  code [Ruth, 1974; Adan 
and Laurent ,  13771; ( c )  domain-independent program understanders which t r y  
t o  'make sense o f  programs on t h e  s t u d e n t ' s  own terms [ R i c h  and Shrobe, 
1978; Cukey, 19783. The debugging a s s i s t a n t  w i l l  be  descr ibed  i n  terms o f  
t h e  way we envisage i t  working, b u t  i t  has n o t  y e t  been implemented. 

Background 

A course on c o g n i t i v e  psychology a t  t h e  Open U n i v e r s i t y  (UK) r e q u i r e s  
each o f  i t s  400 s tuden ts  t o  do sone e lementary a r t i f i c i a l  i n t e l l i q e n c e  
programminq. The s tuden ts  a r e  g i v e n  access t o  a so f tware  environment 
c a l l e d  SOLO, which can be  thouqh t  o f  as a v a r i a n t  o f  LOGO, w i t h  a smal l  
number o f  p r i m i t i v e s  f o r  m a n i p u l a t i n g  semantic networks r a t h e r  t h a n  l i s t s .  
SOLO procedures work b y  s i d e - e f f e c t i n g  a d a t a  base o f  a s s e r t i o n s ,  which 
a l l  have t h e  form o f  a s s o c i a t i v e  t r i p l e s .  Thus, SOLO'S p r i m i t i v e s  
correspond t o  t h e  usual ASSERT, ERASE, and FETCH o f  a s s e r t i o n a l  da ta  base 
packages. As an i l l u s t r a t i o n ,  t h e  s imp le  SOLO proqram shown below, when 
invoked b y  t y p i n g  FRIENDTEST FRED, w i l l  a s s e r t  t h e  t r i p l e  (FRED ITFRIEND- 
LYllITH SAU) i f  and o n l y  i f  t h e  t r i p l e  (FRED ORIFIKSUITH SAM) i s  p resen t  i n  
t h e  d a t a  base. The v a r i a b l e  Y, below, would b e  bound t o  SR1 as a r e s u l t  
o f  t h e  pa t te rn -match  a t  s t e p  1: 



TO FRIENDTEST / X I  
1 CHECK 1x1---OR INKSWITH---> ? Y  

1A If present: NOTE 1x1---ISFRIENDLYU ITH---> *Y ; EXIT 
10 If absent: PRINT "I GIVE UP"; EXIT 

DONE 

Students are  presented w i th  a  handful o f  cogn i t i ve  model 1  ing  tasks t o  
chal lenge t h e i r  s k i l l s  as cogn i t i ve  sc ien t i s t s .  For instance, they  are 
asked t o  w r i t e  a  program t o  perform two-column subtract ion.  Since SOLO 
has numerical p r im i t i ves ,  t he  students must invent  a  representat ion f o r  
numbers i n  the  data base, invent  a l l  o f  the  p r i m i t i v e  operat ions f o r  work- 
i ng  w i t h  p a i r s  o f  numbers (e.g. f e t ch ing  the r e s u l t  o f  X rlIFlUS Y), and 
then t a c k l e  t he  problems o f  borrowing which a r i se  i n  multi-column subtrac- 
t i o n .  

Design philosophy 

SOLO i t s e l f  i s  a  re1 a t i v e l y  f r i e n d l y  environment f o r  beqinners, s ince 
it t raps  o r  pre-empts a  l a r g e  propor t ion  o f  l e x i c a l  and syntac t ic  er rors .  
Our philosophy i s  t h a t  students should spend t h e i r  t ime working only on 
' i n t e r e s t i n g '  e r ro rs  i n  t h e i r  programs. We foresee students e x p l i c i t l y  
request ing he lp  when they a rc  i n  t roub le .  Our debugging ass is tant  would' 
intervene, and i n t e r a c t  w i t h  t he  student. The purpose o f  the  i n t e r a c t i o n  
would be t o  determine what the  student was t r y i n g  t o  achieve, and t o  help 
t o  i s o l a t e  t he  c u l p r i t .  

The debugging ass is tant  i s  organized i n t o  f ou r  main modules: an 
i n ten t - spec i f i e r ,  an i n s t a n t i a t o r ,  a  coder, and a  t r ans la to r .  The job  o f  
t he  i n t e n t - s p e c i f i e r  i s  t o  dep i c t  the  ove ra l l  aim o f  the  code which a  stu- 
dent i s  t r y i n g  t o  debug. This aim i s  t y p i c a l l y  expressed i n  t e rns  o f  
changes t o  a  global  data base. The i n t e n t - s p e c i f i e r  has access t o  a  plan 
l i b r a r y  , which includes a  repe r to i re  o f  low-level  plans f o r  achieving 
p a r t i c u l  a r  ends, and higher- level  pl ans which spec i fy  c e r t a i n  i n ten t i ons  
known t o  be re levant  t o  problems which our students w i l l  be working on. 
I f  we know p rec i se l y  t h e  problem the student i s  working on, then we can 
supply t he  i n ten t - spec i f i  e r  w i t h  useful domai n-dependent know1 edge (e.g. 
knowledge about subt rac t ion) .  I f  we don ' t  know t h i s ,  then the i n ten t i ons  
must be obtained from the student a t  debuqging-time. 

The j o b  o f  t he  i n s t a n t i a t o r  i s  t o  work out how best t o  achieve a  par- 
t i c u l a r  i n ten t i on ,  g iven the database representat ion h i c h  the  student has 
chosen t o  use. The s tudent 's  data base i s  analyzed i n  some d e t a i l ,  and 
the  i n s t a n t i a t o r  proposes several possible plans f o r  car ry ing  out the  i n -  
t en t i ons  handed down by t h e  i ntent -spec i f ie r .  

The coder takes the  output o f  t he  i ns tan t i a to r ,  and uses kr~owlwlge o f  
SOLO t o  produce a formal plan su i t ab le  f o r  execution by a  SOLO v i r t u a l  
machine (expressed i n  terms o f  t he  conceptual FETCH and ASSERT p r im i t i ves ,  
r a the r  than i n  actual  SOLO syntax).  This p lan  i s  expressed i n  a  plan- 
language very s i m i l a r  t o  t h a t  deve lopd  by Rich and Shrobe [1976]. The 
p l  an-language i t s e l  f uses a  KRL-1 i ke nota t ion  [Bobrow and Winograd, 19781. 

The t r a n s l a t o r  works i n  t he  o ther  d i rec t i on ,  t ak ing  actual SOLO code 
produced by a  student, and t r a n s l a t i n g  it i n t o  the  plan-language., This 
enables t he  s tudent 's  code t o  be compared d i r e c t l y  w i t h  t he  abst rac t  plan, 
a1 lowi ?g minor per turbat ions  t o  be iqnored. Mi smatches between the 
' ideal  and the ' actual ' p lan are then a r t i c u l a t e d  f o r  the  student 's bene- 
f it. 



2. PLANS AN[) INTE#TIO!IS - -- 

P l a n  diagrams 

A  language-independent g r a p h i c a l  n o t a t i o n  f o r  d e s c r i b i n g  c o n t r o l  and 
da ta  f l o w  was f i r s t  used b y  R i c h  and Shrobe [1378] t o  d e s c r i b e  LISP and 
FORTRAN programs. Our SOLO debugging a s s i s t a n t  t r a n s l a t e s  s tuden t  pro-  
grams i n t o  a  l i s t  s t r u c t u r e  v e r s i o n  o f  t h a t  d iagram language. The d iagram 
below d e p i c t s  o u r  debugging a s s i s t a n t ' s  r e p r e s e n t a t i o n  o f  t h e  FRIENDTEST 
procedure descr ibed  i n  s e c t i o n  1. Cont ro l  f l o w  i s  i n d i c a t e d  b y  cross-  
hatched arrows, w h i l e  d a t a  f l o w  i s  shown b y  p l a i n  arrows: 

Each box above d e p i c t s  what i s  known as a  'segment1-- these  a r e  modules 
which have behav io ra l  d e s c r i p t i o n s  which s p e c i f y  b o t h  t h e i r  e f f e c t s  and 
any sub-segments which a r e  r e s p o n s i b l e  f o r  producing those e f f e c t s .  These 
behav io ra l  d e s c r i p t i o n s  a r e  s p e c i f i e d  i n  our  p lan- language n o t a t i o n ,  a  
p o r t i o n  o f  which i s  i l l u s t r a t e d  below: 

f r i e n d t e s t  = 
[a  segment w i t h  

name: f r i e n d t e s t  
s teps :  (check-23 note-34 j o i n - 5  p r i n t - 1 2 )  
i n d a t a :  ( x )  
boundvars: ( y )  
cons tan ts :  ( d r i n k s w i t h  i s f r i e n d l y w i t h )  
en t rys tep :  check-23 
e x i t s t e p :  j o i n - 6 1  

check-23 = 
[a c  heck-unbound w i t h  

i n d a t a :  ( a  t r i p l e  w i t h  [source:  x ]  [ r e l :  d r i n k s w i t h ]  [ t a r g e t :  ?y ] )  
occurs in :  f r i e n d t e s t  
e f f e c t :  

(cases 
[p resen t  ( x  d r i n k s w i t h  ?)  => successor: note-341 
[absent  ( x  d r i n k s w i t h  ? )  => successor: p r i n t - 1 2 ] ) ]  



This KRL-like nota t ion  i s  used t o  descr ibe user programs as we l l  as 
l i b r a r y  plans o f  comnon modules. From t h i s  no ta t i on  t he  debugging assis- 
t a n t  der ives  t he  e f f e c t  o f  a procedure, consider ing the e f f e c t  o f  each 
step which i s  p a r t  o f  the  procedure. 

The semantics o f  p r i m i t i v e  SOLO-steps i s  represented i n  a s i m i l a r  
fashion, e.g.: 

check-call = [ a SOLO-primitive-call w i th  
name: check 
predecessor: ( a  step) (no t  ( a  check-cal l ) ) ]  

check-unbound = C a check-call w i t h  
indata:  ( a  t r i p l e  w i t h  

source: (One-of (One-of [my occursin '  s constants]) 
(One-of [my occurs in 's  par1 i s t l )  
(One-of [my predecessor' s boundvars]) ) 

re1 : . . . 
ta rge t :  ...) 

; each argument i s  e i t h e r  a constant o r  a parameter 
; o f  the  embedding procedure, o r  dynamically bound 
; a t  l e a s t  a t  t he  preceding step 
e f f e c t :  (cases 

[ present(my indata) => successor: ( a  step) 1 
[absent (my indata) => successor: ( a  step)])] 

One k ind o f  check-call i s  a check-unbound. The desc r i p t i on  above 
t e l l s  how t o  recognize it, and what e f f e c t  it has. Each occurrence o f  
CHECK i n  a SOLO program i s  an instance o f  one type o f  check-call. Some 
bugs can be detected a1 ready, i f  a p r im i t i ve -ca l l  does not  match i t s  sche- 
ma, e.g. i f  CHECK had been ca l l ed  w i th  a parameter not occurr ing i n  t h i s  
procedure. 

A l i b r a r y  o f  domain-independent plans - 
Frequently used sequences o f  steps are described as abst rac t  schemata 

and stored i n  a p lan 1 ib rary .  An instance o f  a 1 i b r a r y  p lan can be recog- 
nized i n  a p a r t i c u l a r  user program by comparing the e f f e c t  descr ipt ions.  
This i s  independent o f  the  way a user has broken up the  plan i n t o  segments 
o r  has spec ia l ized it by using constants i n  place o f  var iables.  

An example o f  a domain-independent plan i s  'assignment' which has the 
e f f e c t :  

(make (The ta rge t  from ( a  t r i p l e  w i th  [source: x] [ r e l :  p ] ) )  
(The ta rge t  from ( a  t r i p l e  w i t h  :source: y l  [ r e l :  q ] ) ) )  

where the ' source' , ' r e l '  , and ' ta rget '  o f  a t r i p l e  r e f e r  respect ive ly  t o  
t h e  f i r s t ,  second, and t h i r d  elements o f  an assoc ia t ive  data base struc- 
t u r e  such as (FRED DRINKSWITH SAM). 

There are several possible SOLO programs which a l l  have t h i s  e f f ec t .  
Some are special  i z a t i o n s  which a r i se  through s u b s t i t u t i o n  o f  t h e  plan- 
var iab les  (x ,  y ,  p, q) by constants o r  bound var iables.  

The e f f e c t  o f  a segment can be symbol ical ly der ived from the e f f e c t s  
o f  i t s  par ts .  This may reveal t o  the SOLO-specialist the  existence o f  some 
bug i f  the segment has no o r  on l y  e r r o r  e f f ec t s .  As an example, consider a 
procedure from an actual  buqgy user program i n  the  subt rac t ion  domain. 



TO DECREMENT /TENS/ 
1 CHECK /TENS/---PRIOR---> 7 P 

1 A  If presen t :  FORGET TOPTEN---IS---> *P; CONTINUE 
1B If absent :  CONTINUE 

2 NOTE TOPTEN---IS---> V 
DONE 

T h i s  procedure l o o k s  up t h e  'predecessor '  o f  some number i n  t h e  d a t a  
base. If found, i t  i s  bound t o  t h e  v a r i a b l e  P. DECREIlENT t h e n  erases t h e  
t r i p l e  (TOPTEN I S  *P) f rom t h e  d a t a  base a t  s t e p  lA, o n l y  t o  r e - a s s e r t  i t  
aga in  a t  s t e p  2. I n  o t h e r  words, i t  has no ac tua l  e f f e c t  i f  t h e  'prerle- 
cessor '  i s  found. Even worse, i f  t h e  predecessor i s  n o t  found, t h e  pro- 
cedure c a r r i e s  on t o  s t e p  2 anyway ( v i a  s t e p  15) o n l y  t o '  f i n d  t h a t  P i s  
now unbound. 

The f i g u r e  below d e p i c t s  t h e  plan-diagram r e p r e s e n t a t i o n  o f  t h i s  pro-  
cedure: 

DECQENENT I 

constants 

P R I O R  T O P T E N  I S  

The e f f e c t  o f  t h i s  segment found b y  symbol ic  e v a l u a t i o n  i s :  

(cases [p resen t  (/TENS/ PRIOR ?>p) => 
(cases [p resen t  (TOPTEN I S  ?=p) => nop] 

C t  => e r r o r ] ) ]  
[ t => e r r o r ] )  

Thus, t h e r e  i s  e i t h e r  no e f f e c t  a t  b e s t  ( ' n o p ' ) ,  o r  an e r r o r  a t  
worst ,  and t h e  i n e v i t a b i l i t y  o f  t h i s  can be  po in ted  out  t o  t h e  student .  
From t h e  p l a n  d iagram f o r  an e n t i r e  program, symbol ic  e v a l u a t i o n  can re -  
veal  i n c o n s i s t e n c i e s  between a segment's a c t u a l  e f f e c t  and i t s  in tended 
e f f e c t .  

I n  t h i s  example, t h e  in tended  .effect.can b e  ob ta ined  f rom t h e  s tuden t  
i n t e r a c t i v e l y .  Th is  i s  done b y  f i r s t  ask ing  t h e  s tuden t  t o  s p e c i f y  a t y p -  
i c a l  i n v o c a t i o n  o f  t h e  t roublesome procedure:  



PLEASE ILLUSTR1,TE A TYPICAL USAGE OF DECREMENT, E.G. 
DECREMENT FOO 

WHEN YOU SEE THE ' > > I  PRONPT BELOW: 

Then the  student i s  asked t o  spec i fy  t he  expected e f f ec t  i n  SOLO nota t ion :  

UH4T TRIPLES ( IF  ANY) WOULD YOU EXPECT TO BE NOTED INTO THE 
DATABASE BY DECREMENT? 

>>TOPTEN---IS---6 

Step NOTE-8 i n  the  user 's  program does i n  fac t  match the  expected e f f e c t :  

(make (The ta rge t  from (a  t r i p l e  w i t h  [source: TOPTEN] [ r e l :  IS])) 6 )  

The f i r s t  s tep (CHECK-24) re t r i eves  p=6 as 

(The ta rge t  from ( a  t r i p l e  w i t h  [source: /TENS/] [ r e l :  PRIOR])) 

I f  the t r i p l e  (7  PRIOR 6)  i s  present i n  t he  s tudent 's  data  base (as it 
should be), t h e  standard assignment plan can be i ns tan t i a ted  w i th  
x=TDPTEN, y=/TENS/, p=IS, q= PRIOR, and used t o  supply t h e  missing step. 

Several o f  the  programming schemata t h a t  Shrobe et.al. [ I9791 i den t i -  
f i e d  i n  the  ana lys is  o f  L i sp  programs have a1 so been found i n  beginner 's 
SOLO programs. Some others, p a r t i c u l a r  t o  programming w i th  assoc ia t ive  
nets (e.g. t e s t i n g  f o r  a common ta rge t  from two source nodes) also have 
t o  be included i n  t he  plan 1 ib rary .  

3. ANALYZING A PLAN FOR SUBTRACTION - 

A sample task - 
One sub-task requ i red o f  students working on multi-column subt rac t ion  

i s  t o  w r i t e  a procedure DIFFERENCE, which f i n d s  t h e  d i f f e rence  o f  two in -  
teqers X and Y. each i n  the  ranrle 0-9. orovided t h a t  X i s  s reater  than o r  
eq;al t o  Y. h e  actual  code tu rns  ou t  t o  be sel f -evident;  once the  stu- 
dent has decided upon a data representat ion.  One so lu t i on  ar r ived a t  by  --- 
some o f  our students i s  t o  use SOLO'S r e l a t i o n a l  network t o  const ruc t  sub- 
t r a c t i o n  tables.  This representat ion constrains t he  code * i c h  the  stu- 
dent must generate t o  solve t h i s  sub-task, as i l l u s t r a t e d  by t h e  sample 
database and procedure shown below: 

7 TO DIFFERENCE /X/ / Y /  
'---1)--->7 1 CHECK /X/ - - - /Y / - - ->  ?D 
'---I--- >6 1 A  If present: NOTE ANSWER---IS---> *D; EXIT 
'---2--->5 1B If absent: PRINT "I GIVE UP"; EXIT 
' - - -etc .--->etc. DONE 



Some students r e a l i z e  t h a t  using numbers a s  r e l a t i on  names can be 
r a the r  l imi t ing  in the  long' run, because they nay wanz t o  s t a r t  writ ing 
procedures t o  do addit ion.  In t h i s  case ,  they need a kwy t o  discriminate 
between addit ion and subt rac t ion  t ab l e s .  One solu t ion  i s  t o  use nodes 
such a s  '7SURTABLE ' and '7ADDTABLE1 as f o l l  ovs : 

The only t r i c k  i s  t o  ge t  from /X/ (one of t h e  inputs t o  DIFF'ERENCE) t o  t he  
appropriate t ab l e .  This can be done with t he  following representation: 

e t c .  

Since an ext ra  l i nk  must be traversed t o  ge t  from a node (e.1. ' 7 ' )  t o  the  
appropriate t a b l ~  (e.g. '7SUBTABLE1), we will c a l l  t h i s  yepresentation an 
' i n d i r e c t  t a b l e  , i n  cont ras t  t o  the ' d i r e c t  t a b l e  representation 
presented f i r s t .  There a r e  several o the r  possible representa t ions ,  but we 
will j u s t  focus on these two. The ' i n d i r e c t  t ab l e '  representa t ion ,  once 
chosen, cons t ra ins  t he  code which t h e  student nus t  generate t o  solve t h e  
problem. F i r s t  t he  t a b l e  must be fetched from the  input 1x1, and then 
t h a t  t a b l e  must be  used t o  perform the  t a b l e  lookup. So an addit ional s t ep  
i s  ncecessary, a s  shown below: 

TO DIFFERENCE 1x1 / Y /  
1 C H E C K  1x1---SUBTRACTION---> ?T 
1A If present:  CONTINUE 
1B If absent:  PRINT "UH OH"; EXIT 

2 C H E C K  *T---/Y/---> ? D  
2A If present:  NOTE ANSWER---IS---> *D; EXIT 
2B If absent:  PRINT "MAYBE" / Y /  "IS RIGGER THAN" 1x1; EXIT 

DONE 

The new s t e p  1 f e t ches  t h e  i nd i r ec t  t a b l e ,  which i s  used a t  s t e p  2 a s  t he  
base' from which an indexed r e t r i eva l  of t h e  d i f ference  D i s  performed. 

The important point here i s  t he  way in  which representa t ion  and code in- 
t e r a c t .  The code der ives  i t s  meaninq from the  i n t e r r e l a t i o n s  among struc- 
t u re s  in t he  data  base. Our i n s t a n t i a t o r  i s  only given a high-level 
in tent -speci f ica t ion  f o r  DIFFERENCE, which i t  may choose t o  i n s t a n t i a t e  i n  
one of several ways. I t  does t h i s  by developing a plan which i s  s u i t a b l e  
f o r  the  data  representation which has been chosen by t h e  student.  This 
representation i s  analyzed using spec i f i c  know1 edge about associa t ive  net- 
works, a s  described in t h e  next two sec t ions .  



A fo rma l  d e s c r i p t i o n  o f  t h e  da ta  base -- 

The concepts o f  ' d i r e c t  t a b l e '  and ' i n d i r e c t  t a b l e '  have t h e  f o l l o w -  
i n g  formal  d e s c r i p t i o n s :  

i i r e c t - t a b l e  = [a t a b l e  w i t h  
name: (an i n t e g e r )  
base: (my name) ;base and name a r e  c o r e f e r e n t i a l  
c o n t e n t :  (an  a1 i s t  w i t h  

t y p i c a l - p a i r :  [ l e f t :  (an  i n t e q e r )  
. r i g h t :  (an  i n t e g e r ) ] )  

v a r i e t y :  (one-o f  add sub mu1 t )  
c o n s t r a i n t :  a p p l y  [(my v a r i e t y )  

[(my base) 
(The l e f t  from 

(any ( p a i r  = p) o f  (nly c o n t e n t ) ) ) ] ]  
= (The r i g h t  f rom p)  ] 

i n d i r e c t - t a b l e  = [a t a b l e  w i t h  
name: (The t a r g e t  f rom ( a  t a b l e p t r  w i t h  source:  (my b a s e ) ) )  
base: (an  i n t e g e r )  

(The source f rom ( a  t a b l e p t r  w i t h  t a r g e t :  (my namc))) 
con ten t :  
v a r i e t y :  as i n  d i r e c t - t a b l e  
c o n s t r a i n t :  1 

Us ing  t h e  d i r e c t  and i n d i r e c t  s u b t r a c t i o n  t a b l e s  f o r  t h e  number 7 
shown e a r l i e r ,  we may i n t e r p r e t  these  d e s c r i p t i o n s  as fo l l ows :  a d i r e c t  
t a b l e  has a  number base v h i c h  happens t o  be t h e  same as i t s  own name ( ' 7 ' ,  
i n  t h i s  example). The d i r e c t  t a b l e  c o n s i s t s  o f  an a s s o c i a t i o n  1  i s t ,  which 
i s  j u s t  p a i r s  o f  i n t e g e r s .  A ,constrain; which must be  f u l f i l l e d  i s  t h a t  
i f  we ,apply a f u n c t i o n  (e.3. sub' o r  add ' )  t o  two ar luments--  t h e  base 
(e.g. 7 ' )  and t h e  l e f t  element o f  some p a i r  (e.'j. ' 2 ' ) - -  then  t h e  r e s u l t  
should be  equal t o  t h e  r i r j h t  element o f  t h a t  p a i r  (e.q. ' 5 ' ,  s i n c e  
SUB(7,2)=5). The i n t e r p r e t a t i o n  o f  i n d i r e c t - t a b l e  i s  alrilost l ident , ica l ,  
w i t h  once c r u c i a l  except ion--  t h e  r e l a t i o n s h i p  between i t s  name and 
'base' s l o t s .  The name i s  some i t e m  which i s  s p e c i f i e d  b y  say inq  t h a t  i t  ' i s  t h e  t a r g e t  ( i .e .  t h e  t h i n g  po in ted  t o )  from some, p a r t i c u l a r  t a b l e  tr 
( d e f i n e d  below) whose source i s  t h e  i n t e g e r  base ( ' 7  , i n  t h i s  && 
A t a b l e  tr i s  an i n s t a n c e  o f  a  tri l e  which re1  a t e s  an i n t e  e r  t o  a  table. 
Thus, thPe re1 a t i o n a l  s t r u c t u r e  *TRACTION 7 S I J B T A B L E h  i n s t a n c e  o f  
a  t a b l e p t r .  

I n s t a n t i a t i n g  an a p p r o p r i a t e  plan 

I n  ana lyz ing  t h e  s t u d e n t ' s  d a t a  base each subclass o f  t a b l e  i s  hy- 
pothesized i n  t u r n  as a  p o s s i b l e  d a t a  r e p r e s e n t a t i o n ,  and c o n f i r m a t i o n  o f  
these  hypotheses i s  t h e n  sought. Suppose t h a t  i n  t h i s  example, o u r  s tuden t  
i s  i n  f a c t  us ing  an i n d i r e c t - t a b 1  e  r e p r e s e n t a t i o n .  The i n s t a n t i a t o r  
focusses on t h e  ' c o n t e n t '  s l o t  o f  a  d a t a  base o b j e c t  whenever poss ib le .  
Con f i rmat ion  i s  i n i t i a l l y  sought b y  l o o k i n g  f o r  nodes c o n t a i n i n g  p a i r s  o f  
i n t e g e r s  d a n g l i n g  from them. Such nodes a r e  indeed found, and examinat ion 
o f  t h e  o t h e r  s l o t s  e v e n t u a l l y  l e a d s  t o  a  d i s c o n f i r m a t i o n  o f  t h e  ' d i r e c t -  
t a b l e '  hypo thes is  and a  c o n f i r m a t i o n  o f  t h e  ' i n d i r e c t - t a b 1  e '  hypothesis .  



Next, the instant iator  examines the representation of DIFFERENCE, 
which primarily depicts i t s  intentions. I t  i s  the job of the instant iator  
t o  generate a particular manifestation of the detailed plan, based upon an 
analysis of the data representation the student has already chosen. I f  
our student used indirect-tables, the instant iator  would generate an 
idealized plan which used the indirect s ty le  of fetching exhibited by the 
SOLO DIFFERENCE procedure shown earl ier .  

The intent-specification of a difference-plan i s  shown below: 

difference = [a plan with 
inputl: (an integer) = X 
input2: (an integer) = Y 
output: (The (access-of Y )  from 

( a  t ab le  with 
variety: sub 
base: X))] 

The expression (access-of Y )  means that  simple slot-retrieval 1s not pos- 
s i b l e ,  but instead there i s  some procedure attached to the access-of' 
s lo t  of the table  which will specify how t o  perform the retr ieval .  For 
direct  and indirect tables  the ' access-of' method attached to their  sche- 
mata i s :  

access-of i  => (The right from 
(The pair from 

((my content) with l e f t :  i ) ) )  

To i l l u s t r a t e  tlhe use of th i s  method, suppose the direct- table  
representation for ' 7  includes the pair (2  5).  If we want t o  access some 
element indexed by ' 2 ' ,  then do that by retrieving the right half of 
the pai; whose l e f t  half i s  ' 2  . In t h f s  case, the pair ( 2  5) has a right 
ha1 f ' 5  , so i f  we sent the message access-of 2' t o  the instance of 
direct-table whose name was ' 7 ' ,  the resul t  would be ' 5 ' .  

From t h i s  method the SOLO coder f i r s t  constructs a description of the 
intended effect  of accessing each type of table. For a direct  table  the 
intended effect  i s :  

(The tarqet from 
( a  t r i p l e  with source: X r e l :  Y ) )  

For an indirect table  the intended effect i s :  

' outer form' 
'The target from 

( a  tableptr w i t h  source 
.h 

The SOLO coder knows that an instance of fetch will handle the 'outer  
form' shown in the rectangle above, so when i t  processes the intended ef- 
fect  of an indirect-table, i t  produces the following virtual machine 
specification: 

F1 = [ a  fetch with 
inputl: (The target from (a tahleptr with source: X ) )  = 7 
input?: Y 
output: ( a  node) = A 1 



The ' i n n e r  form' i s  processed analagously,  l e a d i n g  t o  t h e  f o l l o w i n g  v i r t u -  
a l  machine s p e c i f i c a t i o n :  

F2 = [ a  f e t c h  w i t h  
i n p u t l :  X 
i nput2: SUBTRACTION 
o u t p u t :  ( a  node) = T  1 

The SOLO coder knows t h a t  t h e  fins? o u t p u t  f rom a  p l a n  can be  expressed 
e i t h e r  w i t h  a  p r i n t  o r  a  d a t a  base asser t '  opera t ion ,  so on: p o s s i b l e  f i- 
na l  r e p r e s e n t a t i o n  f o r  t h e  i d e a l i z e d  p l a n  inc ludes ,  i n  i t s  e f f e c t '  s l o t ,  
t h e  f o l l o w i n g :  

The e f f e c t  f rom 
( a n  a s s e r t  w i t h  

a r g l :  ( a  cons tan t )  
arg2: ( a  cons tan t )  
arg3: (The ou tpu t  f rom ( a  f e t c h  w i t h  

i n p u t l :  (The o u t p u t  f rom ( a  f e t c h  w i t h  
i n p u t l :  X 
i nput2: SUBTRACTION)) 

inpu t2 :  Y ) ) )  

The t r a n s l a t o r  can map t h e  s tuden t '  s  program i n t o  a  comparable nota-  
t i o n .  Ili m a t c h e s  between t h e  s tuden t '  s  program and t h e  i d e a l  i z e d  program 
a r e  t h e n  d e a l t  w i t h  i n  t h e  sane way as those  f o r  t h e  DECREIIEFIT example 
presented i n  s e c t i o n  2. 

4. DEBUGGING MULTI-COLUMN SUBTRACTION PROGRAIIS 

The techn iques  o f  p l  a n - i n s t a n t i a t i o n  descr ibed  above can be  appl i e d  
equal 1  y we1 1  t o  more complex p r o b l  ens, such as mu1 t i - c o l  umn s u b t r a c t i o n .  
I n  t h i s  case, t h e  i n t e n t  s p e c i f i c a t i o n  i s  d e p i c t e d  as a  seqment c o n s i s t i n g  
p f  about 15, subsegments, r e p r e s e n t i n g  i n t e r m e d i a t e  p lans  such as 
FINDCOLUbIN' , PROCESSCOLUMN' , 'BORROW' , 'DIFFERENCE' e t c .  As i n  t h e  sim- 

p l  e  ' DIFFERENCE' example d iscussed above, t h e  s tuden ts  n a y  implement one 
o f  severa l  p o s s i b l e  a lgor i thms.  F o r t u n a t e l y ,  each s o l u t i o n  i s  t i e d  t o  a  
p a r t i c u l a r  d a t a  base represen ta t ion .  Thus, j u s t  as t h e  i n s t a n t i a t i o n  o f  
an i d e a l  'DIFFERENCE' p l a n  was d i c t a t e d  b y  t h e  s t u d e n t ' s  chosen d a t a  
s t r u c t u r e s ,  so i s  t h e  i n s t a n t i a t i o n  o f  an i d e a l  'BORROW' p lan  d i c t a t e d  b y  
d a t a  s t r u c t u r e s  a l r e a d y  p resen t  when t h e  s tuden t  asks f o r  help. 

The debugging a s s i s t a n t  views p a r t i c u l a r  segments n o t  o n i y  as i n -  
stances o f  domain-independent p l a n s  (such  as t h e  ' assignment' p lan ) ,  b u t  
a l s o  as ins tances  o f  domain-dependent p lans  (such as t h e  'processcolumn' 
p l a n ) .  The d a t a  f l o w i n g  i n  and ou t  o f  segments i n h e r i t  p r o p e r t i e s  f rom 
t h e  more a b s t r a c t  p l a n  d e s c r i p t i o n .  One b e n e f i t  o f  a t t a c h i n g  semantic 
d e s c r i p t i o n s  t o  t h e  d a t a  f l o w  i s  t h e  a b i l i t y  t o  d e t e c t  e r r o r s .  Anoth- 
e r  b e n e f i t  i s  t h a t  i t enables r e c o g n i t i o n  o f  t h e  user- in tended e f f e c t  o f  
o t h e r  modules. 

I n  case t h e  s tuden t  i s  work ing on a  subproblem f o r  which t h e  i n t e n t -  
s p e c i f i c a t i o n  i s  unknown, t h e  debugging a s s i s t a n t  t r i e s  t o  o b t a i n  such a  
s p e c i f i c a t i o n ,  i n  SOLO n o t a t i o n ,  th rough  a  d ia logue  w i t h  t h e  student .  
T y p i c a l l y ,  t h i s  can o n l y  be  done f o r  a  s i n g l e  sub-procedure a t  a  t ime .  



Once t h e  in t en t ions  a r e  known, t h e  debugging a s s i s t an t  can then gen- 
e r a t e  a r e fu t a t ion ,  by symbol i c  eval uation of t h e  plan descr ip t ion ,  which 
show, why t h e  sub-procedure i s  destined t o  f a i l .  If t he  in tent -  
speci f ica t ion  has been supplied by us in advance, then i t  i s  a l so  possible 
f o r  the  debugging a s s i s t a n t  t o  generate counterexarnpl e s  which i l l  u s t r a t e  
t he  procedure working improperly. 

In case t he re  a r e  segments missing from an otherwise co r r ec t  program, 
o r  items a r e  accidenta l ly  l e f t  out  of t he  data-base,  t h e  a s s i s t a n t  could 
give a counterexample in which t h e  s tuden t ' s  so lu t ion  f a i l s  t o  consider 
t h i s  case. For ins tance ,  t h e  s tudent  may not have included cases f o r  x - x 
= 0 or x - 0 = x in h i s  t a b l e s ,  and be asked t o  augment DIFFERENCE t o  in- 
clude these  cases o r  change h i s  t a b l e s  accordingly. 

So f a r  we have been t a lk ing  about te leologica l  bugs [Model, 19791. 
These a r e  bugs where t he  i n t en t ions  a r e  known ( r e s id ing  in t he  plan l i -  
brary o r  being obtained from t h e  student a t  debugging t ime) ,  b u t  t he  code 
f a i l s  t o  f u l f i l l  the in tent ion .  A f a r  more d i f f i c u l t  c l a s s  of buqs a r e  
'conceptual ' bugs, where t h e  i n t en t ions  themselves a r e  improper1 y con- 
ceived. Our debugging a s s i s t a n t ,  through the  use of an annotated back- 
t r a c e ,  can help t h e  student t o  see where th ings  have qone wronq. Perform- 
i ng actual reasoning about these  wrongly-specified in tent ions  i s  s t i l l  
well beyond the  scope of our p ro j ec t ,  b u t  we see t h i s  a s  an exci t ing  and 
important area f o r  fu ture  research. 

REFERENCES 

Adam, A. and Laurent, J.P. "Transformation de  Programmes e t  Correction d c  
Programmes." Coll . su r  1 ' I n t e l  1 igence A r t i f i c i e l l e ,  Strasbourq, 
CNRS,1977, 41-83. 

Bobrow, 0. and Winograd, T. "An overview of KRL-r)." Cognitive Science, 
Vol . 1,  1978. 

Lukey, F. "llnderstanding and debugging simple computer programs." Ph.0. 
Thesis,  IJniv. of Sussex, 1975. 

Ilodel, M.L. "Flonitorinq system behaviour in a complex computational en- 
vi ronment" , Xerox, Pal o A1 t o  Research Center, Ca . , CSL-79-1, 1979. 

Rich, C.  and Shrobe, H.E. " I n i t i a l  repor t  on a Lisp programmer's appren- 
t ice ."  IEEE Transactions on Software Engineering, SE-4:6, 1978, 456- 
457. 

Ruth, G.R.  "Analysis of algorithm implementations." MIT, MAC-TR-130, 1974. 

Shrobe, H.E . ,  Waters, R.C. and G.J. Sussman "A hypothetical monologue i l -  
l u s t r a t i  ng the  know1 edge under1 yi ng program analys is  ." MIT, AI-Memo 
507, 1973. 

Tcitclnan, W .  " I n t e r l i s p  reference manual ." Xerox PARC, Palo Alto, 1974. 

Mertz, H. "Un systeme de  comprehension, d '  amelioration e t  de  correc t ion  
de programmes incorrects." These de  3eme cycle ,  Univ. Par is  6,  1978. 



THE MRKGRAF KARL REFUTATION PROCEDURE 

N. Eisinger,  J. Siekmann, G. Smlka  
E.  Unvericht, Chr. Walther 

I n s t i t u t  f a r  Informatik I 
UniversitSt Karlsruhe 

D-75M) Karlsruhe 1 
Postfach 6380 
West Germany 

Abs-hwt: The m e n t  state of a Theorem Proving System (The Markgraf Karl 
Refutation Procedure) at  the University of Karlsruhe i s  presented. The goal 
of this project can be swmnarized by the following three claims: it is pos- 
sible t o  program a theorem prover (TPI and augment it by appropriate heu- 
r i s t ics  and domin-specific knowledge such that 

(i) it wil l  display an 'active' and directed behavwur i n  i t s  striving 
for a proof, rather than the 'passive' cornbinatorial search through 
very large search speces, which was the c h e c t e r i s t i c  behav im  of 
the TPs of the past. Consequently 

(ii) it w i l l  not gemrate a search space of many thousands of irrelevant 
cLauses, but wil l  find a proof with comparatively few redundant de- 
rivation steps. 

(iii) Such a TP will  establish an unprecedented leap i n  performance over 
previous TPs expressed i n  terms of the d i f f icu l ty  of the theorems 
it can prove. 

The results obtained thus far corroborate the f i rs t  two cla im.  

0. INTRODUCTION 

The working hypothesis of this TP project  1 ~ ~ 7 7 ,  ~ ~ 7 9 1 ,  f i r s t  formula- 
ted  i n  an  ea r ly  proposal i n  1975, r e f l e c t s  the  then dominating themes of 
a r t i f i c i a l  i n t e l l i gence  research, namely t h a t  TPs have a t t a ined  a ce r t a in  
level  of performance, which w i l l  not be s ign i f i can t ly  improved by: 

(i) developing more and more i n t r i c a t e  refinement s t r a t e g i e s  ( l i ke  u n i t  
preference, l i nea r  resolut ion,  TOSS, MTOSS, ... ) ,  whose so le  purpose 
is t o  reduce the  search space, nor by 

(ii) using d i f f e r e n t  logics  ( l i k e  na tu ra l  deduction logics ,  sequence logics,  
matrix reduction methods e t c )  

although t h i s  was the main focus of theorem proving research i n  the  pas t .  

The r e l a t ive  weakness of cu r ren t  TP-systems a s  compared to human performance 
is due t o  a large  extent  t o  t h e i r  lack of the  r i c h  mathematical and extrama- 
thematical knowledge t h a t  human mathematicians have: i n  pa r t i cu la r ,  knowledge 
about the subject  and knowledge of how t o  f ind  proofs i n  t h a t  subject .  

Hence the object  of t h i s  p ro jec t  is t o  make t h i s  knowledge e x p l i c i t  f o r  the  
case of automata theory, t o  f ind  appropriate representa t ions  f o r  t h i s  know- 
ledge and t o  f ind  ways of using it. A s  a t e s t case  and f o r  t h e  f i n a l  evalua- 
t i on  of  the  project's success o r  f a i l u r e ,  the  theorems of a standard mathema- 
t i c a l  textbook [ D E ~ I ]  s h a l l  be proved mechanically. 



I n  the  f i r s t  sec t ion of t h i s  paper we give a general overview of the  system 
a s  it is designed, a l b e i t  not completed. The second sect ion concentrates on 
those p a r t s  of the  system, whose implementation is f in ished and evaluated. 
In the  t h i r d  sect ion experimental r e s u l t s  are  given and the  f i n a l  two sec- 
t i ons  present  an evaluation based on the present findings.  

1. OVERVIEW OF THE SYSTEM 

A Bird's-eye View 

Proving a theorem has two d i s t i n c t  aspects:  t h e  creat ive  aspect of how t o  
f ind a proof, usually regarded a s  a problem of psychoZogy, and secondly the  
logical  aspect a s  t o  what cons t i tu t e s  a proof and how t o  wri te  it down on a 
sheet  of paper, usually referred t o  a s  proof theory.  

These two aspects are  i n  pract ice  not a s  t o t a l l y  separated as t h i s  statement 
suggests (see eg. [ s z ~ ~ I ) ,  however we found it su f f i c i en t ly  important t o  l e t  
it dominate the  overa l l  design of the  system: 

Data 
Bank 

Figure 1 

The Supervisor consis ts  of severa l  independent modules and has the complex 
task  of generating an ove ra l l  proposal (or  severa l  such) a s  t o  how the  given 
theorem may b e s t  be proved, invoking the  necessary knowledge t h a t  may be help- 
f u l  i n  the course of the search fo r  a proof and f i n a l l y  transforming bothpro- 
posal and knowledge i n t o  technical  information s u f f i c i e n t  t o  guide the Logic 
Engine through the search space. 

The Logic Engine i s  a t  hea r t  a t r ad i t iona l  theorem prover base? on Kowalski's 
connection graph proof procedure [ ~ 0 7 5 ] ,  augmented by severa l  components t h a t  
account f o r  its s t rength .  

The Data Bank consis ts  of the f ac tua l  knowledge of the  pa r t i cu la r  mathematical 
f i e l d  under inves t igat ion,  i . e .  the de f in i t i ons ,  axioms, previously proved 
theorems and lemmata, augmented a s  f a r  a s  possible by loca l  knowledge about 
t h e i r  po ten t i a l  use. 

A V i a  from a Lesser AZtitz.de 

The diagram of f igure  2 su f f i c i en t ly  r e f ines  f igure  1 t o  gain a fee l ing fo r  
the  overa l l  working of the  system: -- 

general 
echnics 

+ flow of information 
Figure 2 



The user types i n  h i s  problem, gives any possible addi t ional  information and 
advice and then spec i f i e s  some of the  many options open f o r  the  f i n a l  proto- 
col  of t h i s  session. On the bas i s  of t h i s  information the  ProposaZ Generator 
(PG), which is p a r t  of the  supervisor,  may decide t h a t  t he  theorem i s  b e s t  
proved by a general technique l i k e  induction, i n  which case the  Supervisor 
loads the  induction modules [ ~ ~ 7 9 ]  and hands over control .  Another instance 
f o r  the  a c t i v i t i e s  of the  PG i s  the following: i n  the case of the presence of 
equal i ty  l i t e r a l s ,  it discovers t h i s  f a c t  and causes the  s e t  of clauses t o  
be transformed i n t o  a more appropriate s e t  and hands over control  t o  the  Pa- 
m o d u l a t i o n  Module. The transformation involves the dele t ion of ce r t a in  equa- 
l i t y  l i t e r a l s  ( c l auses ) ,  which are se lec ted fo r  the  rewrite-rule-module LFiIJ771, 
[ L A ~ ~ I ,  [ D S ~ ~ I ;  o ther  axioms a re  dele ted  s ince  they are  taken care of by the 
unif ica t ion module [ D S ~ ~ I ,  whereas cercain other  axioms are  added (e.9.  the  
functional ref lexive  axioms) t o  ensure t h a t  t he  r e su l t ing  s e t ' i s  E-unsatis- 
f i ab le  i f f  the  previous s e t  was unsat is f iable .  

I f  none of the  general techniques apply, t he  Proposal Generator generates a 
proposal (o r  severa l  such) ,  which contains h e u r i s t i c  information, of how the  
theorem may bes t  be proved (e.g. it contains the de f in i t i ons  and lemmata which 
may be re levant ,  it suggests some proof techniques which are  l i k e l y  t o  be ap- 
propr ia te ,  it suggests which asser t ion or subproblem is bes t  proved f i r s t ,  it 
t r i e s  t o  generate a top l eve l  plan f o r  the proof i f  poss ible  and f i n a l l y  it 
decides which of the  permanent heur i s t i c s  are  t o  be ac t iva t ed ) .  

The proposals a re  given one a t  a time t o  the  Technical Assistant (TA), whose 
task i s  t o  transform t h i s  information, which up t o  t h i s  point  i s  i n t e l l i g i b l e  
fo r  a human user,  i n t o  technical  advice and code, which w i l l  then govern the  
top l eve l  behaviour of the Logic Engine and is f o r  t h a t  reason passed on t o  
the Monitor. 

The Monitor governs and controls  the global behaviour of the  Logic Engine: i m -  
mediately a f t e r  ac t ivat ion it checks f o r  an easy proof using the  terminator 
heur i s t i c  (see  sect ion 2 )  and only upon f a i l u r e  ac t iva t e s  the  f u l l  machinery 
of the Logic Engine. Typical control tasks  are  detect ing constant reapplica- 
t ions  of the  same lemma, detect ing a c i r cu la r  development i n  the search space 
and keeping track of the ' s e l f  resolving'  clauses.  A good example how the mo- 
n i t o r  governs the top level  behaviour i s  i n  i t s  prevention of the  unsteady be- 
haviour which the  system showed during e a r l i e r  experimentation: The se lect ion 
heur i s t i c s  constantly suggest ' i n t e re s t ing '  s t eps  t o  take and forced the  sy- 
stem t o  v a c i l l a t e  between d i f f e ren t  p a r t s  of the  search space - very unlike 
the behaviour of people, who, i f  put i n t o  the  same s i tua t ion ,  would t ack le  an 
in t e re s t ing  path u n t i l  they e i t h e r  succeed o r  become somehow convinced t h a t  it 
was a b l ind a l l ey .  

Up t o  t h i s  point  the decisions and a c t i v i t i e s  of the PG and the  TA are  t o  a l a r -  
ge extent based on the  semantics of the  theory under inves t igat ion and know- 
ledge about proofs i n  t h i s  theory and t h e i r  top-goal may be formulated as :  t o  
be helpful  " in  finding a proof". Once they have done so ,  the top-goal becomes 
"to derive a contradiction ( the empty ezause)" and although t h i s  goal is of cour- 
s e  ident ica l  t o  the  previous one, it implies t h a t  d i f f e ren t  kinds of informa- 
t i on  may be useful:  the  o r ig ina l  information provided by the  PG based on the  
semantics (which is by now coded i n t o  various parameters, p r i o r i t y  values and 
act ivat ion modules) a s  well a s  information based on the s y n t m  (of the connec- 
t i on  graph or  the  po ten t i a l  resolvent) .  

It may be objected t h a t  t h i s  i s  the main goal of a t r a d i t i o n a l  TP a lso .  While 
t h i s  i s  of course t rue ,  there  i s  the important d i f ference  t h a t  a t r a d i t i o n a l  
( resolut ion based) TP is not d i r e c t l y  guided towards t h i s  goal i n  a s t e p  by 



s t e p  fashion, a s  no refinement [ ~ 0 7 8 ]  spec i f i e s  which l i t e r a l  t o  resolve 
upon next. For example l i nea r  resolut ion reduces the  search space a s  compa- 
red t o  binary resolut ion,  but  within the  remaining space the  Search is  a s  
b l ind a s  ever.  

The PG, the  TA and the Monitor a re  current ly  under development and not  imple- 
mented a t  the time of writ ing. 

2 .  TKE LOGIC ENGINE 

The Logic Engine is based on Kowalski's connection graph proof procedure 
1~0751,  which has severa l  advantages over previous resolut ion based proof pro- 
cedures: there  is no unsuccessful search fo r  po ten t i a l ly  unif iable  l i t e r a l s ,  
every resolut ion s t e p  is done once a t  most and the  dele t ion of l i nks  and sub- 
sequently of clauses leads t o  a remarkable improvement i n  performance, which 
is heavily exploited i n  the  Deletion-Module. Most crucia l  t o  our approach how- 
ever is the observation t h a t  s ince  every l ink represents a po ten t i a l  resol-  
vent,  t he  select ion of a proper sequence of l i nks  leads t o  the  alleged active,  
goaldirected behaviour of t he  system. 

Input, Output, Simplification and Evaluation 

The i n t e m c t i v e  f a c i l i t i e s  a re  too numereous t o  account fo r  here and in- 
s tead a protocol of a t yp ica l  sess ion i s  presented a t  t h e  conference. An in- 
t e r e s t ing  point  t o  note is t h a t  the  in teract ion a t  t h i s  l eve l  was only de- 
signed f o r  the intermediate s tages  of development. I t  is now t o  an increasing 
degree taken over by the  Supervisor a s  i t  develops, with the  in tent ion t o  mo- 
ve the in t e r f ace  with the user a l together  t o  the  outs ide  and t o  make the Su- 
pervisor take most of the  low l eve l  decisions.  Two s e t s  of i n s t ruc t ions  how- 
ever are  t o  stay: t he  IN-Module is used t o  s e t  up (and t o  read) the  Data Bank 
i n  a way eas i ly  i n t e l l i g i b l e  f o r  the  user.  I t  a l so  performs a syntactical and 
~mIant ica l  analys is  of the Data Bank, which is of considerable p rac t i ca l  i m -  
portance i n  view of the f a c t  t h a t  it eventually contains a whole standard ma- 
thematical textbook. 

The PO-Module provides severa l  f a c i l i t i e s  fo r  t r ac ing  the  behaviour of t he  sy- 
stem a t  d i f f e ren t  degrees of abs t rac t ion i n  order t o  cope with i t s  complexity. 

Once the Logic Engine is s e t  i n t o  "prove-mode", the  CSS-Module converts the 
activated p a r t  of the  Data Bank i n t o  Skolemized c l ausa l  normal form and per- 
forms various s p l i t t i n g  and t r u t h  functional s impl i f ica t ion tasks  [ B L ~ I ] .  The 
r e su l t ing  s e t  of clauses i s  passed on t o  the  CGModule, which const ructs  the  
connection graph and i f  possible.performs an evaluation of terms, reductions 
o r  a lgebraic  s impl i f ica t ions  of terms with the a i d  of the  ERS-Module. After 
these a c t i v i t i e s  the i n i t i a l  connection graph i s  s e t  up and now the  search 
fo r  a proof within t h i s  graph commences. 

This search is loca l ly  control led  by the  Control-Mothrle, which decides which 
l i n k  t o  resolve upon next, based on information provided by the Heuristic-Mo- 
dule, the  Strategy-Module, t he  Deletion-Module and others .  The Control-Module 
turns  the  i n i t i a l  representation of clauses ( the  connection graph) i n t o  a 
proof procedure (based on connection graphs) a s  it defines a pa r t i cu la r  se lec-  
t i on  function, which maps graphs t o  l i nks .  This mapping is complex and based 
on information provided by severa l  modules, but  f o r  c l a r i t y  it is  e n t i r e l y  
contained i n  the  Control-Module. 

We s h a l l  now digress  from the  descr ip t ion of the  ac tual  search and f i r s t  pre- 
s en t  the h e u r i s t i c  se lec t ion functions contained i n  the  Heuristic-Module. 



The Heuristic Selection Functions 

In  cons t r a s t  to t he  global search s t r a t e g i e s  and global heu r i s t i c s ,  the  
heur i s t i c  s e l ec t ion  functions of the  Heuristic-&&Ze a r e  based on local s p -  
tactical information about the graph o r  the  resolvent (paramodulant) respec- 
t i v e l y  [ s s~o] .  These heur i s t i c s  were obtained with two types of experiments: 
In  the f i r s t  experiment a human testperson is asked t o  prove a given s e t  of 
formulas by resolut ion without m y  information on the  intended meaning of the 
predicate o r  function symbols. Then the  same s e t  is proved by the  system and 
i n  case its performance is i n f e r i o r ,  the  analys is  of t he  deviation (and in t ro -  
spection of the tes tperson on why a pa r t i cu la r  s t e p  was taken) can give value- 
able h i n t s  f o r  fu r the r  heu r i s t i c s .  

In the second type of experiment the system is s e t  t o  prove a theorem. In  the  
case of success, an analys is  of t he  protocol,  where i n  the  l i s t i n g  of a l l  s t eps  
the s t eps  necessary fo r  the  proof are  marked, provides a remarkably good source 
of ideas f o r  improvement, pa r t i cu la r ly  i f  t he  reason why a ce r t a in  s t e p  was 
chosen, is a l so  pr in ted i n  the protocol l i s t i n g .  During the  l a s t  two years se- 
vera l  hundreds of such l i s t i n g s  were analyzed. 

I n i t i a l l y  we experimented with about twenty d i f f e ren t  heuristic features, whe- 
r e  each feature  a t taches  a ce r t a in  value t o  every l i n k  k i n  Gi. Gi is  the 
present graph, Gi+l is  the r e su l t ing  graph a f t e r  resolut ion upon l ink k and 
Res i s  the resolvent resul t ing from t h i s  step: 

( i l  Swn of Ziterats i n  Gi+l 
( i i l  Swn of clauses i n  Gi+l 

( i i i l  Swn of links i n  G i +  
( iv l  Average lenght of ciauses i n  G i + l  
(vl Average sum of links on l i tera ls  i n  G;,I 

lu i )  Sum Iresp. average sum) of constant s@oZs in  Gi+l 
( v i i l  Number of dist inct  predicate symbols i n  G i + l  

( v i i i l  Nwnber of dist inct  variables i n  Gi+l 
( i x l  Swn of l i t era ls  of Res 
( x )  Sum of l inks of Res 

(xi) Sum of constant symbols i n  Res 
( x i i l  Sum of dist inct  variables i n  Res 

( x i i i l  Number of dist inct  predicate symbols i n  Res 
(x iv )  Tern compZexity of Res 
(xu) M i n i m  of Zinks on l i tera ls  i n  Res 

( m i l  Complexity of the most general unif ier  ok attached to  link k 
( m i i l  Age of Res 

( m i i i l  Degree of isolation of Res 
(&I Degree of isolation of the parents of Res. 

The problem i s  t h a t  although each heur i s t i c  fea ture  has a ce r t a in  worth, the  
cos t  of i ts  computation can by f a r  outweigh its po ten t i a l  contribution. Also 
it may not be independent of t he  o ther  heur i s t i c  fea tures ;  fo r  example fea- 
tures  (x i )  and ( x i i )  both measure the  "degree of groundness of Res", but i n  
a d i f f e ren t  way. Similar i ly  the  values fo r  Res and f o r  Gi+l a re  not indepen- 
dent for  ce r t a in  fea tures  (e.g. x i i i  and v i i ) .  Also there a r e  the  two problems of 
finding an appropriate metric fo r  each feature  and t o  decide upon t h e i r  re- 
lat ive worth i n  case of conflict with other  fea tures .  

The information contained i n  the  h e u r i s t i c  fea tures  is entered i n  d i f f e ren t  
ways: ce r t a in  f a c t s  (e.g. decreasing s i z e  of the graph) have absolute priority 
and override a l l  o ther  information (see a l so  the  merge fea ture  of 'IT i n  [ D A ~ ~ I ) .  
Most of the  information of the  o ther  fea tures  is expressed a s  a r e a l  number i n  
[0,1], where we experimented with severa l  ( l i n e a r ,  nonlinear) metrics.  This in- 



formation i s  then entered i n  a weighted polynomial and the  r e su l t ing  r e a l  
number ( the  p r i o r i t y  value) expresses the  relat ive  worth of the  pa r t i cu la r  
l ink  and i s  attached t o  each l ink.  In case of no overriding information the  
Control-Module s e l e c t s  the  l ink with the  h ighest  p r i o r i t y  value.  S t i l l  o ther  
i n f o r m a t i ~ n  is  entered using the  "window-technique": among the  l i nks  whose 
p r i o r i t y  value is within a ce r t a in  in t e rva l  ( the  'window'), the  Control-Modu- 
l e  choses the  one which minimizes some other  fea ture .  

In  addition t o  t h i s  information based on the  syntax of  the  graph (or the  re- 
solvent) ,  we a re  planning t o  a t t ach  semantic and pragmatic knowledge i n  form 
of small CSSA-programs [ ~ ~ 7 9 ]  t o  each l ink .  

The system has been designed such t h a t  h e u r i s t i c  fea tures  can eas i ly  be added 
and deleted, however a f t e r  two years of experimentation the  system has s t ab i -  
l i zed  with the  following solut ion ( s t ab i l i zed  i n  the  sense t h a t  nei ther  the  
addition of heu r i s t i c s  from the  above list nor the  use of d i f f e ren t  metrics 
w i l l  s i gn i f i can t ly  change the performance of the  system on an appropriately 
large s e t  of t e s t s ) :  

1. Complexity of the Graph 
1.1 FCLSUM = (1 of clauses of Gi+l) - (1 of clauses of G i )  
1.2 FLINKSUM = (1 of l inks  of Gi+l)  - (1 of l i nks  of G i )  
1.3 FCANCEL = # { P I P  is predicate symbol occuring i n  Gi+ll  
1.4 FTERMINATE: (see below) 

2 .  Complerity of the Resolvent 
2.1 FAGE = Age of Res 
2.2 FLITSUM = Sum of l i t e r a l s  i n  Res 
2.3 FTERM = Term complexity of Res 
2.4 FRESISO = Degree of i so l a t ion  of Res 

3. Complexity of the Parents of Res 
3.1 FPARISO = Degree of i so l a t ion  of the  parents  

These fea tures  influcence the  ac tual  der ivat ion i n  the  following way: a l l  s t eps  
t h a t  lead t o  a reduction i n  the s i z e  of  the  graph have absoZute priori ty  and 
are  irmnediately executed. That i s ,  every l ink which leads t o  a graph with fe- 
wer clauses o r  fewer l inks  or  both i s  put i n t o  a specia l  c l a s s ,  which i s  exe- 
cuted before any fu r the r  evaluation takes place.  The decision whether o r  not 
a l ink leads t o  a reduction i s  based on information from the  Deletion-Module 
(see below) and i s  opt ional ly  taken fo r  every l ink  or  f o r  t he  active l i nks  on- 
l y  (see the Strategy-Module below). Note t h a t  the  reduction i n  the  s i z e  of 
t he  graph may lead t o  fu r the r  dele t ions ,  hence a po ten t i a l  snowball e f f e c t  
of dele t ions  is ca r r i ed  out  inrmediateZy, which accounts fo r  t he  f i r s t  main 
source of the s t rength  of the  system. 

A l l  o ther  fea tures  have a relat ive  priority and a re  c l a s s i f i e d  a s  s i tua t ion  
dependent and s i t u a t i o n  independent respect ively ,  s ince  the  c o s t  of t h e i r  i n i -  
t i a l  computation and l a t e r  Updating d i f f e r s  fundamentally [ss~o]. 

A successful usage of the  r e l a t i v e  p r i o r i t i e s  depends on an appropriate metric 
fo r  each feature ,  which expresses i ts  estimated worth. A discussion of why the 
following metrics where chosen is outside of the  scope of t h i s  paper and may 
be found i n  [ s s ~ o ] ;  but  the important point  t o  notice is, t h a t  each metr icdis-  
plays a pa r t i cu la r  characteristic,  which expresses the h e u r i s t i c  worth r e l a t i -  
ve t o  i t s  argument. 



max 
( f o r  D- = 5) 

AGE o f  Res 
1 5 

Age: max{~ge Parent l ,  Age ~ a r e n t 2 ] + 1  

Dm=: user defined maximally admitted depth of der iva t ion  

This f ea tu re  is mainly used t o  avoid " i n f i n i t e  holes" i n  t he  search space. 

FLITSUM : = 
1 FLITSUM 

of L i t e r a l s  of Res I 
Characteristic: t-\ 

5 
This f ea tu re  adds a s t rong "unit-preference-behaviour" t o  t h e  system. 

f l i f  no nested terms i n  Res o r  no terms i n  Res 

otherwise 

where: s .  : maximal nes t ing  of ith term i n  Res 

s : user  defined maximally admitted depth of nes t ing  
max 

n: number of terms i n  Res 

FCANCEL := LIT(Gi) - LIT(Gicl) 

where LIT(Gi) = #{PIP occurs a s  predica te  symbol i n  G.} 

Note t h a t  the  value i s  e i t h e r  0 o r  1 and t h i s  information is useful  f o r  a 
simulation of Colmerauerls cancel la t ion  s t r a t egy  [ ~ 0 7 5 1 .  

F-: has e i t h e r  absolute priority i f  it decreases o r  e l s e  is entered  in- 
t o  t he  s e l ec t ion  process of the  CO-Module with t he  window-technique 

m: has e i t h e r  &solute priority i f  Res is pure,  e l s e  

0 each l i t e r a l  of Res has a t  l e a s t  3 l i n k s  
:= ( 1/3 there  is a l i t e r a l  i n  Res with 2 l i n k s  

1 t he re  i s  a l i t e r a l  i n  Res with 1 l ink  

FPARISO: s imi l a r  t o  FRESISO 

Note t h a t  FPARISO and FRESISO a re  useful ,  s ince  they provide the  Control-Modu- 
l e  with t he  information t h a t  a f t e r  one (or l e s s  useful ,  a f t e r  two) f u r t h e r  
s t eps  another de le t ion  process s t a r t s ,  which po ten t i a l l y  leads  again t o  a snow- 
b a l l  e f f e c t  of de l e t i ons .  

The main cons t r a in t  f o r  these  heu r i s t i c s  is t h a t  a f t e r  each resolut ion  s t e p  
the  values of the  h e u r i s t i c  f ea tu re s  have t o  be updated and it i s  e s s e n t i a l  
t h a t  the cos t  of t h i s  updating i s  much l e s s  than the  c o s t  of performing every 
poss ib le  resolut ion .  For t h a t  reason not every value of t he  arguments f o r  the  



metrics is computed exact ly  bu t  estimated by some h e u r i s t i c  estimation func- 
t ion.  

And f i n a l l y  there  is the  problem t h a t  t he  heur i s t i c s  have the  very l imited 
horizon of one s t e p  ahead bu t  t h a t  t h e  computation of a fu r the r  n-level look 
ahead f o r  n 2 2, is s o  prohibi t ively  expensive t h a t  it outweighs the  advan- 
tage.  For t h a t  reason we implemented i n  addi t ion a d i f f e r e n t  n-level look 
ahead technique, which ckecks a t  t o l e rab le  cos t  i f  there  is  a proof within ap re -  
defined complexity bound. This terminator h e w i s t i c  FFERMINATE is  ak in  t o  
the  no-loop-requirement of f.5176 p. 8321 and the n-level-look-ahead heur i s t i c  
proposed by 1~075 p.  5933 and is the second main, source for  the  success of 
the  current  system. The e s s e n t i a l  idea  is  an elaboration of the  following ob- 
servation: 

0 III 7' 

(a)  
Figure 3 

Each box i n  f igure  3 represents a l i t e r a l ,  a s t r i n g  of boxes is a clause and 
complementary boxes ( l i t e r a l s )  a re  connected by a l i nk .  I f  a l l  un i f i e r s  a t t a -  
ched t o  the l i nks  i n  f igu re  3a a re  compatible it represents  a one-level-ter- 
minator, s ince  it immediately allows f o r  the der ivat ion of the  empty clause.  
Similar i ly  f igure  3b represents a two-level-terminator i f  t he  u n i f i e r s  a re  
compatible (see [ S S ~ O ]  fo r  a de t a i l ed  presenta t ion) .  

Searching f o r  a Proof 

We now re turn  t o  a descr ip t ion of the search fo r  a proof: The Control-Mo- 
dule loca l ly  controls  the se l ec t ion  of t h e  appropriate l i nk  for  the  next re- 
solut ion s tep .  This se l ec t ion  is based on information from the  Heuristic-Mo- 
d ~ l e  a s  presented above and from the Deletion-Module, which heavily exploi ts  
the  c ruc ia l  property of t h i s  proof procedure t h a t  d is t inguishes  it from other  
proof procedures based on graphs [ ~ ~ 7 6 ] ,  [~176] :  the f ac t  t h a t  the dele t ion of 
l i nks  and clauses can lead t o  a snowbal1,effect of fur ther  dele t ions .  Because 
of t h i s  e f f e c t  it is  worth every e f f o r t  t o  f ind and compute a s  many c r i t e r i a  
f o r  po ten t i a l  dele t ions  a s  possible.  A t  present  a c lause  is  marked fo r  dele- 
t ion  i f :  (i) it is  pwne 

(ii) it i s  a tautology 
(iii) it is subsumed by some other  clause [ E I ~ o ] .  

Furthermore it is planned t o  have a dele t ion process based on models a s  well a s  
a dele t ion process based on pa r t i cu la r  configurations of l i nks  ( fo r  example a 
c i r cu la r  connection),  however because of the  po ten t i a l  snowball e f f e c t  t he  re- 
su l t ing  completeness problems a re  not a t  a l l  easy. 

Mostly only 5 small f r ac t ion  of a l l  l i nks  i n  the  graph i s  declared ac t ive .  This 
is done by the Strategy-Module, which simulates standard der ivat ion s t r a t eg ie s :  
e.g. i f  only the  l i nks  emanating from a clause i n  the i n i t i a l  s e t  of support 
are  declared 'ac t ive '  and subsequently only the l i nks  of each resolvent i n  turn  
a re  declared act ive  and the previous ones passive (by appropriate 'on-off- 
swi t ches ' ) ,  the r e su l t ing  derivation i s  Linear. The Strategy-Module allows t o  
chose among some of the  standard s t r a t e g i e s  and s e t t i n g  refinements [~0781 .  
This has turned out  t o  be advantageous, since it subs tan t i a l ly  reduces the  num- 



ber of ' a c t i ve '  l i n k s  and hence the  expense f o r  t he  computation of t he  heu- 
r i s t i c  s e l ec t ion  functions and t h e  most successful  runs were obtained with 
t h i s  'mixed approach'. The decis ion ,  which s t r a t e g i e  t o  choose, is  taken by 
the  Monitor based on some general  h e u r i s t i c s .  

Eiowever c e r t a i n  f ea tu re s  with r e l a t i v e  p r i o r i t y  a s  well  a s  t h e  f ea tu re s  ha- 
ving absolute  p r i o r i t y  a r e  opt ional ly  computed f o r  both ac t ive  and passive 
l i nks .  The passive l i n k s  may be declared ac t ive ,  i f  t h e i r  worth exceeds a 
c e r t a i n  threshold.  
It should not  be necessary t o  say t h a t  the  complex in t e rp l ay  of t he  var ious  
modules, which ' sugges t '  which s t e p  t o  take next,  prevents of course the  
ove ra l l  deduction from being l i nea r  o r  ' s tandard '  and the  respect ive  comple- 
teness  r e s u l t s  do not  necessar i ly  hold.  

The p o t e n t i a l  explosion of l i nks  i s  the  bott leneck of Kowalski's proof proce- 
dure: the  following 'challenge'  proposed by P. Andrews, Carnegie Mellon a t  
the  1979 Deduction Workshop, provides a point  of demonstration: 

The i n i t i a l  graph of t h i s  formula cons i s t s  of almost 10 000 l inks  and severa l  
hundred new l i n k s  a r e  added t o  the  graph f o r  each resolut ion  s t ep .  I f  a l l  the- 
s e  l i n k s  were declared ' a c t i v e ' ,  t he  computation of t h e  s e l ec t ion  functions 
would become in to l e rab ly  expensive. 

In our system t h e  example i s  s p l i t , r e d u c e d  and subsequently dele ted  t o  a graph 
never exceeding 50 l inks  and e a s i l y  proved within a few s t eps .  Even fo r  more 
' na tu ra l '  examples, the  number of de l e t i on  s t eps  i s  about one t h i r d  and some- 
times over one hal f  of the  t o t a l  number of s t eps .  

Some Technical Data about the Project 

Name of Project: Incorporation of Mathematical Knowledge i n t o  an ATP-System, 
inves t iga ted  f o r  t he  Case of Automata Theory. 

Funding Agency: German Research Organisation (DFG) Bonn, De 238/1, De 238/2. 
Time Period: 1976 t o  1982 ( s i x  years)  
Machine: SIEMENS 7.760 
Minimally Required Storage Space: 6.000 K ( v i r t u a l  memory) 
Languages : SIEMENS-INTERLISP [ E P ~ S  ]/CSSA [ ~ a 7 9  1 
Present s i z e  o f  system: 2 500 K of source code 
Effort:  - > 10 manyears f o r  its implementation 

With more than 500 K of ac tua l  code a t  present  and approximatly 1.000 K under 
design f o r  the  next two years,  t h e  system i s  the  l a r g e s t  software development 
undertaken i n  the h i s to ry  of automated theorem proving and it may be indica- 
t i v e  f o r  t he  changing pa t t e rn  of research i n  t h i s  f i e l d .  

3. PERFORMANCE STATISTICS 

To g a m  a f ee l ing  f o r  the  improvement achieved by the  system, f i gu re  3 g i -  
ves a sample of some t e s t  runs. In order  t o  avoid one of t h e  p i t f a l l s  of s t a -  
t i s t i c a l  da t a ,  which i s  t o  show the  improvement achieved on ce r t a in  examples 
and not  showing the  de t e r io ra t ion  on o the r s ,  t he  system i s  t o  be t e s t ed  on a l l  
of the  main examples quoted i n  the  ATP l i t e r a t u r e :  [ w M ~ ~ I ,  T MOW^^], [ R R Y K U ~ ~ ] .  
Of a l l  examples t e s t ed  thus f a r ,  the  examples of f i gu re  3 a r e  representa t ive  
(and worstcase, i . e .  a l l  o ther  examples were even more favourab:e f o r  our sy- 
s tem) .  The examples of f igure  3 axe taken from t h e  extens ive ,  comparative s tu-  
dy undertaken a t  University of Maryland [ ~ ~ 7 6 ] ,  where e igh t  d i f f e r e n t  proof 
procedures were t e s t ed  and s t a t i s t i c a l l y  evaluated on a t o t a l  of  152 examples. 



The t a b l e  is t o  be understood a s  follows: the f i r s t  column gives t h e  name of 
t he  s e t  of axioms i n  [W76], e.g.  LS-35 i n  l i n e  9. The next t h ree  columns quo- 
t e  t he  f indings  of LWM761, where the  f i gu re  i n  brackets  gives t he  value f o r  
t he  worst proof procedure among the  e i g h t  t e s t e d  procedures and t h e  o ther  f i -  
gure gives t he  value f o r  t he  proof procedure t h a t  perfomed bes t .  The f i n a l  
three  columns give t h e  corresponding values f o r  t he  Markgraf Karl Procedure. 
For example, i n  order  t o  prove the  axiom s e t  LS-35 ( l i n e  9)  t h e  bes t  proof 
procedure of [W76] had t o  generate 335 c lauses  i n  order  t o  f i nd  the  proof,  
which consis ted  of 14 c lauses ,  and the  worst proof procedure had t o  generate 
1.521 c lauses  i n  order  t o  f ind  t h a t  proof.  In con t r a s t  our system generated 
only 9 ckuse s  and a s  these f i gu re s  a r e  t yp ica l  and hold uniformly f o r  a t t  
cases,  they a r e  t he  s t a t i s t i c a l  expression and j u s t i f i c a t i o n  f o r  t h e  f i r s t  
two claims put  forward i n  the  abs t r ac t .  

~ x a m ~ l e l l  Maryland Refutation Procedure 1 Markgraf Karl Refutation Procedure 

Ances 
Ew 33 
Prim 
wos 3 
wos 7 
Wos 8 
LS-17 
LS-21 
LS- 35 
LS-65 
LS-115 
LS-121 

NOC-P NOC-P 

19 (18) 
19 (21) 
21 (20) 
7 (7) 

13 (12) 
12 (12) 
20 (14) 
12 (12) 
14 (14) 
17 (17) 
13 (13) 
31 

NOC-P = Number of Clauses i n  t h e  Proof 
NOC-G = Number of Clauses generated 
G P  = G-Penetrance 

Fiaure 4 

4. KINSHIP M OTHER DEDUCTION SYSTEMS 

The advent of PLANNER [ ~ ~ 7 2 ]  marked an important po in t  i n  t he  h i s to ry  of 
automatic theorem proving research [ ~ ~ 7 2 ] ,  and although none of the  techni-  
ques proposed there  a r e  ac tua l ly  present  i n  our system it is none the  l e s s  the  
product of the  s h i f t  of the  research paradigm, of which PLANNER was an e a r l y  
hallmark. 

NOC-G 

62 (943) 
63 (2585) 
89 (221) 
17 (154) 

241 (244) 
210 (360) 
98 (1273) 

252 (684) 
335 (1521) 
48 (880) 
20 (227) 
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The work most i n f l u e n t i a l ,  which more permeates our system than i s  poss ib le  
t o  c r e d i t  i n  d e t a i l ,  is t h a t  of W. Bledsoe, University of Texas [B~75],[BB75], 
[BB72], [ B ~ 7 1  1 ,  [ B ~ 7 7 ] .  In con t r a s t  t o  [B~75]  however, we t r i e d  t o  separa te  a s  
much a s  poss ib le  t he log ic  within which t h e  proofs a r e  ca r r i ed  out from the  
h e u r i s t i c s  which a r e  he lpful  i n  f inding t h e  proof.  

G-P 

0,306 (0,019) 
0,302 (0,008) 
0,236 (0,09) 
0,412 (0,045) 
0,054 (0,049) 
0,057 (0,033) 
0,204 (0,011) 
0,048 (0,018) 
0,042 (0,009) 
0,354 (0,019) 
0,65 (0,057) 
0,058 

The s t ronges t  resolut ion  based system a t  present  is  MOW^^], and we have 
t e s t e d  t h e i r  examples i n  our system. Comparison with t h e i r  reported r e s u l t s ,  
shows t h a t  i f  our system f inds  a proof it i s  super ior  t o  t h e  same degree a s  
reported i n  f igure  4. 

However, there  a r e  still seve ra l  more d i f f i c u l t  examples reported i n  1 ~ 0 ~ 7 6 1  
which we can not  prove a t  present .  The s t rength  of t he  system  MOW^^] de r i -  
ves mainly from a successful  technique t o  handle equal i ty  axioms and almost 



a l l  the  examples quoted i n  1 ~ 0 ~ 7 6 1  r e l y  on t h i s  technique. For t h a t  reason, 
as  long a s  our paramodulation module is not  f u l l y  equipped with proper heu- 
r i s t i c s  t he re  is no f a i r  comparison ( the  t e s t  cases were obtained with t he  
f u l l  s e t  of equa l i t y  axioms and no spec i a l  treatment f o r  t he  equa l i t y  pre- 
d i ca t e )  . 
Final ly  among t h e  very l a rge  systems which present ly  dominate theorem proving 
research is the  system developed by R. Boyer and J.S.  Moore a t  SRI [ ~ ~ 7 8 ] .  
Their  system r e l i e s  on powerful induction techniques and although some of t h e  
e a s i e r  examples quoted i n  [ ~ ~ 7 8 ]  could be proved by our system a t  present ,  a 
j u s t i f i a b l e  comparison is only poss ib le  once our induction modules a r e  comple- 
ted .  

A theorem prover based on h e u r i s t i c  evaluation was a l s o  repor ted  by Slagle  and 
F a r r e l l  [ S F ~ I ]  however it appears t h a t  such h e u r i s t i c s  a r e  no t  too successful  
f o r  an ordinary resolut ion  based prover.  

5 .  CONCLUSION 

A t  present  t he  system performs subs t an t i a l l y  b e t t e r  than most o ther  auto- 
matic theorem proving systems, however on c e r t a i n  c l a s se s  of examples (induc- 
t i on ,  equa l i t y )  t he  comparison i s  unfavourable f o r  our system (sec t ion  4 ) .  
But there  is l i t t l e  doubt t h a t  these  shortcomings r e f l e c t  t he  present  s t a t e  of 
development; once the  o ther  modules (T-unification,  paramodulated connection 
graphs, a f a r  more r e f ined  monitoring, induction,  improved h e u r i s t i c s  e t c )  
a r e  opera t ional ,  t r a d i t i o n a l  theorem provers w i l l  no longer be competitive. 

This statement is l e s s  comforting than it appears: t h e  comparison is based on 
measures of t he  search space and it totazly  neglects t he  (enormous) resources 
needed i n  order  t o  achieve t h e  behaviour described. Within t h i s  frame of re- 
ference it would be easy t o  design t h e  "perfec t"  proof procedure: t h e  super- 
v i so r  and t h e  look-ahead h e u r i s t i c s  would f ind  the  proof and then guide the  
system without any unnecessary s t eps  through the  search space. 

Doubtlessly, t he  TP systems of t h e  fu tu re  w i l l  have t o  be evaluated i n  t o t a l l y  
d i f f e r e n t  terms, which take i n t o  account the  t o h l  (time and .space) resources 
needed i n  order  t o  f i nd  t h e  proof of a given theorem. 

But then, i s  the  complex system A, which 'wastes '  enormous resources even on 
r e l a t i v e l y  easy theorems but  i s  capable of proving d i f f i c u l t  theorems, worse 
than the  smart system B ,which e f f i c i e n t l y  s t r i v e s  f o r  a proof but  is unable 
t o  contemplate anything above t h e  current  average of t he  TP community? But 
t he  f a c t  t h a t  system A proves a theorem of which system B i s  incapable is  
no measure of performance e i t h e r ,  unless  there  is  an objec t ive  measure of 
' d i f f i c u l t y '  (system A may e.g. be tuned t o  t h a t  p a r t i c u l a r  example). I f  
now the  d i f f i c u l t y  of a theorem is  expressed i n  terms of t h e  resources needed 
i n  order t o  prove it the  c i r cu lus  v i r tuosus  is closed and it becomes apparent 
t h a t  the  'objec t ive '  comparison of systems w i l l  be marred by t h e  same kind of 
problems t h a t  have marked the  attempts t o  "objec t i fy"  and "quantify" human 
in t e l l i gence :  they measure c e r t a i n  aspects  but ignore o thers .  

In summary, although there  a r e  good fundamental arguments supporting the  hy- 
pothes is  t h a t  the  fu tu re  of  TP research is with t he  f i n e l y  knowledge enginee- 
red systems a s  proposed here ,  there  is a t  present  no evidence t h a t  a t r a d i t i o -  
na l  TP with i t s  capaci ty  t o  quickly generate many ten  thousands of c lauses  is 
not j u s t  a s  capable. The s i t u a t i o n  is  reminiscent of todays chess playing 
programs, where t he  programs based on i n t e l l e c t u a l l y  more i n t e r e s t i n g  p r inc i -  
p l e s  a r e  outperformed by the  brute  force  systems r e ly ing  on advances i n  hard- 
ware technology. 
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ABSTRACT 

This paper proposes a desc r ip t ive  choice model f o r  decis ions  involving 
two a l t e r n a t i v e s  and gives  experimental r e s u l t s  f o r  twenty-eight decision 
makers. For each decis ion  maker a computer simulation model, based on 
verbal  accounts of sub jec t s '  thought processes,  was developed. An analy- 
s i s  of these models i nd i ca t e s  s u b s t a n t i a l  support f o r  the  proposed model. 
Additionally,  the  computer models were found t o  predic t  co r r ec t ly  more 
than 99% of a l l  r e l i a b l e  decis ions .  An analys is  of t he  incorrec t  predic- 
t i o n s  i nd ica t e s  t h a t  both the  s e l ec t ion  of decis ion  r u l e s ,  as  wel l  a s  
t h e i r  parameters a r e  p a r t l y  governed by a p r o b a b i l i s t i c  process. 

During the  pas t  s eve ra l  years ,  t he  understanding of t h e  thought process 
underlying decision making behavior has received more and more a t t en t ion  
i n  the  l i t e r a t u r e .  Instead of only focusing on an ana lys i s  of the  re la-  
t ionships  between decision a t t r i b u t e s  and choice outcomes by means of 
regression ana lys i s  [ c f .  S lovic  and Lichtens te in ,  1971 f o r  an extensive 
review of t h a t  l i t e r a t u r e ] ,  s tudents  of choice behavior a r e  increas ingly  
inves t iga t ing  predecis ional  behavior, l i k e  the  acqu i s i t i on ,  evaluation,  
and in t eg ra t ion  of information [e.g. ,  Svenson, 19791. Unfortunately, 
r e l a t i v e l y  l i t t l e  research i s  ava i l ab l e  t h a t  has examined i n  d e t a i l  t he  
cognitive processes of decis ion  makers. Furthermore, few attempts have 
been made t o  i n t eg ra t e  empirical  f indings  i n t o  a t h e o r e t i c a l  framework. 
Eence, t he  major goal  of t h i s  study is t o  examine i n  d e t a i l  the  choice 
s t r a t e g i e s  of decis ion  makers, and t o  develop a t h e o r e t i c a l  model f o r  
binary choices. More s p e c i f i c a l l y ,  t he  plan of t h i s  study i s  t o  provide 
f i r s t  a sho r t  summary of recent work on decision-making processes. Then, 
a binary choice model i s  presented and the  r e s u l t s  of two experiments a r e  
described and discussed i n  t h e  l i g h t  of t he  f indings  of o ther  work on 
choice behavior. 

BINARY CHOICE RESEARCH 

There have been seve ra l  decision making s tud ie s  which have examined 
binary choices [e.g., Payne, 1976; Russo and Dosher, 1975; and Slovic ,  
19751. Among those s tud ie s ,  Russo and Dosher I19751 provide the  probably 
most de t a i l ed  treatment of decis ion  making s t r a t e g i e s  fo r  choices among 
two a l t e rna t ives .  A s  a r e s u l t  of t h e  analys is  of eye-movements and ver- 
b a l  r epo r t s ,  Russo and Dosher i den t i f i ed  two major simplifying h e u r i s t i c s  
t h a t  characterized sub jec t s '  choice behavior. These decis ion  r u l e s ,  
which were es tabl ished f o r  tasks  involving three  decision a t t r i b u t e s ,  
were ca l led  dimensional reduction (DR) and majority of confirming dimen- 
s ions  (MCD) h e u r i s t i c .  

As the  name suggests,  the major c h a r a c t e r i s t i c  of t h e  DR h e u r i s t i c  i s  the  
reduction of the  number of dimensions being considered during the  choice 
process. More s p e c i f i c a l l y ,  Russo and Dosher suggest t h a t  a t  the  outse t  



sub jec t s  e l iminate  t he  dimension with t he  smal les t  dimensional d i f ference .  
Thereaf ter ,  the  choice w i l l  be determined by se l ec t ing  the  a l t e r n a t i v e  
which has t h e  l a r g e s t  dimensional d i f ference  on t h e  two remaining dimen- 
s ions .  Obviously, t h i s  choice model i s  most appropr ia te  when the  number 
of a t t r i b u t e s  is three .  For a l a r g e r  number of a t t r i b u t e s ,  say s i x ,  four 
( i . e . ,  s i x  minus two) would have t o  be eliminated i n  order t o  allow the  
choice t o  be  determined by o rd ina l  comparisons of two dimensions. However, 
t he  e l iminat ion  of two-thirds of t he  ava i l ab l e  information seems t o  be  an 
overs impl i f ica t ion  of sub jec t s '  dec is ion  ru l e s .  Therefore,  t he  gene ra l i t y  
of t h i s  h e u r i s t i c  appears t o  be  r e s t r i c t e d  t o  t a sks  with a small  nmber  
of dimensions (e.g. ,  t h r ee  o r  four) .  

The second choice s t r a t egy ,  t he  MCD h e u r i s t i c ,  s imp l i f i e s  the choice pro- 
cess  by (a) ignoring the  magnitude of dimensional differenc,es and (b) con- 
s ide r ing  only which of the  two a l t e r n a t i v e s  is b e t t e r  on each dimension. 
Then these simple evaluat ions  of t he  decision a t t r i b u t e s  a r e  in tegra ted  by 
se l ec t ing  the  a l t e r n a t i v e  which i s  perceived t o  be b e t t e r  on more dimen- 
s ions .  Like the  DR h e u r i s t i c ,  the  MCD s t r a t egy  seems t o  have some major 
l imi t a t i ons .  F i r s t ,  t h e  imp l i c i t  assumption t h a t  a l l  dimensions a r e  having 
the same impact on the  choice outcomes (by being equally important) f o r  a l l  
subjec ts  appears somewhat u n r e a l i s t i c ,  judging from the  r e s u l t s  of s eve ra l  
s tud ie s  [e.g. ,  S lovic  and Lichtens te in ,  19711 which suggest subs t an t i a l  
individual  d i f ferences  i n  cue u t i l i z a t i o n s .  The second major drawback of 
t h e  MCD model i s  t h a t  i t  does not allow the  predic t ion  of a choice when an 
equal number of dimensions favor each a l t e rna t ive .  Slovic [I9751 p a r t i a l l y  
addressed the  l a t t e r  i ssue ,  by examining binary choices among a l t e r n a t i v e s  
characterized by two decision a t t r i b u t e s .  His conclusions were tha t  sub- 
j e c t s  tend t o  s e l e c t  the  a l t e r n a t i v e  which i s  b e t t e r  on the  more important 
dimension. This shor t  discussion shows t h a t ,  f o r  becoming a more r e a l i s t i c  
descr ip t ion  of t he  choice process,  s eve ra l  modifications of Russo and 
Dosher's [I9751 o r i g i n a l  model seem t o  be necessary.  As a f i r s t  s t ep  i n  
t h i s  d i r ec t ion  a decision-process model, c a l l ed  "generalized a t t r i b u t e  
dominance (GAD) model" w i l l  be presented below. 

A GENERALIZED ATTRIBUTE DOMINANCE MODEL 

The present model, which provides an in t eg ra t ion  and extension of the  
choice models proposed by Russo and Dosher 119751 and Slovic [1975], 
cons i s t s  of t h ree  s tages  (see  a l s o  Fig.  1 ) .  

1. Determination of t he  Decision Relevant A t t r i bu te s  (%) 
It i s  presumed t h a t  a t  t he  beginning of the  choice process the decision 
maker (DM) w i l l  d iv ide  the  choice dimensions i n t o  important and -1nimpor- 
t a n t  ones. As a r e s u l t  of t h i s  c l a s s i f i c a t i o n  sub jec t s  a r e  assumed t o  
ignore the unimportant a t t r i b u t e s  during the remainder of the  choice 
process. 

2. Dimensional Evaluation of A t t r i bu te s  

Having determined t h e  decision re levant  a t t r i b u t e s ,  the  DM w i l l  i den t i fy  
f o r  each important a t t r i b u t e  which a l t e r n a t i v e  is  b e t t e r  o r  whether both 
a l t e r n a t i v e s  a r e  equivalent.  The character iza t ion  of two a l t e rna t ives  a s  
being equivalent on a p a r t i c u l a r  a t t r i b u t e  a l s o  e l iminates  t h i s  a t t r i b u t e  
from the  decision re levant  a t t r i b u t e s .  Next, sub jec t s  w i l l  i n t eg ra t e  the  
r e s u l t s  of t h e  dimensional evaluat ions  by ca lcula t ing  f o r  each a l t e rna t ive  
the number of dimensions (N) on which the respect ive  a l t e r n a t i v e  is  b e t t e r .  



In pa r t i cu l a r ,  N1 and N 2  denote t h e  number of dimensions on which a l terna-  
t i v e s  one and two a r e  super ior .  

3. Comparison of N1 and N 2 
The f i n a l  phase of t h e  choice model involves t he  s e l ec t ion  of the  prefer red  
a l t e r n a t i v e  by comparing N1 and N2. This comparison process can be  con- 
s idered  a s  compensatory ( i . e . ,  involving trade-offs between a t t r i b u t e s )  i n  
nature.  Depending on the  r e s u l t s  of these  comparisons, i .e . ,  whether or 
not  one a l t e r n a t i v e  is perceived t o  be  b e t t e r  on the  major i ty  of t he  deci- 
s ion  re levant  a t t r i b u t e s ,  two decis ion  mechanisms a r e  proposed. In  s i t ua -  
t i o n s  where N1 and N 2  have d i f f e r e n t  values the  model p red ic t s  t h a t  the  
decis ion  maker s e l e c t s  t h e  a l t e r n a t i v e  with t h e  higher N .  On t h e  o ther  
hand, when both a l t e r n a t i v e s  a r e  i d e n t i f i e d  a s  being super ior  on the  same 
number of dimensions ( i .e . ,  N1 = N2), a t ie-breaker r u l e  has t o  be a c t i -  
vated.  According t o  t h i s  r u l e ,  t he  DM is expected t o  s e l e c t  t he  a l terna-  
t i v e  which is b e t t e r  on the  most important a t t r i b u t e  contained i n  %I. 

Figure 1 
Generalized At t r i bu te  Dominance Model 
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The above model genera l izes  Russo and Dosher's 119751 MCD model i n  s eve ra l  
important ways. F i r s t ,  i t  a l l w s  f o r  d i f f e r e n t i a l  weighting of dimensions 
across  subjec ts .  Second, i t  permits the  evaluation of a l t e r n a t i v e s  t o  be  
equivalent on any dimension. F ina l ly ,  the  model i s  capable of generating 
a choice predic t ion  when the >ED-heuristic i nd i ca t e s  a stand-off between 
the two a l t e rna t ives .  The t ie-breaker r u l e  " se l ec t  t he  a l t e r n a t i v e  which 
i s  b e t t e r  on the  most important dimension", as  suggested by the  GAD-model, 
i s  very s imi l a r  t o  a lexicographic choice model [ c f .  Tversky, 19721 and 
the choice procedure proposed by Slovic  [1975]. Spec i f i ca l ly ,  the  lexi -  
cographic model presumes an ordering of t he  decision a t t r i b u t e s  according 
t o  t h e i r  sa l ience  and prescr ibes  t he  choice of the  a l t e r n a t i v e  which i s  
super ior  on the  most important dimension. I f  no a l t e r n a t i v e  i s  perceived 
t o  be b e t t e r  on t h i s  dimension, the a l t e rna t ive  which i s  super ior  on the  
second most important a t t r i b u t e  i s  se lec ted .  This procedure is repeated 
u n t i l  one a l t e rna t ive  i s  i den t i f i ed  a s  superior on a p a r t i c u l a r  dimension. 
Since the  dimensions on which both a l t e rna t ives  a r e  perceived t o  be 



equivalent a r e  already excluded from the  decision re levant  a t t r i b u t e s ,  no 
i t e r a t i v e  choice procedure i s  required f o r  t he  GAD model. 

I n  order  t o  obta in  empirical  da t a  which permit d i r e c t  t e s t i n g  of the GAP- 
model, i t  appears t o  be necessary t o  obta in  access t o  sub jec t s '  thought 
process. Data on only the  choice outcomes a r e  unl ike ly  t o  be  capable of 
answering most of t he  above research questions.  Therefore, i t  was decided 
t o  employ i n  t h i s  study ve rba l  accounts of the thought process a s  t he  
major source of da ta  t o  be  analyzed. 

METHOD 

Subjects and Task 

Twenty-eight business s en io r s  volunteered t o  p a r t i c i p a t e  i n  two very simi- 
l a r  decis ion  making experiments i n  response t o  s eve ra l  c l a s s  announcements. 
In  both experiments sub jec t s  were presented with information about p a i r s  of 
s tudents  t h a t  were admitted i n t o  a quan t i t a t i ve ly  or iented  graduate busi-  
ness program. The task  was t o  decide which of t he  two s tudents  would be 
expected t o  achieve a higher grade point  average (GPA) i n  t h a t  graduate 
program. The cues being presented f o r  each of t h e  hypothet ica l  graduate 
s tudents  included some o r  a l l  of t h e  following pieces  of information: 
(1) GMAT-Q: The pe rcen t i l e  score  on a quan t i t a t i ve  ap t i t ude  t e s t ;  (2) 
GMAT-V: The pe rcen t i l e  score  on a ve rba l  ap t i t ude  t e s t ,  (3) Undergraduate 
In s t i t u t i on :  The name of the  undergraduate school,  and a r a t i n g  of the  
ove ra l l  qua l i t y  of undergraduate education provided i n  t h a t  school; (4) 
GPA-Total: The GPA the  s tudent  has  achieved during h i s  undergraduate educa- 
t i o n  on a s c a l e  from 1 t o  4; (5) GPA-Quantitative: The GPA f o r  mathematics 
and s t a t i s t i c s  courses t he  s tudent  has achieved during h i s  undergraduate 
education on a s c a l e  from 1 t o  4; (6) Undergraduate Major: The major f i e l d  
of study during undergraduate education,  and a r a t i n g  of t he  najor  i n  terms 
of s u i t a b i l i t y  f o r  enter ing  a quan t i t a t i ve ly  or iented  business school. 

Hypothetical decis ions  were generated based on the  knowledge of the  charac- 
t e r i s t i c s  of app l i can t s  being admitted t o  a p a r t i c u l a r  business school.  
Each decis ion  was l i s t e d  on a d i f f e r e n t  page i n  the  same form a s  t he  deci- 
s ion  shown i n  Table 1. 

Table 1 
Example of a Decision Problem 

Under- Under- 
GMAT graduate GPA GMAT graduate GPA 

Verbal I n s t i t u t i o n  Tota l  Quant. Major Quant. 

Al ternat ive  1 68 3.2 86 Chemistry 3.1 
(3 )  

Alternat ive  2 Amhers t 2,8 74 Mathematics 2 .7  
(5) (5) 

Since another purpose of t h e  experiments was t o  examine choice behavior i n  
t h e  presence of missing information [ c f ,  F id l e r ,  1979b1, some pieces of 
information were f requent ly  unknown (e.g., f o r  t he  decis ion  i n  Table 1 the  
school i n  a l t e r n a t i v e  one and the  GMAT-V i n  a l t e r n a t i v e  two were not 
known). 



Experimental Procedure 

In  both experiments each subjec t  was t o l d  t h a t  s l h e  would be pa r t i c ipa t ing  
i n  a  study of human decis ion  making. Thirteen sub jec t s  ( s i x  females and 
seven males) volunteered f o r  experiment 1 and made t h e i r  decis ions  i n  two 
p a r t s  which were one week apar t .  I n  t he  f i r s t  p a r t ,  44 decis ions  were made 
(including s i x  p rac t i ce  decis ions) ,  while i n  t he  second p a r t  32 decisions - 
a  subset  of t h e  p a r t  1 decis ion  - had t o  be  made. The f i f t e e n  subjec ts  
( f i ve  females and ten  males) p a r t i c i p a t i n g  i n  t he  second experiment had t o  
make fo r ty  d i f f e r e n t  decis ions ,  p lus  s i x  p rac t i ce  decis ions  a t  the  begin- 
ning of t h e  experiment. A l l  decis ions  were made i n  the  same sess ion while 
thinking aloud. 

Think aloud in s t ruc t ions  were given before  the f i r s t  decision t o  be verbal- 
ized  i n  both experiments. I n  these i n s t ruc t ions  sub jec t s  were to ld  t o  ver- 
ba l i ze  every thought and every d e t a i l  of t h e i r  thinking process,  including 
what information they were looking a t ,  what thoughts they were having about 
any piece of information,  how they were evaluating the  d i f f e r e n t  pieces of 
information, and the  reasoning which led t o  t h e i r  decis ions .  

RESULTS 

After  t ranscr ib ing each sub jec t ' s  ve rba l i za t ions ,  an i n i t i a l  decision 
process  model, cons is tent  with t he  assumptions of t he  GAD-model, was 
derived f o r  each subjec t .  F i r s t ,  t h e  decis ion  r e l evan t  a t t r i b u t e s  were 
determined. Then, t h e  conditions under which two scores  of a  p a r t i c u l a r  
dimension a r e  considered t o  be equivalent or d i f f e r en t  were i den t i f i ed .  
F ina l ly ,  the choice r u l e s  were formalized. 

In t he  next phase of t h e  model bui ld ing process t h e  inference and decision 
r u l e s  were t r ans l a t ed  i n t o  a  FORTM computer program and the  predic t ions  
of the  computer model were compared with the  ac tua l  choices. Then, the  
verbal  r epo r t s  f o r  i nco r rec t  predic t ions  were examined i n  d e t a i l ,  i n  order 
t o  de t ec t  p o t e n t i a l  misspeci f ica t ions  of the  inference and decis ion  ru l e s .  
This de t a i l ed  ana lys i s  of verbal  r epo r t s  f o r  i nco r rec t ly  predic ted  deci- 
s ions  frequently r e su l t ed  i n  modifications of the  decis ion  r u l e s  and i n  
improvements of t he  p red ic t ive  qua l i t y  of the  process models. 

General Cha rac t e r i s t i c s  of the Decision Process Xodels 

A character iza t ion  of t he  decis ion  r u l e s  incorporated i n  t he  decision pro- 
cess models is shown i n  Table 2. These r e s u l t s  subs t an t i a l l y  support the  
GAD-model proposed i n  t h i s  paper. Pa r t i cu l a r ly ,  the  choice behavior of 
more than 85% of the  sub jec t s  was bes t  represented by a  decis ion  process 
model t ha t  is largely  consis tent  with the  GAD-model. Five of these sub- 
j e c t s  a l s o  applied a  conf igura l  decis ion  r u l e  i n  addi t ion  t o  the decision 
r u l e s  implied by the  GAD-model. The conf igura l  decision r u l e s  d id  not  
involve trade-off r e l a t i onsh ips  between the  decision re levant  a t t r i b u t e s .  
Rather the mere exis tence  of a  p a r t i c u l a r  configuration of the  st imulus 
ma te r i a l  on one o r  two a t t r i b u t e s  was s u f f i c i e n t  f o r  a  choice response, 
regardless  of the  information ava i l ab l e  f o r  t he  remaining a t t r i b u t e s .  Two 
pa r t i cu l a r  conf igura l  decis ion  r u l e s  t h a t  were i d e n t i f i e d  are:  "When the  
GMAT-Q of one a l t e r n a t i v e  has a  socre  of 90 o r  higher,  while the  GMAT-Q of 
t he  o ther  a l t e r n a t i v e  i s  ( i )  85 or lower, o r  ( i i )  missing, t he  a l t e r n a t i v e  
with the  GMAT-Q of 90 o r  higher w i l l  be chosen"; and "When one a l t e r n a t i v e  
has a  b e t t e r  GMAT-Q and a t  t he  same time a  one r a t ed  major, the  a l terna-  
t i v e  with the b e t t e r  GMAT-Q w i l l  ba chosen". 



Table 2 
C la s s i f i ca t ion  of t h e  Decision-Process-Models 

Model Type Number of Subjects 

Pure GAD-model 19 

Configural  decis ion  r u l e  p lus  GAD-model 5 

Lexicographic choice model 

H o l i s t i c  choice model 

The GAD-models var ied  subs t an t i a l l y  across  subjec ts .  I n  pa r t i cu l a r ,  sub- 
j e c t s  d i f f e r ed  i n  t h e  r e l a t i v e  importances they assigned t o  the decision 
a t t r i b u t e s .  I n  terms of t he  GAD-model parameters, individual  d i f ferences  
were found t o  e x i s t  f o r  (1) t he  decision re levant  a t t r i b u t e s  and (2)  the 
sa l ience  rankorder of the  decision a t t r i b u t e s .  As i l l u s t r a t i o n s  of these 
individual  d i f ferences  t he  choice models f o r  two sub jec t s  a r e  presented: 

Subject 25: decis ion  re levant  a t t r i b u t e s :  school,  GPA-T, and GMAT-Q; 
a t t r i b u t e s  i n  order of decreasing importance: school, 
GMAT-Q, GPA-T. 

Subject 2 : decis ion  re levant  a t t r i b u t e s :  a l l  dimensions; 
a t t r i b u t e s  i n  order of decreasing importance: GPA-T, GPA-Q, 
major, GMAT-Q, GMAT-V, school. 

Only two p a i r s  of sub jec t s  had t h e  same s e t  of decision re levant  a t t r i b u t e s  
with an i d e n t i c a l  s a l i ence  rankorder. Thus, even though the  underlying 
cognitive choice processes seem t o  be very s imi l a r ,  the parameters of the 
choice models d i f f e r  subs t an t i a l l y  between decis ion  makers. 

The process models of four  sub jec t s  do no t  correspond t o  t he  decision 
s t r a t e g i e s  out l ined f o r  the  W1D-model. Three of these  subjec ts  were bes t  
modeled by a lexicographic and one sub jec t  by a h o l i s t i c  choice model. A 
h o l i s t i c  decis ion  r u l e  evaluates  each a l t e r n a t i v e  a s  a whole and compares 
the  outcomes of the  h o l i s t i c  evaluat ions  (e.g. ,  u t i l i t i e s )  f o r  determining 
the  prefer red  a l t e rna t ive .  The p a r t i c u l a r  h o l i s t i c  evaluation s t r a t egy  
applied by Subject  17 involved (1) the  mu l t ip l i ca t ion  of each a l t e r n a t i v e ' s  
school, major, and GPA-T f o r  determining each a l t e r n a t i v e ' s  "u t i l i t y " ;  and 
(2) the  choice of the  a l t e r n a t i v e  wi th  t h e  h ighes t  u t i l i t y  score.  Lexi- 
cographic decis ion  r u l e s  do not permit any trade-offs among d e c i s ~ o n  
a t t r i b u t e s  and, t he re fo re ,  a r e  inconsis tent  with t he  major c h a r a c t e r i s t i c  
of the  GAD-model, i . e . ,  a  pr imar i ly  compensatory nature  of the  choice pro- 
cess.  The lexicographic choice models var ied  subs t an t i a l l y  between sub- 
j ec t s .  Spec i f i ca l ly ,  t he  sequence of t h e  a t t r i b u t e s  i n  decreasing order 
of importance was a s  follows: 

Subiect 13: major, school, GMAT-Q. 

Subject 18: GPA-T, GPA-Q, GMAT-Q, school.  

Subject 20: GPA-T, GPA-Q, coin to s s .  

Subject  20, i n  addi t ion ,  was the  only M? who, when i n  doubt about which 
a l t e r n a t i v e  t o  choose, determined the  "preferred" a l t e r n a t i v e  from the 
outcome of a coin to s s .  



A l l  process models, except t h a t  f o r  Subject  17,  can be characterized a s  
comparative i n  na ture  (as  opposed t o  h o l i s t i c )  because they derive t h e i r  
predic t ions  from comparisons of individual  dimensions. This representa t ion  
of subjec ts '  choice behavior is a l s o  supported by an ana lys i s  of the  choice 
reasons expressed i n  t he  verbal  r epo r t s .  Spec i f i ca l ly ,  88.4% of t he  choice 
reasons expressed f o r  common dimensions were comparative evaluat ions  of 
a t t r i b u t e s .  The remaining evaluat ions  were non-comparative i n  na ture  and 
character ized  individual  a t t r i b u t e  information a s  being good, high,  average, 
low, e t c .  

Consistency of Decision Rules 

In order t o  explore  the consistency of t he  choice outcomes, a l l  decis ions  
t h a t  were made four  o r  two times during the  course of Experiment 1 were 
analyzed. For each subjec t  the number of inconsis tent  decis ions  was deter -  
mined a s  follows: f o r  decis ions  made twice the  number of inconsis tencies  
was 0 i f  t he  same a l t e r n a t i v e  was prefer red  both times and 1 otherwise;  f o r  
decis ions  made four times the  number of inconsis tencies  was 0 i f  the  same 
a l t e r n a t i v e  was prefer red  each time, 1 i f  one choice outcome was inconsis-  
t e n t  with t he  majority of choices,  and 2 i f  both a l t e r n a t i v e s  were pre- 
fer red  equally of ten .  An ana lys i s  of t h e  number of inconsis tent  decis ions  
i nd ica t e s  t ha t  across  the 13 sub jec t s  pa r t i c ipa t ing  i n  t h a t  experiment, on 
the  average, 8.2 out of 62 decis ions  were inconsis tent .  The number of 
inconsis tent  decis ions  ranged between 3  and 15. 

The individual  decis ion  process models co r r ec t ly  predic ted ,  on the  average, 
87.6% of the  70 decis ions  made by a l l  sub jec t s  during the  course of Experi- 
ment 1. This corresponds t o  more than 99% of t he  po ten t i a l l y  predic table  
decis ions ,  when considering t h a t  inconsis tent  decis ions  cannot be predicted.  
For Experiment 2 ,  on the  average, 90.7% of a l l  40 decis ions  were predicted 
co r r ec t ly  by the  process models. Assuming tha t  the  consistency of the  
choices is  very s imi l a r  f o r  t h e  sub jec t s  i n  both experiments, t h i s  r e s u l t  
suggests t h a t  a l s o  f o r  Experiment 2 the process models provide excel lent  
predic t ions .  Hence, t he  decision process models seem t o  be an extremely 
good p red ic to r  of t h e  choice outcomes. 

An analys is  of the  verbal  protocols provided some i n t e r e s t i n g  in s igh t s  i n t o  
the processes t ha t  a r e  responsible f o r  inconsis tencies  i n  choice behavior. 
The f indings  of t h i s  ana lys i s  w i l l  be i l l u s t r a t e d  f o r  two decision makers, 
Subject 2 and Subject 16. For Subject  2 nine of the  70 decis ions  were 
inco r rec t ly  predicted by the  process model. This was exact ly  the  number 
of inconsis tent  decisions.  Four of the  inconsis tent  decis ions  were caused 
by a  switch t o  a  conf igura l  decis ion  r u l e  of t he  form " i f  the GMAT-Q i s  90 
o r  higher f o r  one a l t e r n a t i v e  and below 86 o r  missing f o r  t he  o ther  a l t e r -  
na t ive ,  choose the  a l t e r n a t i v e  with the  GMAT-Q of 90 o r  higher"; f o r  three  
decis ions  a  d i f f e r e n t  a t t r i b u t e  than t h a t  predic ted  by the  model was used 
f o r  breaking a  t i e  between the  two a l t e rna t ives ;  one inconsistency was 
caused by the  appl ica t ion  of an otherwise unused inference  r u l e  f o r  missing 
information; and t h e  cause of one inconsistency could not be determined 
because of t he  lack of a  verbal  r epo r t  f o r  t ha t  decision.  For Subject 16, 
two predic t ions  of t h e  decis ion  process model did not  coincide with the 
ac tua l  choices. While f o r  a l l  except these two decis ions  t h a t  subjec t  
appeared t o  be using a  GAD-model s t r a t egy  with t h e  school,  major, and 
GPA-T a s  t he  decis ion  re levant  a t t r i b u t e s ,  f o r  t he  two inconsis tent  deci- 
s ions  he  simply chose the  a l t e r n a t i v e  with the  b e t t e r  school without 
considering the o ther  two decision a t t r i b u t e s .  



In  genera l  two types of changes i n  decis ion  r u l e s  were observed: (1) 
changes i n  t he  type of decis ion  r u l e  being applied,  and (2) changes i n  the  
parameters of t h e  decis ion  ru l e .  The above r e s u l t s  f o r  Subject  2 provide 
a good i l l u s t r a t i o n  of changes i n  t h e  type of decis ion  r u l e s  t h a t  were 
observed f o r  s eve ra l  subjec ts .  Subject  2 used occasionally the  previously 
described conf igura l  decis ion  r u l e  when one of the  two a l t e r n a t i v e s  had a 
GHAT-Q of 90 o r  higher.  I n  most decis ion  s i t u a t i o n s ,  however, he applied 
a decis ion  r u l e  which a l s o  took i n t o  consideration information on the  other 
a t t r i b u t e s .  Therefore,  t h e  decision process model does not  contain a con- 
f i g u r a l  decis ion  ru l e .  Several  o ther  sub jec t s  a l s o  applied inf requent ly  
a conf igura l  r u l e  which i s  not shown i n  t he  decis ion  process models. 
S imi lar ly ,  sub jec t s ,  f o r  which the  decision process model i nd i ca t e s  con- 
f i g u r a l  decis ion  r u l e s ,  a r e  not cons is tent ly  applying the  same choice 
procedure. Thus, they occasionally ignore t he  s p e c i f i c  cue configurations 
and determine t h e i r  choices based on other decis ion  s t r a t e g i e s .  Another 
example of changes i n  t he  decis ion  r u l e  is obtained from the  sub jec t s  
applying predominantly a lexicographic choice model. These sub jec t s  not 
only appear t o  be using a p r o b a b i l i s t i c  vers ion of a lexicographic deci- 
s ion  r u l e  (s imi lar  t o  Tversky's I19721 e l iminat ion  by aspects  model) bu t ,  
i n  addi t ion ,  use sometimes a compensatory choice s t r a t egy  ( i . e . ,  one tha t  
considers trade-offs among a t t r i b u t e s )  ins tead of the  lexicographic choice 
model. Besides applying d i f f e r e n t  types of decis ion  s t r a t e g i e s  f o r  s imi lar  
decis ions ,  sub jec t s  a l s o  appear t o  change p r o b a b i l i s t i c a l l y  the parameters 
of t h e i r  decis ion  ru l e s .  For example, most sub jec t s  do no t  apply the lexi -  
cographic decision r u l e s  i n  t he  same sequence. Furthermore, s eve ra l  deci- 
s ion  makers occasionally changed t h e  s e t  of decis ion  re levant  a t t r i b u t e s  
f o r  t h e i r  GAD-models. More s p e c i f i c a l l y ,  sub jec t s  sometimes considered a 
marginally important decis ion  a t t r i b u t e  (e.g., GMAT-V), and other  times 
not .  

A de ta i l ed  ana lys i s  of t he  inconsis tent  decision outcomes suggests t ha t  
these i r r e g u l a r i t i e s  of the  choice ru l e s  do not  seem t o  stem from any 
systematic inf luences ,  l i k e  t he  order of presenta t ion  of the  decision 
a l t e r n a t i v e s ,  the  verbal iza t ion  of t he  decis ions ,  learning e f f e c t s ,  e t c .  
[ c f .  F i d l e r ,  19791. Instead,  the  inconsis tencies  of the  choice outcomes 
appear t o  be caused by random changes i n  t he  decision r u l e s  applied t o  
i d e n t i c a l  choice problems. 

CONCLUSION 

The f indings  of t he  present  study provide s u b s t a n t i a l  support f o r  the 
choice model proposed i n  t h i s  paper. However, t he  current  r e s u l t s  a l s o  
show tha t  human choice behavior cannot be explained completely by one 
s ing le  choice model. I n  p a r t i c u l a r ,  t h i s  research found four maJor choice 
mechanisms: (1) the  GAD-model proposed in  t h e  present paper; (2) decision 
r u l e s  dependent on p a r t i c u l a r  st imulus configurations:  (3) the l ex i -  
cographic choice model: and (4) h o l i s t i c  decision ru l e s .  

The present  r e s u l t s  a l s o  suggest a conceptual model which views decision 
making behavior a s  a two s t age  p r o b a b i l i s t i c  process.  In the  f i r s t  s t age  
the  decis ion  maker s e l e c t s  a p a r t i c u l a r  type of decis ion  ru l e ,  while i n  
the  second s t age  the parameters of t he  decision r u l e  a r e  determined. This 
conceptualization of choice behavior a s  being p a r t l y  governed by a prob- 
a b i l i s t i c  process can be  considered a s  an extension of Tversky's [I9721 
e l iminat ion  by aspects  model. Spec i f i ca l ly ,  t he  current  model permits the  



se l ec t ion  of d i f f e r e n t  c l a s se s  of decis ion  r u l e s  i n  addi t ion  t o  t h a t  of 
the parameters of one pa r t i cu l a r  choice model. 

However, more research is  needed which (1) examines t he  conditions under 
which sub jec t s  tend t o  apply a pa r t i cu l a r  choice model and (2) i nves t iga t e s  
t h e  f a c t o r s  inf luencing t h e  s e l ec t ion  of t h e  choice parameters. For ex- 
ample, t he  parameters of t he  decis ion  ru l e s  may d i f f e r  across  sub jec t s  
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Abstract : 

While bu i l d i ng  or  understanding Large LISP systems, many small aux i l i a r y  
functions are o f ten  subject t o  er rors  or  misunderstanding, i n  the case o f  
very involved recursions. RAINBOW i s  a spec i a  1 ized program understanding 
system able t o  reduce automat ical ly such sets o f  recursive functions to  a 
form where the goal o f  these sets are c l ea r l y  displayed. RAINBOW can 
display i n te rac t i ve l y  the goal-forms i n to  two sets o f  new external  
2-dimensional no ta t  ions: recursive and Linear. Program understanding i s  
obtained by the t rans la t i on  o f  the o r i g i n a l  set  o f  LISP functions i n to  the 
open recursive notat  ion, then by e lementary symbo 1 i c  eva lua t  ion y i e ld ing  
closed l inear  forms o f  the o r i g i n a l  functions. Those l inear  forms are 
exact ly the goals wanted. RAINBOW operates e f f i c i e n t l y  on a d e f i n i t e  c lass 
o f  LISP functions, and uses an extendable set  o f  reduct ion rules,  which 
const i tu te  the symbolic interpreter.  RAINBOW can be used i n te rac t i ve l y  i f  
a user want to  v e r i f y  that  a set  of functions perform i t s  intended goal, o r  
can be incorporated eas i ly  as a speciel ized component o f  a larger program 
understanding system. This paper shows how RAINBOW operates on sets o f  
recursive functions bu i l d i ng  comb inator i a  1 objects. 

KEY-WORDS: 

automatic program understanding, program debugging. m, RAINBOW system, 
mul t ip le  representations. program transformation, symbolic interpretat ion.  

RAINBOW i s  a special ized in terac t ive  program understanding system. I t  asks from i t s  
user a set  o f  recursive functions def i n  i t  ions, then extracts and displays graphical l y  
i t s  goa7, i n  terms o f  propert ies of l i s t s  viewed as sequences. 

To display the goal o f  a d e f i n i t i o n  set, we have introduced two classes o f  
2-dimensional external  notat  ions which are implemented w i th in  RAINBOW. The open 
nota t ion  i s  a compact nota t ion  f o r  recursive programs or  data structures,  the c7osed 
nota t ion  expresses i n t r i n s i c  propert ies o f  Linear sequences i n  term of generic 
propert ies o f  t he i r  elements. 

Program understanding i s  obtained by the t rans la t ion  o f  the o r i g i n a l  set o f  f unc t~ons  
i n to  the open notation, then by elementary symbolic evaluation 1ieldir .g ciosed forms: 
o f  the or ig ina:  funckions. The closed forms are exact 1) the pcals wanted. 

Presently. RAINBOW can reason about classes of data-structures as L is ts  considered as 
sequences, extensions t o  recursive LISP ftrncttons operating on other classes of 
data-structures are considered. 
RAINBOW cefi be used e i t he r  as a front-end of a LISP system, or as a special ized par t  
f o r  102-:eve1 understanding o f  sequences, cn a Larger program understanding systen. 
An analogy wi th  Lou-level machine v i s i on  i s  here i n  order: scene analysis has to  
r e l y  upon i n t r i n s i c  propert  ies of  p ictt ires. as incidence, gradient, i 1 lum inat ion or 
texture. We bel ieve that  a Large program understanding system must also r e l y  upon 
i n t r i n s i c  propert ies o f  the data involved i n  the programs tenta t ive ly  analyzed. 

A programming apprentice system (RICH 1979, WERTZ 1479, SHROBE 1979). i f  used 
in terac t ive ly ,  must have the capab i l i t y  of  focusing i n  a v i sua l l y  understandzble way, 
t o  lower lavz ls  of p!ans fo r  s w p l e  m o d * ~ l ~ s ,  which are the most error-prsne i n  very 
Large systems. RAINBOW ailaws the user to  check immediately, the goal of a set  of 
functions def in i t ions .  The user does not have to  provide any assert ion to  v e r i f y  
,about h i s  de f i n i t i ons  set, teczusc i n  a sense RAINB3W i s  prectsely reducing t h i s  set 
t o  i t s  assert ion. 



RAINBOW i s  an implemented system wr i t t en  i n  (CHAILLOUX 1978) running on DEC 
KI-10, and PDP 11/40. The external  notat ions can be v isua l ized on any k ind of 
d isplay or  hard-copy term ina 1. 

2. DVERVlElj OF THE RFllNBDW WSTW 

The symbo7ic interpreter: 

The symbolic in terpre ter  i s  essent ia l l y  a product ion system having an i n i t i a l  f i xed 
set  o f  reduct ion ru les  f o r  the handling o f  LISP sequences. When a user submits a new 
funct ion d e f i n i t i o n  t o  RAINBOW, the reduced closed l i nea r  form obtained as a goal  i s  
incorporated by the system i n t o  the set o f  ru les.  The in terpre ter  i s  able to  expand 
every inner funct ion c a l l  w i th  the replacement pa r t  o f  the corresponding r u l e  along 
wi th  the renaming o f  var iables when necessary (a-conversion). As i n  (BOYER 1977). 
The in terpre ter  operates i t e r a t i v e l y  u n t i l  no more r u l e  can apply to  the reduced 
form. 

The de f i n i t i ons  entered can be also ca l l ed  w i th in  the LISP i te rpre ter ,  and every step 
o f  the reduct ion can be i n te rac t i ve l y  reversed, prov id ing an h ~ s t o r y  c f  the 
reduction. Also a t  user-level, RAINBOW can handle symbolic funct ion ca l ls .  
The process o f  reso lu t ion  in to  Linear forms uses a set  o f  reduct ion ru les  f o r  the 
t rans la t ion  of recursive representat ions in to  1 inear representat ions. 
The reduct ion set of r u l es  f o r  a LISP funct ion i s  expressed i n to  two new classes o f  
graphical  notat ions f o r  recursive programs and data, and fo r  Linear sequences. 

Recursive and linear externa7 notations: 

1) linear 

I t  i s  used to  express generic resu l t s  or  goa7s of the analyscd functions: i t  
expresses charac ter is t ics  of sequences. 

This notat  ion i s  a 2-dimensional spec ia l iza t ion  of the one used i n  (TEITELMAN 1957, 
GOOSSENS 1979). 

n 
I 

C i  E i l  =df (El E2 ... En) 
I 
1 

The Letter i i s  an " index var iable" ranging from Lower to  upper indices, here from 1 
to  n. When one of the indices i s  0, the nc ta t ion  denotes the empty sequence. I n  the 
context of RAINBOW, the range of the index var iable i s  the LISP expression 
immediately fo l lowing i t .  

A more complex exsmple is: 

n 1-1 n 

[[(CONS A L I )  . .. Lnl [LI (CONS 4 Lp) .. . Lnl . . . EL1 . . . (CONS A Ln) l  I 



21 recursive 

I t  i s  used t o  express the recursive computation performed by the function. I t  has 
the general form: 

where ai, pi,  and a are par ts  of  LISP express ions as ue 11 as 1 inear or  r e c ~ ~ r s i v e  
forms. The recursive nota t ion  i s  essent ia l l y  sn indexed context-free grammar ;ule. 
I t  expresses n Levels of nest ing o f  funct ion c a l l s  terminat ing w i th  the expression a. 
When the RAINBOW system uses the recursive notation, n i s  the Length o f  the L is t  
which i s  the value of the recursion variable. The crossing of Lines i n  the no ia t  ion 
denotes a self-reference t o  the e n t i r e  expression wi th  the index var iable progressing 
one step towards the highest index. 

As an example RAINBOW translates in terac t ive ly ,  the fo l lowing funct ion d e f i n i t i o n  

in to  the recursive form 

n which schematizes the nested expression 
I I 
; (CONS X; I) Y (CONS XI (CONS X z  ... (CONS Xn Y )  ... ) )  
I 1-1 
1 

i -1  
where Xi trans7ates (CAR (CDR X))  

n n 
I I 

[ j  XJI translates X and Cj Xi1 trans7ates (CDR X) 
I 
i 

I 
i+1 

I t  happens that  the goal of the append function i s  i t s e l f  expressed i n to  the 
reduct ion r u l e  RC2: 

RAINBOW can be used in terac t ive ly  f o r  the automatic dozumentation o f  programs 
as soon as they are typed, as advocated by (WINOG3AD 1979). I n  the fc l l cw ing 
example. RAINBOW i s  reducing to  i t s  goal a set  of two simple recursive functions. 
The user types the fo l lowing de f i n i t i on ,  that  RAINBOW translates immediately ss: 

(IF <NULL. X) NIL 
(APPEND (g (CAR X) Y) 

( f  (CDR X) Y ) ) ) )  

then the fo  1 lowing d e f i n i t i o n  

(DE g !A Y) 
( IF  (NULL Y) NIL 

(CONS (LIST A (CAR Y ) )  
(3 A (CDR Y))))) 

I I 
i (APPEND (g Xi Y) -) NIL 
1 
1 

1-1 

i s  t ranslated i n to  

I ( (CONS [A Yi1 -) NIL 
i 
1 

1-1 



then t h e  u s e r  t y p e s  t o  RAINBOW t h e  synbo1;c c a l l  

which is reduced i n t o  t h e  l i n e a r  form 

which y i e l d s  t h e  g o a l  of  t h e  f u n c t i o n  f :  
f  b u i l d s  t h e  cartesian product of i t s  two a rgument - l i s t s .  

The r e d u c t  ion s e t  of  r u l e s  which h a s  been used in  t h e  p r e v i o u s  example is: 
- t h e  d e f i n i t i o n  of t h e  f u n c t i o n  g i t s e l f .  

- t h e  r u l e  RCI and - t h e  r u l e  RA1 

So t h e  RAINBOW system y i e l d s  i n  s u c c e s s i o n  : 
? ( f  (*List*A) ( * l i s t * B ) )  

Lines beginning w i t h  "?'I a r e  typed d i r e c t l y  by the u s e r  

1 m I 
I I 

i (APPEND (G A i  [ j  B J I )  -1 NIL 
I I 1-1 
1 

? ap  a l l  
APPLYING... G GIVING... 

I m I 
I I I I (APPEND j (C018 [A; Bjl  -) NIL -) NIL 

I I 1-1 1-1 
1 1 

APPLYING ... RC1 GIVING ... 

I m 1 
I I ' 1 (APPEND [ j  [A ,  B j l i  -) NIL 

I I 1-1 
1 1 

APPLYING.. . RA1 GIVING.. . 

ihe f i n a l  l inenr form 



4. UNDEFISTAEfDl NG COiPLEX RECLlRSl DNS 

Sometimes recursion can be qu i t e  involved, as i n  the f o l l ou ing  square matr ix 
generator: 

where 
(DE vecmat (El n n 

( IF (NULL E) NIL 
(CONS E ( D C O N S a l i E i l )  I D' l i ( C O N S u E i ) l  I 

(DCONS (CAR E) I 
(vecmat (CDR E)) ) ) ) )  1 I 1 

The goal o f  VECMAT extracted by RAINBOW is: 

n 
I 

(VECMAT l i E ;I ) 
i 7 

D li [i E i l l  
I 
1 

I I 
1 1  

The body of VECMAT i s  s 1 igh t  l y  generalized t o  obtain the main reduct ion ru le :  

n 
n 

I I I 
I 

I 
I 
I 

i (CONSui (DCONSE; - 1) NIL D i (CONS j (CONSEj - )  ai - )  NIL 
I 
1 

I 
1 

I 
I 1  1-1 1-1 

which by the r u l e  RC1 i s  reduced i t s e l f  to: 

I 
Now if we sets a; t o  [k E l l ,  RAINBOW obtains the Linear form f o r  VECMAT by: 

I 

  he f ina 1 resu 1 t being obtained by the reduct ion r u l e  RIND2: 

i-1 n n 
I I I 
Ii Xi j X,1 Tr [i Xi1 
I I i 
1 i i 

The same reduction process can be used t o  obtain the goal o f  the funct ion p a r t i n s z r t ,  
main component o f  a recursive p a r t i t t o n  generator. Though very usual t h i s  s t y l e  of 
recurs ton i s  ra ther  d i f f i c u l t  t o  v isua l  ize, and i s  very error-prone. The fo 11081 ing 
example displays a session wi th  RAINBOW. 



The user  types the  d e f i n i t i o n  

? (DE p a r t  i n s e r t  (X E) 
(IF (FULL E) N IL  

(CONS (CONS (CONS X (CAR E)) (CDR E l )  
(EONS (CAR E) ( p a r t i n s e r t  X  (CDR E l ) ) ) ) )  

t h a t  RAINBOW t r a n s l a t e s  i n t o  
n 
I n  I 
I I I 

(LAMBDA (X E) i (CONS [(CONS X E;) j E j l  (DCOFIS E; -))  NIL) 
I I 1-1 
1 i+l 

Then t h e  user  p rov ides  the  symbol ic  ca77 

? c l  ( p a r t i n s e r t  A  (*L is t*  L)) 

i I i 
i (CONS [(CONS A Li) j L j l  (DCONS L i  -)I  NIL 
I I I 1  
1 i+l 

Then the  user  asks f o r  a77 r e d u c t i o n  ru7es 
t o  be app7 i e d  

? ap a l l  
APPLYING... ROC4 GIVING... 

n 
I 1-1 n  I 

1 I I (CONS j (CONS L j  -1 [(CONS A L i )  ! L,l I) NIL 
I 

I 1  
1-1 I 1-1 

1 i+l 

APPLYING... RCI GIVING... 

n  6-1 n  
I I I I 

[ i  j (CONS L j  -) [(CONS A L i )  k L ~ l l  
I I 1-1 
1 1  

I 
i+l 

APPLYING. .. RC2 GIviNG. .. 

The f i n a l  reduced form i s  t h e  goal o f  p s r t i n s e r t  

The 2-d inensional  d i s p l a y  f o r  formula w i t h i n  RAINEOW i s  claimed t o  be i n t u i t  i v e l j  
understandable by us ing  ~ n t r  i ns  i c  p r o p e r t i e s  o f  sequences: the  use o f  i nd ices  
r e t a t e s  the Lezgth and order  o f  'he sequence t o  the general  form o f  the gener ic  
elements. 
Along w ~ t h  the power fu l  reduc t ions  from r e c u r s i v e  t o  Lknear forms, ue b e l i e v e  t h a t  
the e x t e r n a l  i o tz t * .ons  preseqred bzre r e t l e z t  our i n t u i t i v e  u r tde~s t3nd1ng  ? f  1 1 s t s  
and the ir proper t  !es. 
I n  a  f a s t  checking sc tua t ton ,  t h i s  g raph ica l  s t y l e  o f  v e r t f i c a t i o n ,  d.splaying the  
genertc  s t r u c t u r e  o f  &:a, g i ves  the kc-- e x c e l l e n t  c o n t r o l  over th?  goa l  obta ined 
from a  func t ions  sets. 



The ex tendab i l i t y  provided by the incorporetion of  every new funct ion d e f t n i t t o n  as a 
new reduct ion r u l e  i n  the s p i r i t  o f  (BOYER 1977) gives a usefu l  t oo l  to  system design 
and programming methodology: as advocated by (GERHART 1975). the resu l t i ng  schema 
and transformations that are saved w i l l  have t o  be u l t ima te l y  organized in to  
"handbooks o f  knouledge" about programming. 

Presently, RAINBOW i s  able t o  reason about classes o f  data structures as sequences, 
we are considering i t s  extension to  arrays using the ru les  given i n  (REYNOLDS 1979). 
Program understanding wi th  RAINBOW can be viewed as a k ind  o f  simp1 i f  icat ion,  and i t s  
extension t o  several classes of data-structures may involve combinat ion of decision 
procedures f o r  several theories described i n  (NELSON 1978). 

In terna l ly ,  RAINBOW i s  mainly driven, out of the f ixad i n i t i a l  set, by user-provided 
ru les  obtained by reduct ion o f  previous de f i n i t i ons  to  t h e i r  goals. Thus, the power 
o f  RAINBOW i s  s t r i c t l y  Limited by the class o f  expressions that the external  
notat ions are able t o  denote. Most of the ru les  i n  the f i xed i n i t i a l  set  are 
propert ies o f  the funct ion CONS, extended to  APPEND and REVERSE. 
I n  the present s ta te  o f  the rules,  RAINBOW i s  res t r i c ted  t o  p r im i t i ve  recursive 
functions. A s ing le  recursion var iable i s  handled wi th in  each r u l e  : an obvious 
extension t o  an a rb i t r a r y  number o f  recursion var iables can be incorporated, each 
having the same pat tern  of sequence as an argument. Another extension i s  cur rent ly  
planned to  handle i tera t  ive schemes. 
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Abstract 

The stability or change of problem solving strategies, without or with 
practice, is considered as an important aspect of human problem solving. 
It is proposed that a strategy is not situation dependent, but reflects 
stability in the problem solving skill of a subject. It is assmed that 
without practice in a task a strategy should recur in repeated solutions 
where the intervals between solutions are long. This hypothesis is 
investigated in this study. A production system, simulating in detail the 
behavior of one subject's solution to a spatial series task, is presented. 
The program is based on a think-aloud protocol produced by the subject 
while solving the task. The behavior of the program is compared to the 
subject's solution of the task one and two years later. These comparisons 
show that the subject uses mainly the same strategy or set of rules on the 
three occasions, even though the particular solutions on each occasion were 
rather different in terms of time to solution and answers given. 
Processing errors and rule modification are two factors that can explain 
the differences in behavior, rather than switches in the strategies the 
subject used. The study gives support to the hypothesis about stability of 
strategies. 

Introduction 

Problem solving strategies have been studied in different task domains from 
a developnental as well as a learning pint of view. Both these research 
areas are mainly concerned with aquisitions, switches, or modifications of 
the rules constituting a strategy. The studies are not aimed tcward 
testing hypotheses about the stability of the strategies they identify. 
The changes are the main target of the research. 

A third, neglected, approach is considered in this paper. Namely, what 
aspects of strategies remain constant and are used again after a solution, 
or after repeated solutions, to a given problem. For instance, what would 
be expected if the subject of the Anzai and Simon study (1979) was asked to 
solve the T m r  of Hanoi puzzle once again, a year later? Will she again 
begin with forward search, with a recursive sub-goal strategy or with 
something quite different? Will she use any of those rules she aquired 
through the repeated solution of the puzzle? What about 53 in the 
paradigmatic study by Newell and Simon (1972) ? Are there any reasons to 
assume that he would solve DONALD + GERALD = ROBEKT in a sunllar manner if 
he was to solve it ncw, in 1980, as he did the first time, several years 
ago? 



It is assmed that a strategy aquired and used by a subject in one 
situation and on a given task must reflect something stable in hisher 
intellectual skill. As a working hypothesis it is proposed that strategies 
are stable over time, rather than fluctuating from situation to situation. 
In other words, t k  rules used to guide the search (New11 & Simon, 1972' 
Newell, 1979) in one problem solving situation should be used again in a 
later situation. 

This hypothesis was investigated in a longitudinal case study. Briefly, 
one subject solved a spatial series task three times with one-year 
intervals. A production system, modeling the subject's strategy, was 
constructed on the basis of the first solution. The behavior of the 
program was compared to the other solutions, one and two years later. On 
the surface of the behavior there were dramatic differences. The canputer 
model made it possible to analyze these differences and yielded one and the 
same set of rules generating the three solutions. 

Background of the Protocols 

The type of task used in the study is called spatial arrangment tasks and 
is extensively discussed by Ohlsson (1980). An example of this task is 
given below. 

A few persons are sitting in a sofa. Eva is sitting to the right 
of Carl. Ann is sitting leftmost. David is sitting irmnediately 
to the left of Eva. Bob is sitting between Ann and Carl. Who is 
sitting immediately to the left of David? 

This text describes a spatial series of five persons: Ann, Bob, Carl, 
David, and Eva from left to right. The problem is to find a particular 
relation in this arrangement. 

The subject was a male psychology student. He was asked to solve the above 
task three times with one-year intervals. He was also asked to think-aloud 
during the problem solving. The verbalizations were tape-recorded and 
transcribed into protocols. In the protocol, the verbalizations were 
segmented into fragments. The criteria for separating two fragments was 
the cccurence of a pause. The names in the task were different from 
occasion to occasion in order to avoid direct recognition. 

Variations in the Solution Processes 

Table 1 presents time to solution, number of fragments, and answers given 
in each protocol. On the first occasion the subject gave first an 
incorrect answer (Bob) and then the correct one (Carl). He also gave an 
incorrect answer one year later, but a different one (Eva). Two years 
later, the solution did not contain any incorrect answer. As is seen, the 
protocols contain a varied nlanber of fragments and the times to solution 
are also quite different. 

Clearly, the solutions are not identical. That is, there is no stability 
in these traditional types of behavioral data, which means that the surface 
of tbe behavior varies from situation to situation. The simplest 
conclusion is that there is not a stable strategy behind this behavior, but 
completely different strategies. However, Table 1 does not contain any 
information about what strategy has been used. It only shows that the 



particular overt behaviors are different. It is the purpose of the next 
sections to show that the pattern in Table I was generated by one and the 
same set of rules, and thus, to reject the above interpretation. 

Table 1. Answers, fragments, and times found 
in the protocols showing the great 
variation in the behavior. 

Occasion Answer Number of The to 
fragments solution 

1 Bob,Carl 61 3:OO 

2 Eva ,Car 1 134 7:35 

3 Carl 54 2:35 

The First Protocol 

The protocol can be divided into four episodes separated by three backups. 
The entire protocol shows that the subject successively tried to build a 
series of the objects or an internal model of the problem situation. Thus, 
he used some variant of the Method of Series Formation (Ohlsson, 1980' 
Quinton & Fellows, 1975). Mainly, the differences between the episodes 
consisted of the construction of partial models. For instance, in the 
first episode he only built a model of three objects, in the second he 
extended that model by one object, in the third, the final model was built, 
but the answer was incorrect since he displaced two objects. In the last 
episode, he delivered the correct answer after building the complete model 
from the beginning. Each episode began in a similar way. The subject read 
the first premise and translated it into a series or model. Then he read 
the next premise and tried to integrate the new information into a new 
series, and so forth. However, he did not extend the model unless he was 
sure about its correctness. 

The interpretatip of the protocol is that a search tree was successively 
expanded in long-term memory. 1f a series was to be extended, the subject 
had to recognize it as well-known. That is, if a series existed in the 
tree, the subject became certain about its correctness and then he extended 
it. Note that he did not utilize the tree in backups, its only purpose is 
to recognize and check the current model. A detailed discussion of the 
protocol and its interpretation can be found in Hagert (1980). 

A_ Simulation Model for the First Solution 

Eight rules of the strategy were identified in the protocol and each of 
them is represented as a production. Five of these are purely strategic 
rules, containing information about what reading, translation, and 
integration is and when to do these operations (Hagert, 1980). lW of them 
are rules for backups, i.e., they contain information about when to begin 
all over again. A fin31 rule handles the interface between working memory 
and the search-tree in long-term memory (Hagert, 1980). 



In addition to the eight strategic rules, a set of inferential productions 
are used as background knowledge, i.e., they constitute a hypothesis abut 
ths subjects knowledge of spatial concepts. This knowledge is embedded in 
the three main operations which the subject used. These are: (i) 
Translate a Proposition (TP) into a model, (ii) Integrate a Propsition 
(IP) into the model, and (iii) Answer the Question (AQ) . They are also 
represented in productions (see Ohlsson, 1980). 

The productions were implemented in the PSS language (Ohlsson, 1979). All 
in all, the program consists of 169 productions of which 157 are 
inferential productions. Thus, the eight rules that constituted the 
strategy are translated into 12 PSS productions (see Hagert, 1980). 

The run of the program showed that it almost completely reproduced the 
first protocol. The wrong answer in the third episode was not simulated. 
In this episode the program did a direct backup, rather than trying to 
answer the question as the subject did. With the exception of this event, 
the program reproduced the contents of the protocol and the backups made by 
the subject. In other words, the program explains 98 percent of the 
fragments in the protocol. Thus, it can safely be concluded that the 
present model is a sufficient model of the strategy which the subject used 
in his first solution to the task. 

Stability and Change of the Strategy 

The program will, of course, solve the same task in exactly the same way at 
different occasions. However, as already noticed, the subject did not seem 
to do so. At least not at a first glance on Table 1. In fact, if the 
trace of the program is compared to the protocols given by the subject on 
occasions 2 and 3, the program only explains abut half of the fragments. 
However, a close look at and analysis of the differences show two different 
factors that change the solution processes without affecting the strategy. 
That is, the eight rules discussed above are not dramatically exchanged or 
transformed. The factor that caused the different behaviors on the second 
occasion is called processing error. The other factor changed the behavior 
on the third occasion. It consisted in a slight change of one rule in the 
strategy, and is therefore called a rule modification. They are bth 
briefly discussed below. 

On the second occasion the subject did not evaluate the predicates in the 
premises properly. The model he constructed of, for instance: "Eva is 
sitting to the right of Carl", was from left to right: hra Carl. That is, 
in the resulting model the objects were ordered as they appeared in the 
premise. When this processing error was corrected, it resulted in another 
error. The subject detected that he must reorder the objects in the 
premise to get a correct model. However, he reordered them irrespective of 
whether the predicate was "left of" or "right of". He entered another 
processing error. The protocol contains 109 fragments out of a total of 
134 in which these two errors prevented him from solving the task. Now, if 
the program is executed with corresponding processing errors, it reproduces 
90 percent of the protocol. The subject used the same set of rules, but 
the particular solution process was changed and affected by a factor in the 
situation: the processing errors. Thus, even one year later the program 
is a sufficient model of the strategy the subject has aquired and used in 
two solutions. 

The behavior on the third occasion was also different from that predicted 



or expected by the production system. The factor that changed the behavior 
was a rule modification. As can be recalled, the subject utilized a search 
tree to check the correctness of the internal models. However, he did not 
utilize it in the backups. In the third solution to the same task within 
two years be began to utilize the search tree more effectively. That is, 
instead of backing up to the inital state and starting all over again, he 
backed up to a more recent model in the search tree and continued to extend 
that model. Thus, one of the two backup rules in the strategy has been 
modified. The change in the production system corresponds to a slight 
modification in the action side of this production. This modification 
implies that the program explains 90 percent of the protocol. Thus, even 
two years later the subject used the same set of rules, although one of 
them was modified. The stability of the strategy is obvious. 

To sun up, three simulations have indicated that a seemingly dramatic 
variation in behavioral data does not necessarily imply great differences 
in the strategy which generated those data. Stability and generality in 
problem solving behavior can be found, but on the level of strategies. 
Research into these aspects of strategies is important for the theory of 
thinking in general, and in particular, for instruction and education. 
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SPONTANEOIJS SPEECH AS A FEEDBACV PROCESS 

Edward Hoenkamp 
P s y c h o l o g i c a l  L a b o r a t o r y  

N i  jmegen , 
t h e  N e t h ~ r l a n d s  

A b s t r a c t  

T h i s  pape r  e x p l o r e s  some min imm r e q u i r e m e n t s  f o r  a  s e n t e n c e  g e n e r a t -  
i n g  program t h a t  c l a i m s  p s y c h o l o g i c a l  p l a u s i b i l i t y ,  i n  t h a t  i t  c a n  
e x h i b i t  t h e  d y s f l u e n c i e s  t h a t  c h a r a c t e r i z e  t h e  spon taneo l l s  s p e a k e r .  A 
m o n i t o r  i s  used  to compare what t h e  s p e a k e r  s a y s ,  w i t h  what he  i n t e n d s  
t o  s a y .  To t h i s  end a  f eedback  l o o p  is i n t r o d u c e d  which c o n t a i n s  a  
p a r s e r .  The r e s e a r c h  r e p o r t e d  h e r e  i s  based  on e m p i r i c a l  e v i d e n c e  i n  
t h e  l i t e r a t u r e .  The imp lemen ta t ion  i s  an e f f o r t  t o  u s e  t h e  A 1  paradism 
f o r  t h e o r y  b u i l d i n g  i n  psychology.  

1  . I n t r o d u c t i o n  - 
From a p r a c t i c a l  p o i n t  o f  v iew,  l i n g u i s t i c s  is t h e  s t u d y  o f  w r i t t e n  
l anguage .  The re  a r e  however phenomena t h a t  a r e  r a r e l y  met  i n  w r i t t e n  
l anguage  which o c c u r  v e r y  f r e q u e n t l y  i n  unprepa red  speech .  Such speech  
c a n e s  i n  f i t s  and s t a r t s .  It i n v o l v e s  p a u s e s .  "uhns ,  r e p e a t s  and c o r r e c -  
t i o n s .  These  phenomena i n d i c a t e  c o g n i t i v e  a c t i v i t y  commonly assumed t o  be  
p r e s e n t  f o r  t h e  b e n e f i t  o f  s p e a k i n g  i t s e l f .  No wonder t h a t  v i r t u a l l y  a l l  
i n f o r m a t i o n  abou t  s p e e c h  e x e c u t i o n  is d e r i v e d  from d a t a  abou t  d y s f l u e n c i e s  
( i n  t h e  l i t e r a t u r e  a l s o  r e f e r e d  t o  a s  " speech  e r r o r s "  o r  " h e ~ i t ~ a t i o n  
phenomena". S e e  [Flaclay & Osgood, 19591 f o r  a  c l a s s i c  account. ,  and [Clar lc  R 
C l a r k .  19771 f o r  an ove rv iew.  Excluded from my r e s e a r c h  a r e  s l i p s  o f  t h e  
tongue  and s t u t t e r s ) .  Common t y p e s  o f  d y s f l u e n c i e s  a r e :  

( 1 )  S i l e n t  pause  S t r i k e  t h e  j/ r e t u r n  key. 
( 2 )  F i l l e d  pause  S t r i k e  , u h ,  t h e  r e t u r n  key. 
( 3 )  R e p e a t s  S t r i k e  t h e  r e t u r n  / t h e  r e t u r n  key.  
( 4 )  F a l s e  s t a r t s  S t r i k e  t h e  c o n t r o l  / t h e  r e t u r n  key. 
( 5 )  C o r r e c t i o n s  S t r i k e  t h e  r u b o u t  -- I mean, t h e  r e t u r n  key. 

A l anguage  p roduc ing  program t h a t  can  accoun t  f o r  e r r o r s  l i k e  t h e s e  may b e  
s a i d  t o  d e f i n e  a p s y c h o l o g i c a l l y  p l a u s i b l e  model o f  human s e n t e n c e  produc- 
t i o n .  I n  o t h e r  words ,  g iven  an i n p u t  s equence  o f  c o n c e p t u a l i z a t i ~ n s .  t h e  
c o n t r o l  s t r u c t u r e  o f  t h e  program shou ld  d e t e r m i n e  t h e  k ind  o f  e r r o r s  i n  a  
non-ad-hoc f a s h i o n .  
The p r o c e s s  o f  s e n t e n c e  p r o d u c t i o n  i n v o l v e s  c o n t e n t ,  fo rm,  and sound.  Con- 
c e p t s  come up i n  t h e  mind of  t h e  s p e a k e r ;  i n  some way h e  s e l e c t s  to-be- 
v e r b a l i z e d  c o n c e p t u a l  s t r u c t u r e s .  C a l l  t h i s  t h e  p r o c e s s  o f  c o n c e p t u a l i z i n g .  
To t r a n s f o r m  t h e s e  s t r u c t u r e s  i n t o  a  l i n g u i s t i c  form may i n v o l v e  s p l i t t i n g  
t h e  s t r u c t u r e  o r  a s sembl ing  s e v e r a l  s t r u c t u r e s  i n t o  messages .  Coding t h e  
messages  i n t o  l i n g u i s t i c  u n i t s  is c a l l e d  f o r m u l a t i n g .  E v e n t u a l l y ,  t h e  out-  
p u t  o f  t h e  f o r m u l a t i o n  p r o c e s s  i s  handed ove r  f o r  o v e r t  a r t i c u l a t i o n .  I n  a  
p r o g r a n ,  one  o b v i o u s l y  h a s  t o  p i p e l i n e  t h e  i n p u t s  and o u t p u t s  o f  t h e  
p r o c e s s e s .  In  p r e v i o u s l y  e x i s t i n g  programs a  c o n c e p t u a l  s t r u c t u r e  was i n p u t  

* T h i s  work was s u p p o r t e d  by t h e  N e t h e r l a n d s  O r g a n i z a t i o n  f o r  t h e  Advance- 
ment o f  P u r e  Resea rch  (ZWO), unde r  c o n t r a c t  15-30-06. 



i n t o  t h e  g e n e r a t o r  and a  comple t e  s e n t e n c e  was t o  b e  produced i n  one  go. 
1 . e .  c o n c e p t u a l i z e r  and f o r m u l a t o r  worked s e q u e n t i a l l y .  4 s  w i l l  be  shown i n  
t h e  n e x t  s e c t i o n .  i t  is  p l a u s i b l e  t h a t  i n  a speech  p r o d u c t i o n  t h e s e  
p r o c e s s e s  run  i n  p a r a l l e l .  T h i s  i n t r o d u c e s  a  p o t e n t i a l  i n t e r f e r e n c e .  Ac tua l  
speech  is r a t h e r  smooth, s o  t h e  sys tem must b e  governed by a  d e v i c e  t h a t  
b r i n g s  t h e  communication w i t h i n  c e r t a i n  l i m i t s .  T h i s  d e v i c e  i s  c a l l e d  t h e  
m o n i t o r .  

2 .  14oni tor ing the f o r m u l a t i o n  p r o c e s s  - 

Most p e o p l e  can  a l l u d e  t o  t h e  s e n s a t i o n  o f  s t a r t i n g  a  s e n t e n c e  w i t h o u t  q u i t e  
lmowing what t h e y  i n t e n d  to s a y  o r  how t o  s a y  i t .  Consequen t ly ,  t h e  form+ 
l a t o r  somet imes makes g rammat i ca l  commitments t h a t  may g i v e  r i s e  t o  p rob lems  
when a  new c o n c e p t u a l  i n p u t  a r r i v e s .  A mon i to r  c o u l d  b e  h e l p f u l  a t  t h e  con- 
c e p t u a l  l e v e l .  Another  s o u r c e  o f  i n t e r f e r e n c e  is t h e  o r d e r  i n  which t h e  
c o n c e p t u a l  s t r u c t u r e s  a r e  i n p u t  i n  t h e  f o r m u l a t o r .  One c a n n o t  a  p r i o r i  
a s s m e  t h a t  words  ( o r  g r o u p s  o f  words) a r e  produced i n  t h i s  same o r d e r .  The 
word-order is a  g rammat i ca l  c o n s t r a i n t  t h a t  shou ld  n o t  l i m i t  t h e  o r d e r  i n  
which t h o u g h t s  a r r i v e .  C l e a r l y ,  t h e  m o n i t o r  i s  n o t  o n l y  s u p e r v i s i n g  t h e  c a w  
mun ica t ion .  b u t  a l s o  h a s  t o  watch t h e  end p r o d u c t s  o f  a l l  t h e  p r o c e s s e s .  
Suppose t h e  c o n c e p t u a l i z e r  d e l i v e r s  some s t r u c t u r e  a s  i n p u t  t o  t h e  formula- 
t o r  ( g e n e r a t o r ) .  The f o r m u l a t o r  w i l l  t hen  beg in  p roduc ing  an u t t e r a n c e  t h a t  
e x p r e s s e s  t h e  g i v e n  meaning ( c l o s e  enough i n  t h e  g i v e n  c i r c u m s t a n c e s ) .  Half- 
way th rough  t h e  s e n t e n c e  t h e  c o n c e p t u a l i z e r  comes up w i t h  a  new s t r u c t u r e .  
The f o r m u l a t o r  h a s  t o  g e t  t h i s  new i n f o r m a t i o n  i n t o  t h e  u n f i n i s h e d  s e n t e n c e .  
p r e f e r a b l y  i n  a  g rammat i ca l  way. To s e e  what  t h e  program d o e s  i n  s u c h  
s i t u a t i o n s ,  l o o k  a t  t h e  f o l l o w i n g  o u t p u t  ( t h e  examples  were  t a k e n  from 
[DuBois, 19741: 

( a )  I want  t o  l e a s e  -- o r  r a t h e r e s u b l e a s e  -- an apa r tmen t .  
( b )  We d r o v e  90 m i l e s  -- w e l l .  85 -- a l l  t h e  way t o  S a n t a  Fe.  
( c )  He h i t  Mary -- t h a t  i s ,  B i l l  d i d  -- w i t h  a  f r y i n g  pan. 
( d )  I r e a l l y  l o v e  -- I mean, d e s p i s e  -- g e t t i n g  up v e r y  e a r l y  

During t h e  f o r m u l a t i o n  o f  a  s e n t e n c e ,  t h e  c o n c e p t u a l i z e r  i n c r e m e n t s  o r  
amends a  c o n c e p t u a l  s t r u c t u r e .  I n  t h e  program t h i s  i s  s i m u l a t e d  by s i m p l y  
i n p u t t i n g  a  l i s t  o f  s t r u c t u r e s .  Take f o r  i n s t a n c e  s e n t e n c e  ( a ) .  The f i r s t  
s t r u c t u r e  t h a t  is f e d  i n t o  t h e  f o r m u l a t o r  i n d i c a t e s  t h a t  some k ind  o f  l e a s  
i n g  i s  i n v o l v e d ,  p r o p e r l y  e x p r e s s e d  w i t h  t h e  v e r b  " l ea se . "  A f t e r  some t i m e  
t h e  c o n c e p t u a l i z e r  p roduces  a  s t r u c t u r e  t h a t  g i v e s  a  more  p r e c i s e  s k e t c h  o f  
t h e  a c t i o n ,  namely o n e  where t h e  v e r b  " sub lease"  would b e  more  a p p r o p r i a t e .  
The mon i to r  now r e c o g n i s e s  t h a t  what was s a i d  a l r e a d y ,  d i f f e r s  o n l y  i n  
nuance  from t h e  new s t r u c t u r e .  T h i s  d i a g n o s i s  is s i g n a l e d  by t h e  p h r a s e  "o r  
r a t h e r " .  
It s h o u l d  b e  no ted  t h a t  even i f  c o n c e p t u a l  s t r u c t u r e s  h a v e  been  o u t p u t .  n o  
c o r r e c t i o n s  a r e  needed a s  l o n g  a s  t h e s e  s t r u c t u r e s  a r e  n o t  o v e r t l y  formu- 
l a t e d .  T h e r e f o r e ,  i t  would n o t  s u f f i c e  t o  compare t h e  s u c c e s i v e  s t r u c t u r e s  
produced by t h e  c o n c e p t u a l i z e r .  I n s t e a d ,  t h e  s u c c e s s i v e  c o n c e p t u a l  i n p u t s  
mus t  f i r s t  b e  pas sed  th rough  t h e  f o r m u l a t o r :  o n l y  t h e n  t h e  m o n i t o r  compares  
t h e  next c o n c e p t u a l  i n p u t  w i t h  ( t h e  meaning o f )  t h e  p a r t i a l  s e n t e n c e  s o  f a r  
c o n s t r u c t e d .  T h i s  is  where a  f eedback  from t h e  o u t p u t  is r e q u i r e d .  The 
i m p l e n e n t a t i o n  c o v e r s  t h e  m o n i t o r ,  t h e  g e n e r a t o r ,  and t h e  p a r s e r .  A s  s a i d  
b e f o r e ,  t h e  c o n c e p t u a l i z e r  i s  s i m u l a t e d .  The n e x t  f i g u r e  may h e l p  t o  c l a r -  
i f y  t h e  mechanism. 



C = C o n c e p t u a l i z e r  
M = Monitor  
F  = F o r m u l a t o r  
P = P a r s e r  & ----- < -------- I P I  
A = A r t i c u l a t o r  I 1 - 

I I I 

I I 

S i m p l i f i e d  diagram o f  t h e  sys tem.  

3 .  Implemen ta t ion  - 
The moment o n e  s t a r t s  programming a  sys tem f o r  n a t u r a l  l anguage  p r o c e s s i n a ,  
i t  i s  n e c e s s a r y  t o  choose a  n o t a t i o n  t o  r e p r e s e n t  t h e  mean ings  u n d e r l y i n g  a  
l anguage  u t t e r a n c e .  The n o t a t i o n  used i n  t h i s  imp lemen ta t ion  i s  a k i n  t o  con- 
c e p t u a l  dependency.  However, c a r e  is t a k e n  t o  s e p a r a t e  t h e  f u n c t i o n s  
depend ing  on t h i s  r e p r e s e n t a t i o n  from t h e  main c o n t r o l  s t r u c t u r e s  o f  t h e  
sys t em.  

3 . 1 .  The f o r m u l a t o r  - 
Two e a r l y  a n c e s t o r s  o f  ou r  f o r m u l a t o r  a r e  t r a n s f o r m a t i o n a l  grammar and t h e  
ATN mechanism. Of p r imary  c o n c e r n  f o r  a  p s y c h o l o g i c a l l y  i n t e r e s t i n g  sys t em.  
however, i s  t h a t  p e o p l e  most  o f  t h e  t i m e  want t o  convey a  meaning ( o r  con- 
t e n t ) ,  n o t  a  form. To d o  t h i s ,  a  d e v i c e  is needed t h a t  t r a n s f o r n s  a  
m e a n i n g - r e p r e s e n t a t i o n  i n t o  a  l i n g u i s t i c  form. Examples o f  such  d e v i c e s  a r e  
t h e  g e n e r a t o r  o f  Simmons and Slocum C19721, w i t h  s e m a n t i c  ne tworks  a s  i n p u t .  
and t h e  one  by  Goldman [Schank,  Goldman, R i e g e r ,  19751 based on c o n c e p t u a l  
dependency n o t a t i o n .  More r e c e n t l y  McDonald [ fo r thcoming1  implemented a  gen- 
e r a t o r  t h a t  c a n  even b e  used f o r  a  d i v e r s i t y  o f  meaning r e p r e s e n t a t i o n s .  
T h e r e  is a  way i n  which t h e s e  g e n e r a t o r s  a r e  a  s p e c i a l  c a s e  o f  t h e  p r e s e n t  
f o r m u l a t o r .  Remember t h a t  t h e  f o r m u l a t i o n  ( and  o v e r t  u t t e r a n c e )  o f  a  sen- 
t e n c e  s t a r t s  b e f o r e  a  message h a s  been c o m p l e t e l y  worked o u t  by t h e  concep- 
t u a l i z e r .  A s  a  r e s u l t ,  o n e  o f  t h e  g o a l s  i n i t i a l l y  set f o r  t h e  g e n e r a t o r  was 
p i e c e m e a l  ( o r  i n c r e m e n t a l )  p r o d u c t i o n .  More g e n e r a l l y  s p e a k i n g ,  t h e  aim o f  
t h e  t h e o r y  was not t o  u se  it a s  p a r t  o f  a  Q / A  sys t em b u t  t o  d e s c r i b e  a  
s o p h i s t i c a t e d  model o f =  s e n t e n c e  p r o d u c t i o n .  T h i s  h a s  some impor t ance  
f o r  t h e  l i n g u i s t i c s  encoded i n  t h e  a c t u a l  imp lemen ta t ion  o f  t h e  program. The 
s t r u c t u r a l  f l e x i b i l i t y  is g i v e n  p recedence  o v e r  a  l a r g e  v o c a b u l a r y .  T h i s  h a s  
two consequences .  The program u s e s  g rammat i ca l  c o n s t r u c t i o n s  t h a t  r a n g e  ove r  
a  f a i r  amount o f  p o s s i b i l i t i e s  ( e . g .  v i r t u a l l y  a l l  i n t e r r o g a t i v e s  i n  Du tch ) .  
The v o c a b u l a r y  i t se l f ,  on  t h e  o t h e r  hand. i s  r a t h e r  m a l l  a t  t h e  t i m e  o f  
w r i t i n g  t h i s  pape r .  I t  c o n t a i n s  a  few nouns  r e p r e s e n t i n g  a n i m a t e  and i n a n i -  
ma te  e n t i t i e s .  Dutch v e r b s  were  p a r t i t i o n e d  i n t o  d i f f e r e n t  g r o u p s  o f  s i m i -  
l a r l y  behav ing  v e r b s .  F o r  e a c h  g roup  o n e  o r  two v e r b s  were  t a k e n  a s  
r e p r e s e n t a t i v e s .  I n  a d d i t i o n ,  enough f u n c t i o n  words  were i n c l u d e d  t o  make 
s e n t e n c e  b u i l d i n g  p o s s i b l e .  The p s y c h o l o g i c a l  p l a u s i b i l i t y  o f  t h e  t h e o r y  is 
r e f l e c t e d  by t h e  a b i l i t y  o f  t h e  program t o  t r a n s l a t e  a  s e r i e s  o f  c u m u l a t i v e  
meaning r e p r e s e n t a t i o n s  i n t o  a  p i ecemea l  p r o d u c t i o n  o f  t h e  s e n t e n c e .  To d o  
s o ,  t h e  program keeps  t r a c k  o f  t h e  s y n t a c t i c  r e s t r i c t i o n s  posed by e a r l i e r  
p a r t s  o f  t h e  u t t e r a n c e .  w h i l e  i n c o r p o r a t i n g  t h e  new s e m a n t i c  i n f o r m a t i o n .  
The g e n e r a t o r  was w r i t t e n  f o r  Du tch ,  b u t  a  s m a l l  v e r s i o n  f o r  E n g l i s h  was 



used t o  p roduce  t h e  g i v e n  examples .  
T h i s  s e c t i o n  d o e s  n o t  c o v e r  a l l  t h e  i n t e r e s t i n g  a s p e c t s  o f  t h e  g e n e r a t o r .  
E.g. o n e  o f  t h e  p r o p e r t i e s  o f  t h e  c o n t r o l  s t r u c t u r e  is t h a t  n o r m a l l y  c o n s t i -  
t u e n t s  a r e  d e l i v e r e d  i n  t h e i r  e n t i r e t y .  T h i s  e x p l a i n s  why i n  examples  ( 2 )  
t h r u  ( 5 )  t h e  c o r r e c t i o n  s t a r t s  a t  t h e  boundary o f  t h e  noun p h r a s e ,  which is  
i n  l i n e  w i t h  t h e  b u l k  o f  p s y c h o l i n g u i s t i c  f i n d i n g s .  A l l  t h i s  i n f o r m a t i o n .  
i n c l u d i n g  a  p r e c i s e  d e s c r i p t i o n  o f  t h e  g e n e r a t o r  can b e  found i n  [Yempen 6 
Hoenkamp, 19791. 

3.2. The p a r s e r .  - -- 
The p a r s e r  c u r r e n t l y  i n  t h e  sys t em,  i s  a  s t r i p p e d  down v e r s i o n  o f  R i e s b e c k ' s  
ELI. D e t a i l s  a r e  t o  b e  found i n  t h e  Y a l e  A T  p u b l i c a t i o n s  ( e . g .  [ R i e s b e c k .  
19751)  A new p a r s e r  i s  b e i n g  developed h e r e ,  which is more i n  l i n e  w i t h  t h e  
p a r t i c u l a r  model p roposed .  I t  r e s e m b l e s  ELI i n  t h a t  i t  is s t r o n g l y  c o n c e p t +  
a l l y  g u i d e d ,  and i n  t h a t  it p a r s e s  a  s e n t e n c e  word-by-word, l e f t - t o - r i g h t  
w h i l e  b u i l d i n g  a  meaning r e p r e s e n t a t i o n .  The main d i f f e r e n c e  is  t h a t  i t  is  
l e s s  top-down (1  ) . 
Not o n l y  t h e  p a r s i n g  mechanism i t s e l f  had t o  b e  s c r u t i n i z e d ,  a l s o  f o r  t h e  
knowledge b a s e  it u s e s  t h e r e  a r e  some i m p o r t a n t  o b s e r v a t i o n s .  Speake r  and 
l i s t e n e r  d o  n o t  a c c e s s  i n f o r m a t i o n  i n  t h e  same way. and t h e y  u s e  a  d i f f e r e n t  
world-model. I n  t h e  program t h e r e f o r e  t h e  s t r a t e g y  is  adop ted  t h a t  t h e  
s p e a k e r  p a r s e s  h i s  own u t t e r e n c e s  i n  a  knowledge model he e x p e c t s  t o  b e  
a v a i l a b l e  t o  t h e  l i s t e n e r .  T h i s  mav e x ~ l a i n  what h a ~ ~ e n e d  i n  examDle ( c l  o f  " .  . . 
s e c t i o n  2 .  Using t h e  s p e a k e r ' s  knowledge base, t h e  f o r m u l a t o r  d e c i d e d  t o  
u s e  a  pronoun f o r  B i l l .  The p a r s e r ,  u s i n g  a  model o f  t h e  l i s t e n e r ' s  
knowledge base, d o e s  n o t  f i n d  a  r e f e r e n t .  The m o n i t o r  t h e n  c o n c l u d e s  t h a t  
r e f e r e n c e - e d i t i n g  is n e c e s s a r y .  which i s  s i g n a l e d  by u s i n g  t h e  p h r a s e  " t h a t  
i s" . 
An a n o t h e r  i m p o r t a n t  p o i n t  is t h a t  t h e  s p e a k e r  knows what he  is t a l k i n g  
a b o u t .  T h i s  h a s  two o b s e r v a b l e  consequences .  F i r s t ,  t h e  l i s t e n e r  o f t e n  
c o r r e c t s  t h e  s p e a k e r ,  b u t  t h e r e  is a  s t r o n g  p r e f e r e n c e  f o r  s e l f - c o r r e c t i o n .  
Second ,  when t h e  s p e a k e r  p a r s e s  h i s  own s e n t e n c e s  p rob lems  o f  ambigui  t y  o r  
r e f e r e n t  r e s o l u t i o n  may b e  a b s e n t .  Evidence f o r  t h i s  i s  t h a t  t h e  l i s t e n e r  
somet imes n o t i c e s  an a m b i g u i t y  t h a t  is n o t  obse rved  by t h e  s p e a k e r .  

3.2. The mon i to r  - -- 
A t  t h e  t i m e  o f  w r i t i n g ,  t h e  e d i t i n g  is done v i a  a  few s i m p l e  r u l e s  t h a t  
depend on t h e  s p e c i f i c  meaning r e p r e s e n t a t i o n  used h e r e .  H o p e f u l l y  a  h e u r i s -  
t i c  w i l l  be  found to d i a g n o s e  t h e  d i f f e r e n t  k i n d s  o f  e d i t i n g  i n  a  more gen- 
e r a l  way. 
The p h r a s e s  used d u r i n g  e d i t i n g  ("uh" ,  "I mean1'. " t h a t  i s " )  a r e  more o r  l e s s  
s p e c i f i c  f o r  t h e  t y p e  o f  e d i t i n g .  ( T r y  t o  u s e  "wel l"  f o r  "I mean" i n :  "Sea 
s h e l l s ,  -I mean-, s h e  s e l l s  s e a  she l l s . . . I g )  The t y p e s  o f  e d i t i n g  t h e  program 
c a n  h a n d l e  a r e  t h e  c o r r e c t i o n s  o f  t h e  examples  ( a )  t h r o u g h  ( d l ,  and a r e  
c l a s s i f i e d  a s :  ( a )  nuance e d i t i n g ,  ( b )  c l a i m  e d i t i n g .  ( c )  r e f e r e n c e  e d i t i n g .  
and ( d )  m i s t a k e  e d i t i n g .  The l a s t  o n e  i s  t h e  d e f a u l t .  Also t h e  wrong p h r a s e  
c a n  make a  s e n t e n c e  sound l e s s  g rammat i ca l  These  p h r a s e s  p r o b a b l y  b y p a s s  t h e  
f o r m u l a t o r .  ( and  i n  t h e  program a r e  i n s e r t e d  by t h e  m o n i t o r  i t s e l f ) .  T h a t  
p e o p l e  d o  l i k e w i s e  is s u g g e s t e d  by t h e  o b s e r v a t i o n  t h a t  p e o p l e  speak ing  a  
f o r e i g n  l anguage .  somet imes u s e  an e d i t i n g  p h r a s e  a p p r o p r i a t e  t o  t h e i r  
n a t i v e  l anguage .  

( 1 )  I am v e r y  g r a t e f u l  t o  L a r r y  Birnbaun (Ya le -AI ) ,  f o r  v a l u a b l e  comments, 
e s p e c i a l l y  c o n c e r n i n g  imp lemen ta t ion  d e t a i l s .  



(S0me important  l i n g u i s t i c  i s s u e s ,  such a s  anaphora and e l l i p s i s ,  seem t o  
l i e  wi th in  t h e  scope o f  t h e  monitoring device ,  and need n o t  be  handled by 
t h e  formula tor ,  a s  t h e  monitor knows what i s  s a i d ) .  
The programs run a s  s e p a r a t e  LISP images under t h e  U N I X  o p e r a t i n g  system 
which s u p p l i e s  t h e  p ipes  f o r  communication. 
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How to Program a Society 

Kenneth M. Kahn 
MIT A1 Laboratory (currently at the University of Stockholm) 

Conventional programming languages are inadequate for constructing 
reasoning systems organized as communities of autonomous 
individuals. They lack a means of conveniently 3escribing the 
behavior of individuals, the relationships and communication 
conventions between individuals and subsocieties. 

This paper presents the thesis that "actor" languages are ideal as 
an underlying base in the implementation of societies. The language 
"Director" is presented as an example of how one can implement 
individual reasoning agents as actors and their interaction as 
"message passingn. Communication and control conventions are 
established between the actors to form composite actors that 
correspond to subsocieties. An example of a large actor system 
called "Ani" which was implemented in this manner is presented. 
Portions of Ani's reasoning in creating an animated film are used 
as illustrations of an actor-based societal reasoning style. 

INTRODUCTION 
This paper attempts to deal with some of the issues of reasoning by 
a society of experts by concentrating on a particular example. The 
example is drawn from the operation of a program called "Ani" which 
was designed to create simple computer animation in response to 
vague high-level story descriptions [Kahn 1979al. Since Ani is a 
very large and complex system we select just one small portion of 
its reasoning in creating an animated version of the story of 
Cinderella and analyze it in detail. Ani was implemented in an 
actor language ca1.led "Director". 

Societal reasoning can best be understood in contrast to the more 
conventional "monolithic" reasoning. The conventional metaphor for 
an A 1  program is an individual which can access or modify facts by 
searching or modifying its knowledqe base. The society metaphor is 
a community of individuals each of which can directly access and 
mod+-fy its own knowledge and must interact with others when that is 
insufficient. A monolithic reasoning system's components are very 
de~endent upon their "caller" for direction, context, and 
resources. The components of a societal reasoning system are 
independent processes which conceptually are concurrent. The 
components of a monolithic reasoning svstem are typically 
subroutines and database contexts. 

Yonolithic systems are implemented with suhroutines and databases; 
expert systems are constrtlcted out of "actors" which combine in a 
single entity both suhroutines and databases. An actor is an active 
computational entity consisting of a procedural component called a 
"script" and "acquaintances" which roughly correspond its state. 
Computation in an actor system consists of actors sending messages 
to each other. 

Various computer languaqes have been built upon the concept of 
actors. Amonq them are Smalltalk ( [Goldberq 19761 and [Kay 19771 ) , 
Act l [Lieherman draEt1, an? XPRT [Steels 19791. Director is the 



actor language that was used in implementing Ani [Kahn 19761 [Kahn 
19781 [Kahn 1979bl. Each actor in Director consists of a list of 
methods, a database, its own variables, and a "parent". The methods 
describe the behavior of an actor. When an actor receives a message 
the patterns associated with each method are checked to see if they 
match. If so the action associated with that method is invoked. 
3therwise the message is passed along to the "parent" of the actor. 
This "buck passing" to parents provides simple hierarchical 
inheritance of behavior. The parent is also queried when an actor 
does not know about an item in a database or the value of a 
variable. In this way much knowledge is shared between actors. 

AN EXAMPLE FROM THE BLOCKS WORLD 
Let us consider a simple Director program from the world of toy 
blocks. Initially there are only cubes and a table. We want to be 
able to move blocks around and stack them up. The most 
sophisticated operation is to put a cube on top of another perhaps 
having to clear them off first. Ye also want to be able to make 
inquiries about the locations and relationships of the different 
objects. 
We can define blocks as follows. Notice that most of the work of 
the program is done by recursively invoking the "clear top" method. 

(ASK something MAKE block) 
;create an actor named "block" whose sarenC is "something" 
(ASK block DO WHEN RECEIVING (move to (top-of ?another)) 
;;when I receive a messaqe to move on  to^ a? another block 
(I clear top) ;;I clear my top 
(ASK 'another clear top) ;;-:ear the top of my destjnation 
(I MEMORIZE (underneath-me 'another))) 
;;I memorize that the other is below me 
(ASK block DO WHEN RECEIVING (clear top) 
;;when asked to clear my top of blocks 
(I RECALL AN ITEM MATCHING (on-top-of-me ?something-above-me) THEN 

(SCRIPT (ASK ,something-above-me move to (top-of the-table))))) 
(ASK block DO WHEN RECEIVING (MEMORIZE (underneath-me ?some-other)) 
;;when asked to memorize that something is underneath me 
(I RECALL AN ITEM MATCHING (underneath-me ?something-below-me) THEN 
;;If I already think something else is below me I forget it 
(SCRIPT (I FORGET ITEM (underneath-me ,something-below-me)) 
;;and tell that other thing to forget it 
(ASK ,something-below-me FORGET ITEM (on-top-of-me ,myself)))) 

(CONTINUE-ASKING) ;;really memorize it 
;;ask the other to remember I'm above it-if it doesn't already know it 
(ASK 'some-other MEMORIZE (on-top-of-me myself) IF ITS NOT ALREADY)) 

THE ROLE OF COMPUTER GRAPHICS 
Director is not only a language designed for building object- 
oriented reasoning and simulation systems but is also a full- 
fledged graphics and animation languaqe. Actors provide a very 
powerful and convenient means of describing and programming dynamic 
graphics. Director has been used to graphically represent complex 
structures in an "intelligent" manner, in particular a Director 
program called DIAGRAMER which creates diagrams [Kahn 1979al. 
Graphics is a great aid in depicting, debugging, and explaining 
what is going on in any complex system and so its use in A1 
programs in general is appropriate. (And perhaps one day its use 
will be considered indispensable.) 



In our blocks world example we would like to be able to see these 
blocks as they are moved around. For reasons of space, the 
modifications to our little program to show the blocks as they move 
has been ommitted. Essentially three changes were necessary: 
changing the blocks to be instances of Director's prototypical 
graphical actor, adding a method to "Block" giving them an 
appearance consisting of a label and a square, and modifying 
"Block's" "move to ..." method to also change the position of the 
block on the display screen. 

A COMPARISON WITH GLOBAL DATABASES 
Extending our simple program to include objects such as pyramids 
that cannot have any object on top of them or a robot arm that 
moves the objects is straight-forward. Blocks can easily be changed 
to permit more than one block on top of them. If the table has a 
limited area then it can have a method for allocating space. A 
history of block movements can easily be kept and used as a source 
of explanations. These kinds of extensions are no more difficult, 
and often simpler, than in the more monolithic systems that 
maintain all this information in a global database. 

One difference between this object-oriented approach and a global 
database system is its greater efficiency at the price of less 
flexibility. Given a particular object what is immediately above or 
below it is readily available. Fanning out from there to answer 
questions like "what is two blocks above it" is not difficult. We 
can add a method for answering such questions as follows. 

(ASK block DO WHEN RECEIVING (what is ?n blocks above you) 
(COND ( ( =  n 0) myself) ; ;I'm no blocks above myself 

(T (I RECALL EACH ITEM MATCHING (on-top-of-me ?someone-on-me) 
THEN ;;I ask each one above me what is one less above it 
(ASK 'someone-on-me what is '(1- n) blocks above you))))) 

This contrasts strongly with the way that transitive relationships 
are typically handled in an "assertional" database. The above 
method is an object-oriented analog of antecedent reasoning. 
Consequent reasoning can be handled as easily. One possible 
objection to this way of handling transitive relationships is that 
it places a much larger burden on the system builder. It also 
predetermines whether the piece of knowledge that "above is 
transitive" is to be used in an antecedent or consequent manner. 
Finally, the fact that "above is transitive" is not itself explicit 
knowledge that can be reasoned about. One way to resolve these 
difficulties in an object-oriented framework is to create an actor 
for transitive relationships and have "above" (among many others) 
be instances of it. The actor for transitive relationships would 
then know how to chain together facts. Actors like "Block" will 
call upon it for help when appropriate. 

So far we have been concerned with questions that are directed to a 
particular object. However, if no object is given then it is often 
awkward and expensive to find the one referred to in order to ask 
it a question. A question like "what is on top of the big dark 
block" to a global database could be answered as follows, 

(ASK the-blocks-world RECALL AN ITEM MATCHING 
(on-top-of-me {AND {big ?block} {dark ?block}} ?other-block) 
THEN other-block) 



Since by default in Director an actor has a list of all of its 
instances we can take a hybrid approach and search through such 
lists when necessary. The above example would then be 

(ASK block BROADCAST TO YOUR OFFSPRING 
IF (AND (big (your size)) (dark (your color))) THEN 

(RECALL AN ITEM MATCHING (on-top-of-me ?other-block) THEN other-block)) 

The major computational advantage of an object-oriented 
organization over a more global one is that certain questions can 
be answered without any search. The cost is that many other 
questions are more awkward or expensive to answer. It is the 
implementor's task to anticipate those questions that will be the 
most frequent and arrange so that the objects involved directly 
know the answer. 

What is expensive or awkward on a serial computer sometimes becomes 
cheap and straight-forward on very parallel machines. Actor systems 
are conceptually parallel and as such much better equi~ped to take 
advantage of multi-processors. A global database, for example, must 
be locked to prevent timing errors and as a result becomes a 
serious computational bottleneck. With the same knowledge 
distributed among many actors only a small subset of them need to 
be locked at any one time. 

WHAT AN1 DOES 
Ani is a computer system which, when presented with a high-level 
description of a film, attempts to create an animated film based 
upon that description. A user presents Ani with partial 
descriptions of the personality and appearance of the characters 
involved, of the relationships and interactions among the 
characters, and of the type of film desired. Ani integrates this 
information with more general knowledge and produces a detailed 
film description that in turn is run by Director. 

Ani is a very large program which performs a complex and creative 
task. Since Ani was implemented in an actor-based language it 
provides evidence for the claim that actors are useful building 
blocks for implementing large A1 systems. Inside Ani each animated 
character is an actor, as is every descriptor, character 
comparison, choice point, plan, method, scene, relationship and 
activity. The convenience of being able to place knowledge in an 
actor by adding items to a database associated with each actor and 
the power of being able to associate arbitrarily complex programs 
with the same actor were very important in implementing and 
modifying Ani. The use of actors eased the task of keeping the 
different components and bodies of knowledge of Ani as independent 
and modular as possible. Without this high degree of modularity, 
Ani would have been more difficult to design, implement, and debug. 

The style with which an A1 program is implemented is very 
important. It affects the ease of program construction and 
modification. The style strongly influences what sort of 
organization and structure an A1 program has. The programming 
language used, in turn, strongly influences what programming styles 
are practical, convenient, and natural. 



PICKING A SPEED FOR A STEPMOTHER 
We now concentrate on a small sample of some of Ani's reasoning 
while designing an animated version of the story of Cinderella. In 
making this film Ani must make myriad choices about what should 
happen in the film and how the different characters should behave. 
To help establish the personality and relationships of the 
characters of the film Ani constructs a "typical dynamics" for each 
character. This describes the normal or default way of moving for a 
character. Whether a character typically moves quickly and directly 
or slowly in long qraceful curves, whether a character moves boldly 
or avoids anyone along its path contributes to giving the 
characters in the films their own personality. A description of 
Cinderella as happy will tend to make her move faster and in "bouncy" 
curves. This tendency to move quickly in a bouncy manner can be 
negated by other descriptions (e.g. that Cinderella is shy) or 
modified by events (e.g. when running to meet the Prince she may 
move faster than normal but more directly). 

The example we will study in detail is how Ani determines a typical 
speed for Cinderella's stepmother. The choice must take into 
account the personality of the stepmother and her relationship with 
the other characters. The choice cannot be optimally made in 
isolation but needs to be made in coordination with other choices, 
especially the choices of the speeds of the other characters. Ani 
makes this choice by creating "choice points" which are actors who 
are each responsible for a particular choice. The choice point for 
the stepmother's speed, for example, is responsible for gathering 
up suggestions, trying to make sense out of the suggestions 
gathered, interacting with other choice points, maintaining the 
current state and justifications of any decisions made, and 
deciding whether to try to postpone work on its choice. 

All that Ani is told about the stepmother is that she is physically 
ugly and is mean, selfish, strong, and evil. She dominates and hates 
Cinderella who is obedient and tolerant of her stepmother. 

HOW HER SPEED WAS CHOSEN 
"Choice points" are created to represent :he process of picking 
typical speeds for each character. The choice point for the 
stepmother's speed, for example, begins by asking each of the 
descriptors of the stepmother for suggestions for her speed. Only 
the description "Strong" replies and suggests a high speed. The 
choice point is not happy with just that because there are not 
enough reliable suggestions. So it asks permission to be postponed 
to wait for more information to become available and it is granted. 

When the choice point for the stepmother's speed is reawakened, it 
inspects its record of previous activations. It then asks the 
choice points for the relative speeds of the stepmother and the 
other characters for sugqestions. These choice points are created 
in response to this request and they choose values (e.g., that the 
stepmother be faster than Cinderella because she dominates 
Cinderella and differs Erom her), but cannot make any concrete 
suggestions since none of the characters have speeds yet. The 
choice point for the stepmother's speed asks permission to postpone 
to wait for the speeds of the others to be determined and it is 
granted. 



The choice points for the other characters also ask and are granted 
permission to postpone. This could potentially lead to a deadlock 
in which the four choice points wait for each other to make a 
decision. One of the reasons the choice points don't just postpone 
themselves, but instead ask permission first, is to avoid this type 
of situation. A postponement manager keeps track of the situation 
and will not grant someone permission to postpone for the same 
reason twice. A common exception to this is vhen the choice point 
is waiting for other choice points to finish and at least one of 
these is making progress. In this case, no one is making progress 
so the postponement manager must refuse permission to at least one 
of the choice points. 

Ani is built upon the principle that as few decisions as possible 
be determined arbitrarily. The decision as to who should be refused 
permission to postpone has too many consequences to be determined 
by something like who asks first. Instead the postponement manager 
asks the "focus", which indicates that conveying the personality of 
Cinderella is important. The choice point for Cinderella's speed is 
refused permission causing the speed to be based on the description 
of Cinderella without being constrained to be faster or slower than 
the others. 

The choice point for the stepmother's speed finally gets 
suggestions from the relative choice points. It discovers conflicts 
with one of these suggestions and the earlier suggestion it had 
received from "Strong" and postpones again. Upon being resumed the 
choice point asks the descriptions of the film's style for 
suggestions and receives them from the moderate variety level, high 
energy level, and low flashiness. Unfortunately they do not all 
agree and so the choice point postpones one more time. 

When it is reawakened it discovers that there are no more sources 
of suggestions and proceeds with what it has. First it attempts to 
make compromises between the conflicting suggestions and makes one 
that in turn generates a new conflict. Excuses are found for 
rejecting some of the conflicting suggestions. The choice point 
finally picks a high speed for the stepmother and saves away a 
justification for this choice. 

A MORE DETAILED LOOK 
Consider the first paragraph of the previous section. What do the 
sentences mean? How does a "choice point" ask "each of the 
descriptors of the stepmother for suggestions for her speed"? How 
can one ask "permission to be postponed"? In this section we 
present very detailed answers to these questions. 

First we consider what the sentence "Choice points are created to 
represent the process of picking typical speeds for each character" 
means. The choice point for the stepmother's speed is created as 
follows, 

(ASK absolute-choice-point MAKE (choice-point-of stepmother speed)) 

This creates an actor named "(Choice-Point-Of Stepmother Speed)" 
which is an instance of "Absolute-Choice-Point". This newly created 
actor just knows its task is to choose a speed for the stepmother. 
When it cannot handle a message it will ask "Absolute-Choice-Point", 



its parent, to handle it. nAbsol.ute-Choice-Point" can handle a few 
trivial messages and otherwise passes them on alonq to "Choice- 
Pointn who can handle about ten different messages ranginq from 
requests for making a choice to receiving and combining groups of 
suggestions. "Choice-Point" in turn passes those messages it cannot 
handle on up to "Somethinqn, Director's prototypical actor. 

Some actor wants to know what the stepmother's speed is so it sends 
the new choice point a message asking it for its choice as follows. 

(ASK (choice-point-of stepmother speed) RECALL YOUR choice) I 
" A method for "recall your choicew is found in "Choice-Pointn. The 

real method is long and complex so what follows is a simplified 
version. The method was added to "Choice-Pointn as follows. 

(ASK choice-point DO WHEN RECEIVING (recall your choice) 
(COND ( (I RECALL MY current-choice) ) 

;;I answer with my current choice if I have one, otherwise 
(T ;;I recall what my reasons for previously postponing were 
(LET ((postponement-reasons !I RECALL MY postponement-reasons))) 
(COND ((NULL postponement-reasons) 

;;There are no reasons so this is my first try 
(I combine suqgestions 
;;I combine the suggestions I get by asking 
!'(I collect suggestions from 

;;myself for suggestions from 
;;:he first of my suggestion sources 

(FIRST (I RECALL MY suggestion-sources))))) 
(T ;;If I've previously postponed work on my choice 
(I continue_to recall my choice 

despite postponement-reasons))))))) 
;;I try to continue, taking into account the difficulty. The methods 
;;for handling this gather more information, resolve old conflicts 
;;between suggestions, or try to postpone work until more is known 

The running of this method produces the following series of transmissions. 
(ASK (choice-point-of stepmother speed) RECALL YOUR current-choice) 
NIL ;;NIL is returned indicating no choice has been made yet 
(ASK (choice-point-of stepmother speed) RECALL YOUR postponement-reasons) 
NIL ;;Returning NIL means that this is first time 
(ask (choice-point-of stepmother speed) recall your suggestion-sources) 
;;The following is returned after being found in "absolute-choice-point". 
((absolute-suggestions ;;These first three sources are grouped together 
neighbors-absolute-suggestions ;;indicating that they should be 
opposites-absolute-suggestions) ;; explored together 
relative-suggestions global-suggestions) 
;;This results in the next transmission 
(ASK (choice-point-of stepmother speed) 

collect suggestions from (absolute-suggestions 
neighbors-absolute-suggestions 
opposites-absolute-suggestions)) 

The last transmission invokes a method in "choice-point" which 
collects suggestions of each type by sending messages which invoke 
methods such as the following. 



(ASK choice-point 
DO WHEN RECEIVING (collect suggestions from absolute-suggestions) 
;;when I get a message asking for absolute sugqestions 
(I ASK MY thing ;;I ask the object I am making some choice about 

;;to collect sugge~tions~for the element in question 
collect suggestions for (I RECALL MY element))) 

This method causes a message to be sent to the stepmother asking 
her to collect suggestions for her speed as follows. 

(ASK stepmother collect suggestions for speed) 

The method invoked by this transmission had been added to an actor 
named "character", the stepmother's parent, as follows. 

(ASK character DO WHEN RECEIVING (collect suggestions for ?element) 
;;when I get a message asking for suggestions for an aspect of myself 
(I RECALL EACH ITEM MATCHING 
;;for every item in my database matching the following pattern 

(description type ? ;;any type of descriptor is fine 
descriptor ?the-descriptor ;;call it "the-descriptor" 
source ?) ;;any source 

THEN (SCRIPT 
(ASK ,the-descriptor COLLECT ITEMS MEMORIZED MATCHING 

;;I ask the descriptor to search for items matching 
;;a suggestion whose element is what we are looking for 
(suggestion element ,element 

value ? strength ? source ?)  ) ) ) ) 

The method above initiates the following transmissions. 

(ASK strong COLLECT ITEMS MEMORIZED MATCHING 
(suggestion element speed 

value ? strength ? source ? ) )  

((suggestion element speed ;;a high speed is recommended 
value hish strength medium source strong)) 

;;"uglyn, "evil", "mean", and "selfish" are also asked but reply NIL 

The "(Choice-Point-Of Stepmother Speed)" returns this suggestion in 
response to the message "(collect suggestions for absolute- 
suggestions)". There are still two other suggestion sources waiting 
to be tapped "Neighbors-Absolute-Suggestions" and "Opposites- 
Absolute-Suggestions". They refer to suggestions from the synonyms 
and antonyms of the descriptors of the stepmother. In this case 
they return no suggestions at all. 

The suggestions gathered are then combined with any other 
suggestions previously gathered. In this case there is only the one 
from "Strong", so no conflicts are looked for, no compromises 
sought, or problems postponed. (Combining suggestions is a complex 
process that would at least double the length of this section if 
included.) This suggestion from "Strong" is added to the database 
of "(Choice-Point-Of Stepmother Speed)". The "suggestion-sources" 
of the "(Choice-Point-Of Stepmother Speed)'' is set to those sources 
left, i.e. "(relative-suggestions global-suggestions)". 



We are now near the end of the paragraph. "The choice point is not 
happy with just that because there are not enough reliable 
suggestions. So it asks permission to be postpoqed to wait for more 
information to become available and it is granted." An actor called 
"Postponement-manager" is consulted as to what to do. 

(ASK postponement-manager 
should (choice-point-of stepmother speed) postpone with 
((suggestion element speed ;;this sugqestlon 

value high 
strength medium 
source strong) ) 

0 conflicts) ;;and no conflicts 
(postpone not-happy-enough) ;;is the Postponement-manager's answer 
::The (Choice-Point-Of Stepmother Speed) then remembers the reason. 
(ask (choice-point-of stepmother speed) 
add not-happy-enough to your list of postponement-reasons regardless) 

At this point the choice point has altered its state so that upon 
reawakening it will know why it postponed previously, what sources 
of suggestions are left, which ones have yielded suggestions, what 
the suggestions have been gathered so far are, and what conflicts 
have yet to be resolved. The choice point finally returns 
"(postponed not-happy-enough)" in response to the original message 
"choose a value". By doing this it has indicated to the actor that 
originally asked it for its choice that it has postponed its choice 
until later. This actor can try to postpone or can decide to go 
ahead without knowing how the choice point will decide. 

Conceptually all the choice points are running in parallel and when 
they run into difficulties it is up to them to ask permission to go 
to sleep. It is typically to the choice point's advantage to 
postpone work when faced with difficulties because upon awakening 
more information is available. It is to the system's advantage to 
grant permission since it frees up computational. resources. 
However, to make sure that some progress is being made it is 
necessary to have a postponement manager with a more global view of 
the situation which occasionally refuses permission to postpone 
thereby forcing the choice woint in question to make due despite 
its difficulties. 

Rather than the more conventional manner of putting processes to 
sleep by saving their state and resuming them at the same point 
they were interrupted, the choice points save away what state 
information they please and are woken by simply sending them a 
message requesting a choice. It is up to the choice point to go 
back to what it was doing when it went to sleep or to try something 
new. The explicit form of "memoization" of partial results and 
difficulties by choice points proved to be flexible and general. It 
is up to each actor to obtain permission to postpone and to save 
away what it wants for its reawakening. The major disadvantage of 
this explicit memoization is that any actor that uses it must have 
code that asks permission to postpone, that records a partial state 
description, and inspects such descriptions upon reawakening. The 
inheritance of methods and state from more generic actors greatly 
reduces this burden on an implementor however. 



This long description of just the first attempt (out of ten) to 
choose a typical speed for the stepmother is still sketchy. I hope 
it has served its purpose of conveying what is it is like for a 
reasoning system to operate as a society of experts. 
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Abstract. This paper presents an implemented system for ths synthesis of tail 
recursive programs from input-output examples .The system can be also used 
to perform some new recursive to iterative transforms. 

1. INTRODUCTION 
It has been shovn that one can synthesize non trivial programs from input-output 
examples12,3,6,7,8,9,12,1Q,191 but little effort has been made in the direction of 
synthesizing optimized programs (see however[lOl).We present here a system rhich 
optimizes the programs relative to a "tail-recursive" criterion:as far as possible , 
we obtain tail-recursive programs that are zither easily transformed into iterative 
prograns or directly compiled without stack in V-LISPt51. It has been shown [1,4] 
that recursive to iterative transformations eventually improve also the computation 
time as examplified by the Fibonacci furction uhich has a 2 pouar n complexity under 
its recursive form while it drops down to n under its tail-recursive form. 
The programs we obtain are not always optimal, nor we reach 3 very large class of 
functions because we were mainly concerned by the avoidance of any combinatory 
explosion. 
Our systea divides into two very different parts . One is used to transform the 
input-output exam?les lnto computation traces. The second is used to transform the 
computation traces into prograns. We will further show h3u this second part can be 
directly used as a powerful recursive to iterative program translater. 

2. TRANSFOSHING INPUT-OUTPUT EXAXPLES INTO COKPUTATION TRACES. 
We start from a finite sequenca of input-outputs (Xi,YI) where i is less than an 
upper bound 1, uhere Xi and Yi are lists. We restrict ourselves to "ascending linear 
domains" [g] so that the sequence Xi is totally ordered. We transform the given 
sequence into a seqaence of traces ((Pi X),(Fi X)l where(Pi XIS True if X=Xi ,False 
if X is greater than Xi. This last sequence can be embsddsd into IF...THEN...ELSE... 
functions and becomes : 
(F1 X)=IF (PI X) THEN (F1 X) ELSE ... 

IF (Pl X) THEN (F1 X) ELSE undefined. 
The limit of (F1 X) when 1 tends toward infinity can be easily shown [I91 as 
equivalent to a prograa uhich can be found by a study of the recurrent properties of 
(Pi X) and (Fi X). 
By hypothesis on the domain we know that (Pi+l X)=(Pl(b X)) uhere b is a finite 
composition of CAR and CDR (thereafter called a reduction function). Section 5 is 
devoted to the description sf an algorithm which allows to find the recursion 
relations that link Fi and Fi+l. 
Definition. 
Let Ai be the ith occurrence of the atom A in the list x and u be the unique 
reduction function such that (u x)=Ai. Then u is said to be the functional name of 
Ai in x .  
In order to obtain (Fi X) from fXi,Yil, each atom of Yi is given its functional name 
in Xi. This leads to (F Xi) and we state (Fi X)=(F Xi). 
Example. 
Consider the function (F X) where X contains k atoms at its top-level. F 
concatenates to the first atom of X, the (i+l)th and the ith for irl to k-1. An 
input-output sequence is therefore : {(A)->(A), (A B)->(A B A), (A B C)->(A B A C 
81, (A B C D)-> (A B A C B D C), ... I .  We have shown [Ill that (Pi X)r(ATOM(CDRI XI) 
where CDRI is the ith power of CDR. It follows that (Pi+l X)=(Pi(CDR X ) ) .  



The functional name of A in X2=(A 8) is(CAR X2) and of B in X2 is(CADR XZ), since 
Y2=(CONS A(C0NS B(C0NS A NIL))) we have : 
(F XZ)=(CONS(CAR X2)(CONS(CADR XZ)(CONS(CAR X2)NIL))) and 

(F2 X)=(CONS(CAR X)(CONS(CADA X)(CONS(CAR XINIL))). 
One finds in the same way that : 

(F1 X) = (CONS (CAR X) NIL) , 
(F3 X) =(CONS (CAR X) (CONS (CADR X)(CONS (CAR X) 

(CONS(CADDR X) (CONS(CADR X) NIL))))) 
(F4 X)=(CONS(CAR X)(CONS(CADR X)(CONS(CAR X)(CONS(CADDA X) 

(CONS(CADR X)(CONS(CADDDR X) (CONS(CADDR X) NIL))))))) . 
This procedure has been implemented several times [14,15,191. 
Remark. 
It may happen that some atoms of Y do not appear in X.These atoms are interpreted as 
constant functions. For exasple, let (A)->(A B C) then (F1 X)=(CONS(CAR X)(CONS 
'B(C0NS 'C NIL))). 

3.TRANSFORYING A PROGRAM INTO A COMPUTATION TRACE . 
A recursive definition contains a recursive synbol (let us call it F) and the 
syabols of auxiliary functions.For instance, a classical program scheme reads : 
(P X)=IF (P X) TKEN(H1 X) ELSE (HZ(G1 X)(F(E XI)) where it is supposed that the 
auxiliary predicate P takes the value True when E has been applied n times to X and 
where Hl,HZ,Gl and E are the auxiliary functions . 
We define the nth trace of (F X) by the result obtained when 
1-one supposes that (P(E power i)X)=False if i<n-1 and (P(E power n)X)=True. 
2-the following computation is carried on : 

-the computation of the auxiliary functions is suspended 
-the computation of the branches that contain the recursive symbol is carried 

on as far as ((E power n)X) is not reached. 
For exanple, if X is such that (P X)=True then the trace of the above scheme is (HI 
I). If X is such that (P(E(E X)))=True then its trace is(HZ(G1 X)(HZ(Gl(E X))(Hl(E(E 
X))))). 
In practice, one obtains easily the function FP associated to F and which writes 
down the trace of F : 
(FP X) = (FP1 X 'XI 
(FP1 X Z)=IF (P X) THEN (CONS 'Hl(C0NS Z NIL)) ELSE 
(CONS 'HZ(CONS(C0NS 'Gl(C0NS Z NIL))(CONS(FPl(E X) (CONS *E(CONS Z N1L)))NIL)))) 
where P and E are now actually evaluated. 

4.BASIC LEMMAS AND THEOREMS. 
The definitions of a substitution, a matching, a least general term and the 
algorithms that compute them can be found in [16,17,181. 
We try to find recursion relations that link (Fi X) and (Fi+l XI. This is equivalent 
to say that we attempt a natching between Fi and Fi+l for all i and if 

-for all i the matching succeeds 
-for all i the obtained SubStitutionS are the same 

then we have reached our goal since the success of a matching implies substitutions 
of the type (variable\term), these substitutions induce trivially recursion 
relations valid for each i (because the substitutions are constant for each i). 
Definition. 
Let Nxi be the number of leaves of the input X such that (Pi X)=True, let Nyi the 
number of leaves of the corresponding output (Fi X).We shall say thc; F is Of 
polynomial increase if Nyi is a polynomial in Nxi. Notice that we demand that the 
increase behaves exactly as a polynomial (i.e. we do not synthesize the whole class 
of functions the increase of which is BOUNDED by a polynomial). 
Lemma 1. 
If F is of polynomial increase and if one can find recursion relations from the 
traces of F then these relations involve a finite number of substitutions : one 
needs a finite nDmber of variables in order to write these relations. 
Definitions. 



Let s be a substitution, we shall write V* = {Vl,. . . ,Vp) a vector of p variables 
modified by s, namely : 
s . (Vl\(ll v* ), ..., (Vp\(lp V* ). 
Me write Ni the number of variables that actually appear into (li V*). For instance, 
if (Vr\(CONS Vl(C0NS V2 NIL))) then N1-2. 
Lemma 2. 
Let F of polynomial increase. Suppose that we find a substitution s=(V1\(11 
V*)), ..., (Vp\(lp V*)), where the terms of the substitution have been ordered by 
Hl<NZS. ..<Np ( it follows that the traces of F have the recursion relation (Fi+l 
)=(Fi(ll V*) ... (lp V*)). 
then N1.0 or 1 and N(i+1)=8i or N(i+l)=Ni + 1. 
Theorem. [ 191 
Recall the definition of FL in section 2. Let F defined as Sup FL. We suppose that 
there exist 2 substitutions : 
sl=(y\(b Y)), s2=(vl\(ll V*), ..., (Vp\(lp V*)) such that 
(Pi+k Y)=(Pi (b Y ) )  
(Fi+k V* )=(Pi (11 V* ). ..(lp V*)) 
then F equals : 
(DE F(Y V* )(COND 
((Pl Y)(Fl V* ) )  ... 
((Pk Y)(Fk V* 1) 
(T(F(b Y)(11 V*)...(lp V*)) ) )). 
This theorem simply states that a program is obtained from the recursion relations 
by adding a counter that expresses the properties of the domain. 
This theorem can be easily extended to the primitive recursive embedding 1121 where 
(Fi+k V* )=(Hi V* (Fi (11 V* )...(lp V* ) ) )  

It can also be extended to composition 1131 where 
(Fi V* ) = (Hi V* (Gi V* ) )  for all i. 
As far as recursion relations ( valid for each i) are found , then the cor- 
responding function is known. It remains to be solved the difficult problem of 
finding these recursion relations. We name BdWk the following algorithm which gives 
a Partial answer to this problem when one wishes to avoid a combinatory search. 

5. THE ELEMENTARY BXYk ALG3RITHY. 
5.1. General principle. The general principle of BMWk is strikingly simple : try to 
match (Fi XI and (Fi+l XI, for 1SiXl-1, if it succeeds with constant substitutions 
then the problem is solved. If the match is a failure or the substitutions do not 
remain constant then transform the sequence (Fi X) into the sequence (Gi 
Vl*),lSi<l-1, where (Gi Vl*) is the least generalization of (Fi X) and (Fi+l X) and 
Vl* the v+ctor which contains the variables issued from this generalization. Notice 
that we dispose now of 1-1 exaqples only. 
One attempts to match (Gi V14) and (Gi+l 81'). lSi41-2, and , again, it is either a 
success an3 we stop here or a failure and we generalize each pair (Ci V14),(Gi+l 
Vl*) to their least generalization (Hi VZ*). This process is carried on as far as we 
do not reach a "lethal successn(further defined in 5.2.1) or a complete 
generalization (all the terms are generalized to a variable ). 
Checking that all substitutions are the same is a problem by itself. This is 
generally not the case so that we get sequences of the type (Vl\(lli V*) where 
lli varies with each i. We treat it as a new sequence of traces which we try to 
reduce to a function (H V*). Whsn this is possible the substitutions take the form 
(Vl\(H V*)) which is now constant. In other words, non-constant substitutions give 
raise to new sub-problems. Recognizing these sub-problems nature and their 
management will be dsscribed in the following after a few 
Definitions. 
We distinguish several types of variables 

I-the domain variable, called Y, and the predicates associated to the domain are 
Such that (Pi+l Y)=(Pi(b Y)). 
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2-the variables initiated by the initial variable X and coming from gene- 
ralizations on this X variable are named Xi. For instance one can have (F X)=(FP X X 
X) and we define FP by (DE FP(X1 X2 Y)...). 

3-the variables issued from a composition are called XXi.For instance , if (F 
X)=(G X1H XI) we then define C by (D9 G(X XX) ... ). 

&-the variables issued from a generalization of constants are called Zi. For 
Instance, if (F X)=(G X '1 NIL) we then define G by (DE C(X Z1 Z2) ... 1 .  
He therefore have 3 types of vectors that contain X, XX or Z variables. These 
vectors will be named X*,XX* or Z*. 
Recall that we match Fi and Fi+l, 1(1<1-1, and that we obtain 1-1 substitutions 
Sl,sZ,...,sl-1,i.e . one substitution for each matching. 
There are then 3 possible cases. 
-first case. sl=s2~...=~1-11Failure. 
The matching has failed and we try to generalize again. 
-second case. si is a success for each i. The synthesis process begins and is 
described in 5.2. 
-third case. sl=...=sk=Failure for k<l-1 but sk+l, ..., sl-1 are successes. The k-1 
first traces are considered as particular cases and the function F is written as : 
(DE F(X)(COND((Pl X)(F1 XI) ... ((Pk X)(Fk X)) (T (G X)) ) )  

where (C X) is synthesized from the kth to lth examples. 
5.2. The matchings succeed. 
5.2.1. The lethal successes. 
5.2.1.1. In the substitution si appears a pair (X\(c X)) and there exists no 
substitution e such that b=e.c where b is the substitution which characterizes the 
domain. If in the data type we are working on, c is ,like b, the inverss of a 
constructor, then the substitution c "destroys" quicker than b an3 leads to 
undefined computations after some recursive calls.Exalple. Let (A B C D)->(A),(A B C 
D El->(C),(A B C D E F)->(El,. ... We obtain b=CDR while the function traces are (F1 
X)=(CONS(CAR XINIL), (F2 X)-(CONS(CADDR X)NIL),(F3 X)=(CONS(CADDDDR X)NIL),... These 
traces lead to (X\(CDDR X)),i.e.c=CDDR and there is no e such that b=e.c. One 
verifies that these exaaples stop at(A B C D S F C). 
5.2.1.2. The substitution si contains a pair (Xk\(c Xj)) with jbk. Either this 
happens a finite number of times and we are sent to 5.6 or this never stops and we 
would need an infinity of variables. 
5.2.1.3. The number of substituted variables must be constant in each si. 
5.2.1.4. Suppgse that we start from 1 exanples aed that we need 1-2 successive 
generalizations, we should been left with 2 examples. 
5.2.1.5. Define an order of complexity on the terms by the following rules . Let TI 
and T2 he CONS trees , we say that T1 is less complex than T2 ?-if T1 contains less 
CONS nodes than T2 2-if they contain the same number of nodes then T2 contains more 
CAR and CDR thln TI. 
Suppose that a seneralization leads to replace a subterm TI of (Fi X) by a variable 
XX1 and that XXl is found to receive the substitution (XXl\T2). This expresses the 
fact that (Tl\T2). If TI is more complex than T2,it is clear that this operation 
cannot be too often repeated : if T2 is replaced by T3 of less complexity and so on 
then the terms would vanish. This cannot lead to constant substitutions. 
5.2.2 The building of s such that Fi+l=sFi.One picks up the constant substitutions 
that appear in sl,.. .,sn-1 and they constitute the first part of s. 

The other substitutions will lead to sub-problems.For instance.if one has 
in sl :(XXl\(Hl X* XX* Z* ) )  

... in sn-1 :(XXl\(Hn-1 X* XX* 2.)) then we have a new problem with the predicates 
P2 ,..., Pn-1 and the traces HI ,..., Hn-1. If one is able to solve this new 
Problem.the pair (XXl\(H X* XX* Z* Y)) will be added to the substitution s (notice 
that the domain variable Y nas been added in order to obey the theorem of section 
4). 

5.2.3 An example.(with a trivial generalization) 
He start from the (Pi X) and (Fi X) described in the exanple of section 2 . 

The matching of (Fi x) an3 (Fi+l X) fails because one gets substitutions like 
(NIL\(G XI) which lead to a failure (recall that a matching succeeds only if all 



substitutions have a variable in the left place, and NIL is a function of 
0-arity).He therefore take the least generalized of (F1 X) and (F2 X) Which is (GI X 
Z)=(CONS(CAR X) 2) (and of course recall that (GI X NIL)=(Fl X)).The least 
generalized of F2 and F3 is (G2 X Z)=(CONS(CADR X)(CONS(CAR X) 2))) and the least 
generalized of F3 and F4 is (G3 X 2). (CONS(CAR X)(CONS(CADR X)(CONS(CAR 
X)(CONS(CAODR X)(CONs(CADR X) 2))))) .The matching between (Gi X Z) and (Gi+l X Z) 
succeeds with 

sl= (X\X),(Z\(COXS(CADR X) 2))) 
s2= (X\X),(Z\(CONS(CADDR X)(CONS(CADR X) 2))) 

We therefore state : s=(X\X),(Z\(H X Y Z)) ,where H is given by : 
IF (P2 X) THEN (CONS(CADR X)(CONS(CAR X) Z)) 

ELSB 
IF (P3 X) THEN (CONS(CADDR X)(CJNS(CADR X) 2)) 

ELSE UNDEFINED 
It follovs that sH1. (X\(CDR X)),(Z\Z) 

sHZ= (X\(CDR X)),(Z\Z) 
and the reader can verify that sH3 is the same : sH = (X\(CDR X),(Z\Z) so that H is 
defined by 
(DE H(X Y Z)(COID 

((ATOM(CDDR Y))(CONS(CADR X)(CONS(CAR X) 2 ) ) )  
(T(H(CDR X) (CDR Y )  7.1) ) I )  

and F by 
(DE F(X) (G X X NIL)) (DE G(X Y Z)(COND 

((ATOM(CDR Y))(CONS(CAR X) 2)) 
(T (0 X (CDR Y) (H X Y 7-1) 1) )  

Notice that Y is always initiated by X since the initial problem is IF (Pi X) 
THEN (Fi X) , that the stopping condition of G is IF (PI Y) THEN (GI X Z), that the 
stopping condition of H is IF (P2 Y) THEN (HI X Z), that G and H recur as indicated 
by s and sH, that Z is initiated by NIL since one has (Gi X NIL)=(Fi X) for each i. 
5.3 The matching fai1s:non-trivial genaralizations. 
5.3.1 Ue apply first tha methodology described in 5.1 : this process must stop after 
a finite time : we can introduce an only finite number of variables.Tha main problem 
consists in the link to be found between the variables introduced nt each 
generalization (when only one of them exists,like in 5.3.1 this link is trivially 
found). 
5.3.2.An exasple. 

Consider the (ad'hoc) sequence of input-outputs : 
( (A)->(A A A) ; (A B)->((A)(B A) B) ; 
(A B C)->(((A))((C B A)B)C) ; (A B C D)->((((A)))(((D C B A)C B)C)D) ; 
(A B C D E)->(((((A))))((((Z D C B A)D C BID C)D)E)) 
Tne traces are : 

(Fl X)=(CONS(CAR X)(CONS(CAR X)(CONS(CAR X) NIL))) , 
(F2 X)=(CONS (CONS (CAR X) NIL) 

(CONS (CONS(CADR X)(CONS(CAR X)NIL)) (CONS(CADR X) NIL))) 
and ue leave to the reader the computation of F3  and F4. 

The matchings fail and we get the least generalizations: 
(in order to help the reader some CONS trees will now be written as actual trees a 
node of which is always a CONS) 
-generalization of F1 and F2 : 

(GI X 1  XXl XX2) = XXl 'hl 
(CAR XI) NIL 



-generalization o f  F 2  and F3 : 

"2 '2 xx3 X.4) = xxx 
(CAR X2) NIL 

(CADR X2) NIL 
-generalization o f  F 3  and F4 : (G3 X3 XX5 XX6) I 

XX5 xIL XX6 (CAD X3) 

(CAR X3) NIL 
Y e  have therefore : 

A 
S 2  = (XX3 \ XX5 NIL),(XX4 \ XX6 a x  ).(X2\(CDR X3,) 

(CAR X3) NIL 
5.3.3 We are now able to describe our methodology with the help of the above 
example. Recall now the definition o f  Ni in lemma 2 of section 4 : the substitutions 
in si are ordered by increasing Ni.1n the example sl and s 2  become : 

A 
1 = 1 3 .IL).(Xl \ (CDR X2)).(XX2 \ xx4-7, 

(CAR X2) NIL 

A 
s 2  = (XX3\XX5 NIL),(XZ\(CDR X3)),(XX4\ 

By lemma 2 of section 4,when a substitution contains one variable in its left 
Part and one other variable in its right part, thase two variables must bear the 
same name. This allovs to give the right nale to the substitution with Ni.1. In the 
example, we know by sl that XX1 and XX3 must bear the same name,say XX1, then we 
know that in 9 2  XX3 and XX5 must both be called XX1 . The sane is true for X1,X2 and 
X3.Nov.again by lemma 2, we know the existence of a substitution with Ni.2 and this 
substitution contains at most one o f  the preceding variables. We give its nave to 
this variable and this leaves only one unknown variable which is a s  before readily 
renamed.This process is iterated as long as unknown variables are left.In the 
example the substitutions to XX2 and XX4 contain X2 and X 3  ,known for being equ.1 to 
XI. We therefore write : 

(CAR XI) NIL (CADR XI) 
(CAR XI) NIL 

and XX2,XXU and XX6 are identified to only one variable.say XX2. The 
generalizations are accordingly re-written : 

G2= 
X 1 NIL 

(CAR XI) NIL XX2 (CADR XI) NIL 
(CAR XI) NIL 



G3- 
XX1 NIL 

(c~ixr) NIL 
5.4 Variables initialization. 

We have now the initial sequence Fi and the associated sequence Gi of genera- 
lizations : we have to instantiate the variables of Gi from the variables of Fi and 
from constants.We mntch Gi and Fi 1<i<l-k-1 if k generalisations have been 
necessary and obtain substitutions zl,z2, ..., z(l-k-l).Recall that from the 
sequence Ci we obtained also sl,s2, ..., sfl-k-2) substitutions .In zi we have pairs 
like (XXl\(Mi X* XX* Z*)) and in si we have pairs like (XXl\(Li X* XX* Z* )).If any 
1s more complex than Li we know that we have reached ths lethal su-ess 5.2.1.5 and 
we proceed to 5.5 .If not ,we act as in 5.3 and build a unique substitution z 
which will be valid for all Gi : 
z=(X*\(Ml X*)),(XX*\(M2 X* XX* Z* )),(Z*\(M3 X* XX* Z* ) )  

and F is written as a comgosed function : (DE F(X* XX* Z* YI(C(M1 X* )(M2 X* XX* Z* 
)(M3 X* XX* Z* ) Y)) uhere C has G1, ..., Cl-k-2 as traces and the same predicates as 
F. 
Example. 
We use again the above exaaple and match Gi and Fi in order to obtain : 

zl=(XXl \(CAR X)),(XX2 \(CAR X)),(Xl\X) 
zZ=(XXl \(CAR X)),(XXZ\(CADR X)),(Xl\X) 
z3=(xxl \(CAR X)),(XXZ\(CADDR X)),(Xl\X) 

it follows that zs(XXl\(CAR X)),(XXZ\(H X Y)),(Xl\X) uhere (H X Y) hss the 
predicates (PI Y),(PZ Y),(P3 Y) and the traces (CAR X),(CADR X),(CADDR X) so that (H 
X Y) is defined by : 
(DE H(X Y)(COND 

((ATOM(CDR I ) )  (CAR XI) 
(T (H (CDR X) (CDa Y)) ) I )  

and the function (F X) synthesized from the examples is: 
(DE F(X) (G X (CAR X) (H X X) XI) 
(DE G(X1 XXl XX2 Y)(COND 

((ATOM(CDR Y))(CONS XX1 (CONS XXZ (CONS (CAR XI) NIL)))) 
(T(G(CDR XI) (CONS XX1 NIL) (I XI XX2 Y) (CDR Y)) 1 ) )  

The reader can easily find from Cl,G2,C3 in 5.3.3 that (I XI XX2 Y) is given by : 
(DE I(X XX Y)(J X XX Y NIL)) 
(DE J(X XX Y Z)(COND 

((ATOM(CDDR Y)) (CONS XX (COYS (CAR X) 2))) 
(T (J (CDR X )  XXl (CDR X )  (CONS (CAR X) 2)) 1 ) )  

5.5 Composition and the lethal successes. 
The general meihodology is again iery simple. We find ths functional name of the 

place at which occurs the lethal success. The tree Fi is then cut into two parts : 
the sons of the first CONS above the lethal success and their context.We therefore 
obtain (Fi X)=(Gi X (Hi X)) uhere (Gi X Z) is the context and (Hi X) the sons of 
the CONS above the lethal success.We then obtain F as the composition of two 
functions C and H obtained from the corresponding traces.Thi.3 is better understood 
on an example. 

Consider the sequence of examples : 
( (A)->(A(A)) ; (A 0)->(B A (B)) ; (A B C)->(C B A(C)) ; 
(A B C Dl->(D C B A (Dl) I .  

The traces of F are : (F1 X)=(CONS(CAR X)(CONS(CAR X) NILINIL)) 
(F2 X)=(CONS(CADR X)(CONS(CAR X)(CONS(CONS(CADR X) NIL) NIL))) 
(F3 X)=(CONS(CADDR X) 

(CONS(CADR X)(CONS(CAR X)(CONS(CONS(CADDR X) NIL)NIL)))) 
(F4 X)=(CONS(CADDDR X) 

(CONS(CADDR X) 
(CONS(CADR X)(CONS(CAR X)(CONS(CONS(CAR X) NIL) NIL))))) 



The generalization of Fl and €2 leads to the substitutions : (XX\(CONS(CAR X) 
NIL)) for F1 and (XX\(CADR X)) for €2 which is equivalent to ((COIS(CAR X) 
NIL)\(CADR X)).The left term is more complex than the right one ,this contradicts 
rule 5.2.1.5. 

Our system will therefore attempt to replace (CONS(CAR X) NIL) by a new variable 
and rewrite (F1 X) as (GI X (HI X)) with (GI X XX)=(CONS(CAR X) XX) and (HI 

X)=(CONS(COtJS(CADa X) NIL) NIL).The traces of Gi and Hi are now treated as two 
separate problems.1n fact the system treats this problem exactly as a human 
programmer : the result is ths composition of a reverse function and a function that 
CONSes the last atom of the list to NIL. 

Notice however that the system never "seesn this composition ,it only happens 
here that the place of the lethal sucess coincides with the place where a human sees 
a composition. 

From an optimization point of view it might be sometimes better to compose even 
when there is no such a lethal success.A system which systematically attempts to 
find a composition has been described by JOUANNAUD and GUIHO 171 but it is 
restricted to traces that have only atoms at their top level and cannot therefore be 
used as an optimizer. 
5.6 Recursion steps greater than one. 

When the preceding atteaptsfai1,one can try to match Fi with €i+k for k=2,3, ... 
We have described elsewhere [I21 how the polynomial behaviour of the traces 

might show what is the value of k to be chosen (the traces no longer increase like 
a polynomial but like a family of polynomials defined on a partition modulo k of 
the integers). 

We give now an example where the form of the sequence of substitutions si shows 
how to choose the value of k. 

Consider the sequence of examples given by : 
(A)->(A A) ; (A 6)->(A (A)) ; (A e c)->((A)(A)) ; 

(A B C Dl->((A)((&))) ; ( A  B C D E)->(((A))((A))) 1.  
After a first generalization , one gets the substitutions : 

sl=(XXl \ (CONS XXl NIL)),(XX2 \ XX2) 
s2=(XX1 \ XXl),(XX2 \ (CONS XX2 NIL)) 
sJ=(XXI \ (CONS XXl NIL)),(XXZ \ XX2) ... 
We do not obtain constant substitutions but ,if we match Fi and Fi+2 we indeed 

have constant substitutions and one obtains the function : 
(DE F(X)(Fl (CAR X )  X)) 
(DE FI(XX Y)(COND 

((ATOH(CDR Y)) (CONS XX (CONS XX NIL))) 
((ATOM(CDDR Y)) (CONS(C0NS XX NIL)(CONS XX NIL))) 
(T(F1 (CONS XX NIL) (CDDR Y ) )  ) ) )  

This is not actually implemented in the present system : the user has to give 
separatly the two sequences. 

6. RECURSIVE TO TAIL-RECURSIVE TRANSFOR'IS. 
We apply the BMWk alqorithm to the traces obtained as described in Section 3.A .. . 

success shows that a tail recursive expression can be equivalent to tne given 
recursive expression. As a matter of fact nothing proves the equivalence of the two 
programs and one has to device by hand an induction proof of their equivalence 
[131- 
The differences between the synthesis method and the transformation method are 

simply : 
1-The domain is not explicitly given.One has to check carefully the substitutions 
on the x type variables do not introduce infinlte computation loops. 
2-A lethal success introduces a composition but one cannot come back to the father 

CONS since we no longer have the CONS function.We have seen that a good rule is to 
come back to the first father which is a function of arity greater than 1.It might 
be possible also to give to the system the name of the wished function. 
6.1 First example. 

We start from the function : (DE F(X)(FP X X X X)) 
(DZ FP(X1 X2 X3 Y)(COND 



((P Y)(H XI (G X2 (L X3)))) 
(T (H Xl (G X2 (FP (M Xl)(N X2)(0 X3)(Q Y)))) ) ) )  

where P is a predicate and H,G,L,M,N,O,Q are supposed to be known functions with no 
special properties. 

By the mrthod of section 3 we get the traces : 
IF (P X )  THEN (H X(G X(L X))) ELSE 
IF (P(Q(X)) THBN (H X(G X(H(M X)(G(N X)(L (0 X)))))) ELSE 
IF (P(Q(Q X))) THEN (H X(G X(H(M X)(G(N x)(H(M(M X)) 

(G(N(N X))(L(O(O XI)))))))) ... 
The traces lead to a lethal success which cuts the problem into two parts : 

Problem 1 : Fl=(H X (G X Z)) 
FZz(H X (G X (H (M X)(G (N X) Z)))) 
F3=(H X (G X (H (M X)(G (N X) (H (M(M X))(G (N(N XI) Z)))))) 

Problem 2 : FP1 = (L X) FP2 = (L (0 XI) FP3 = (L (0 (0 X))) 
Problem 2 is readily solved by the substitution (X \ (0 X)) . Problem 1 leads to 

the substitutions: 
sl = (X \ X),(Z \ (H (M X) (G (N X) Z)))) 
32 = (X \ X),(Z \ (H (M(M XI) (G (N(N X)) Z)))) 
The substitution on Z introduces a new subproblem to problem 1 which is easily 

solved by a generalization of X into two variables XI and X2 , and the 
substitutions (XI \ ( M  Xl)),(XZ \ ( N  X2)),(Z \ Z). 

It follows that we obtain a new program F : 
(DE F(X) (FP X X (FPP X XI)) 
(DE FPP(X Y)(COND 

((P Y) (L X)) 
(T (FPP (0 X) (Q Y)) 1 ) )  

(DE FP(X Y Z) (COND 
((P Y )  (H X (G X Z))) 
(T (FP X (Q Y) (FPPP X Y Z)) ) I )  

(DE FPPPCX Y Z)(FPPPP X X Y 2 ) )  
(DE FPPPP(X1 X2 Y Z)(COND 

((P(Q Y)) (H ( M  Xl) ( G  ( X  X2) 2 ) ) )  
(T (FPPPP (M XI) (N X2) (Q Y) Z) ) I )  

This example brin~s two conments. 
First by following tbe computation , if H and G are strict and if thr existencz 

Of an X such that (P X)=true implies the existence of an X such that (P(Q X))=trua 
then the two (F X) are stronzly equivalent. 

Second it illustrates well the time-place dilemna since the origins1 F needs a 
stack but has a linear complexity vhile the second F does not need a stack but has 
a complexity in X power 2. 
6.2 We give an other example where the resulting program is really b2tter than the 
the Original since it needs no stack and the complexity drops down from exponential 
to linear. 

If we give the traces of this nFibonacci-cross-recursive" program : 
(DE FIBAN(N) (FIBA N N)) 
(DE FIBA(N1 #2)(COND 

((ATOM N1) (PIBAI N2)) 
((ATOM (CDR N1)) (FIB6.2 NZ)) 
(T (F IBA (CDDR N1) N2) ) ) )  

(DE FIBAl(tI)(COND 
((ATOM N) 'El) 
((ATOM (CDR N)) '82) 
(T (H (FIBAI (CDDR N)) (FIBAZ (CDR N)) ) ) ) )  

(DE FIBAZ(N)(COND 
((ATOM N) 'El) 
((ATOM(CDR N)) '82) 
(T (H (FIBA2 (CDDR N ) )  (FIBAI (CDDDR N)) ) ) ) )  

where H is any known funztion ,then the system founds FIBAN equivalent to : 
(DE FIBAN(N)(FIBA N 'El 'B2)) (DE FIBA N X Y) (COND 

((ATOM N) X) 



7. CONCLUSION . 
We present an implemented system (in the REDUCE S-LISP of an UWIVAC-1110) which 

synthesizes with no combinatory explosion a tail recursive progran from an 
input-output sequence of exlmples. It is an improvement to SUMHERS* methodology [I91 
and to the methodologies we have already iescribed [12,141. 

The system can be used as a strong recursive to iterative proaram translater.It 
is quite different from the BURSTALL-DARLINGTClN system 141 and completes it more 
than competes with it. Gn the one hand our system does not use the function 
properties contrary to BURSTALL and DARLINGTON system , when these properties are 
really needed ,our system will fail to improve the progran. On the contrary ,it is 
able to improve more "difficult" expressions the properties of which are not tnosrn. 
On the other hand ,some of the eurezas naedad by BURSTALL AND DARLINGTON system are 
automatically given by the generalizations of the traces . 
REFERENCES. 

[I] J.ARSAC La construction de programmes structur6s. Paris, Dunod (1977). 
~ - 

[El A.W. BIERXAN The inferenca of regular LISP programs from exanples, I.E.E.E. on 
Systems,:qan and Cybernetics(l978) Vol. S!K-8,pp 585-630. 
[3]A.W.BIERblAN,D.R.SMITH Ths hierarchical synthesis of LISP scanning programs, 
Information Processin8 77 (1977) pp41-45. 
[41 R.M.BURSTALL,J.DARLINCTON A transformation system for developing recursive 
programs ,J.ACM (1977),24,44-67. 
[51 P.GRZUSSAY Thesis Publication LITP 78-2. 
[61 S.HARDY Synthesis of LISP functions from exanples, Advance papers 4th IJCAI 
(1975) ,pp 268-273. 
[71 J.P.JOUANNAU3,C.GUIHO Inference of functions with an interactive system, Machine 
intelligense 9,D. MICHIE ed. ,(1979).pp 227-250. 
181 J.P.JOUANNAUD,Y.KODRATOFF Qu+lques m6thodes analytiques de synth5se automatiqut 
de programmes partir d'exemples, Journzes IRIA-SESORI ~ynthsse ,manipulation et 
transformation da proarasmes, (1978),pp215-239. 
C91 J.P.JOUANNAUD,Y.KODRATOFF Charactarization of a class of functions synthesizsd 
from examples by a SUMMERS like method using a "BMU" matching technique , Proc 
IJCAI-79, pp 440-445. 
[lo] E.KANT A knowledge based approach to using efficiency estimation in progran 
synthasis , Proc. IJCAI-79, pp 457-462 
I111 Y.KODRATOFF Choix d'un programme LISP correspondant i des exemples ~ongrks 
AFCET-IRIA Reconnaissance des formes(1978). pp 212-219. 
[I21 Y.KODRATOFP A class of functions synthesized from a finite number of examples 
and a LISP program scheme, Int. J. of Comp. and Inf. Sci. Vol8,no 6 (1979).pp 
489-521. 
C131 Y.KODRATOFF Un algorithme pour l'obtention de formes terminales rgcursives 
partir de traces de calcul, Actes des journbes francophones : Production assistse de 
logiciel, GenZve,pp 36-53 ,Janvier 1980. 
[141Y.KODRATOFF,J.FARSUES A sane algorithm for the synthesis of LISP functions from 
example problems, Proc. AISB neeting,Hamburg.(l978), 169-175. 
1151 E.PAPON Unpublished "stage de DEAn Orssy (1978). 
[I61 G.D.PLOTKIN A note on inductive generalization, Machine intelligence 
5,(1969),pp 153-163. 
[171J.C.REYNOLDS Transformltion systems and the algebraic structure of atomic 
formulas. Machine intelligence 5,(1959), pp 135-151. 
[I81 J.A.ROBINSON A machine oriented logic based on the resolution principle, J.ACM 
(1965),12,~3-41. 
[I91 P.D.SUXMERS A methodology for program construction from examples, J.ACM 
(1977),24,161-175. 



MEANS-ENDS ANALYSIS AND THE 
SOLUTION OF MECHANICS PROBLEMS 

by 
George F.  Luger 

Associate Professor, Computer Science 
University of New Mexico 

Albuquerque, New Mexico 87313, USA 

Several years ago David Marples (1976) proposed an algorithm for  deri-  
vation of simultaneous equations in the solution of Mechanics problems. 
Although the original intent  of t h i s  algorithm was t o  a s s i s t  his under- 
graduate students a t  Cambridge in solving applied mathematics problems, 
i t  has also proven i t s e l f  a powerful tool in the MECHO automatic pro- 
blem solving system (Bundy e t  a l ,  1978, 1979). This paper will  b r ie f ly  
discuss the Marples' algorithm and demonstrate i t s  use with two mechan- 
ics  problems. Parts of t races of four humans solving the same problems 
will be given. Adjustments in the MECHO program are made to show how 
close the Marples' algorithm can f i t  the data of the human subjects.  
Brief concluding comments are  made on modelling human behavior with a 
rule-based language. 

I .  INTRODUCTION 

David Marples (1976) proposed an algorithm for  production of simultan- 
eous equations in the solution of mechanics problems. This algorithm 
was originally introduced in his tutor ial  sessions a t  Cambridge and was 
intended t o  help the students produce a suf f ic ien t  number of independent 
simultaneousequationsto solve mechanics problems. The technique i s  
general and goal driven. I t  has been adopted as part of the MECHO auto- 
matic problem solver. 

In Section 11, the algorithm will be explained and compared with The 
General Problem Solver (Newel1 & Simon, 1963, 1972). Two problems, a 
pulley problem and a distance/rate/time problem will be introduced and 
the MECHO solution of each of these problems presented. 

In Section 111, parts of protocols of four subjects will be presented, 
and in Section IV, logical ly  just i f ied adjustments will be made t o  the 
Marples' algorithm in an attempt t o  produce a t race  s imilar  t o  the 
human protocol. Section V will present some concluding comments. 

11. THE MARPLES' ALGORITHM 

The Marples' algorithm i s  goal driven. I t  takes the goal o r  unknown t o  
be solved for  in a problem and searches back through the  givens of the 
problem in an attempt t o  find an equation solving for  the unknown in 
terms of the givens. When t h i s  i s  impossible, i t  creates intermediate 
unknowns, o r  subgoals, tha t  will solve for  the unknown and then attempts 
t o  solve for  the intermediate unknowns i n  terms of the givens of the 
problem. 



To see how t h i s  might be done in the solving of applied mathematics 
problems, consider the usual role of equations in solving a problem: 

Equation V=U+A*T f o r  constant accelerations of an object over 
a time period 
1. U i s  the i n i t i a l  velocity of the time period 
2. V is the  f inal  velocity of the time period 
3. A i s  the constant acceleration 
4. T i s  the length of the time period 

I f  one of V ,  U ,  A ,  o r  T i s  the unknown of the problem, the Marples' 
algorithm t r i e s  t o  asse r t  the equation V=U+A*T by finding values in 
the "givens" of the problem f o r  the other three variables. I f  i t  can 
only find values for  one or  two of the three i t  will then asse r t  the 
equation, l i s t  the one or two values i t  has plus the original unknown 
of the problem as "given" and begin a new search for  another (indepen- 
dent) equation with the variable i t  couldn't find as the unknown. And 
so the process continues unt i l  a l l  the new unknowns can be determined 
from the givens of the problem. 

The f i r s t  part of the implementation of Marples' algorithm i s  a "focus- 
sing" algorithm tha t  attempts to  direct  the Marples' algorithm t o  a s e t  
of equations relevant t o  reducing the "givens-goal difference". For 
example, i f  the f ina l  velocity V was the unknown i n  the problem si tuat ion 
above then a search would s t a r t  to  find out what V was: namely, the 
"final velocity" of a "part ic le  or object" during a "time". When V was 
thus identified as the final velocity of an object during a time period, 
equations relevant t o  th i s  situation would be identified f i r s t  and a 
queue of these equations prepared and tested for  possible given-goal 
reduction. Thus the Marples' algorithm would not search through a l l  
possible equations that  had a V unknown but only those relevant t o  the 
particular unknown si tuat ion.  

Consider now as examples of the running Marples' algorithm two problems 
from different  areas ofmechanics,a pulley and a distance/rate/time 
problem. 

A man of 12 stone and a weight of 10 stone are connected by a 
l igh t  rope passing over a pulley. Find the acceleration of th i s  
man. (Palmer and Snell,  1956). 

E N D  :r:h2ACCELERATION2 w i t h  ACCELERATION1 

FIGURE 1 A representation of the e n t i t i e s  created by the pulley schemata. 
TENSION1 = TENSION2 and A C C E L l  = ACCEL2 by schema inferencing. 



F i r s t ,  two o b j e c t s ,  t h e  man and a  weight ,  a r e  i d e n t i f i e d  as connected 
t o  t h e  rope hanging o v e r  t h e  p u l l e y ,  each o b j e c t  i s  ass igned a  mass and 
an  a c c e l e r a t i o n  i n  a  d i r e c t i o n  (c.f .  F i g u r e  1). The a c c e l e r a t i o n  o f  t h e  
man, say Al ,  i s  i d e n t i f i e d  as t h e  sought  unknown. The f o c u s s i n g  a l g o r -  
i t h m  f i r s t  i d e n t i f i e s  t h e  unknown A1 as t h e  a c c e l e r a t i o n  o f  t h e  man 
d u r i n g  a  t i m e  per iod .  A1 i s  "bound" t o  t h e  s i t u a t i o n  and a queue o f  
p o s s i b l e  equa t ions  examined t h a t  r e l a t e  A1 t o  t h e  g ivens.  T h i s  l i s t  i s  
examined and a l l  equa t ions  r e j e c t e d  because t h e y  cannot  s o l v e  f o r  A1 
w i t h o u t  i n t r o d u c i n g  new unknowns. The l i s t  i s  t h e n  reexamined and new 
unknowns a l lowed.  The " r e s o l u t i o n  o f  f o r c e s "  e q u a t i o n  F=M*A ( c . f .  
appendix)  i s  t h e  f i r s t  i n  t h e  queue and i t  i s  asser ted .  O r i g i n a l l y  A  
was unknown, M was found  t o  be t h e  mass o f  t h e  man (known) b u t  F, t h e  
sum of  f o r c e s  a c t i n g  a t  t h e  c o n t a c t  p o i n t  o f  man and rope  cannot be 
determined s i n c e  t h e  t e n s i o n  T I  i n  t h e  rope  i s  n o t  known. Thus 12*g+T1= 
12*A1 i s  asser ted  A l ,  12 and g a r e  known and T 1  i s  t h e  new unknown. The 
f o c u s s i n g  a l g o r i t h m  then  i d e n t i f i e s  T 1  as t h e  t e n s i o n  i n  t h e  s t r i n g  dur -  
i n g  t h e  t i m e  per iod ,  a  new queue o f  equa t ions  a r e  proposed and t h e  " r e s -  
o l u t i o n  o f  f o r c e s "  e q u a t i o n  f o r  t h e  c o n t a c t  p o i n t  o f  t h e  rope and w e i g h t  
s o l v e s  f o r  T1 w i t h  no  new unknowns. -10*g-Tl= lOAl  w i t h  12*g+T1=12Al- 
a r e  seen as s u f f i c i e n t  t o  s o l v e  t h e  p u l l e y  problem. 

The tower problem i s  s l i g h t l y  more complex i n  t h a t  f o u r  s imul taneous 
equa t ions  a r e  needed t o  s o l v e  t h e  problem: 

A  p a r t i c l e  i s  dropped f rom t h e  t o p  o f  a  tower.  I f  i t  takes t 
seconds t o  t r a v e l  t h e  l a s t  f e e t  t o  t h e  ground, f i n d  t h e  h e i g h t  
o f  t h e  tower. 

PATH 
DISTANCES TINES VELOCITY 

ZERO = VEL (MOE11) 

END3 TQ$ MOM3 VEL2 = VEL (MOF13) 

MOM2 VELl = VEL (MOM2) 

F IGURE 2 The r e p r e s e n t a t i o n  o f . t h e  tower problem c r e a t e d  by t h e  
schemata. 

The s i t u a t i o n  i s  shown i n  F i g u r e  2. The t o t a l  h e i g h t  o f  t h e  tower  i s  H 
and H=Hl+h where h  i s  known. V e l o c i t y  VO i s  t h e  i n i t i a l  v e l o c i t y  (O), 
V1 i s  t h e  f i n a l  v e l o c i t y  and V2 t h e  v e l o c i t y  a t  t h e  end o f  t i m e  T I  and 
t h e  beg inn ing  o f  t. 

H, t h e  unknown, i s  i d e n t i f i e d  as t h e  t o t a l  l e n g t h  o f  t h e  p a t h  o f  t h e  
f a 1  1  i n s  o b j e c t ,  and t h e  I \ larp les l  a l g o r i t h m  examines p o s s i b l e  equa t ions  
f o r  f i n d i n g  H. The equa t ions  a r e  g i v e n  i n  t h e  appendix, and t h e  p r o g r e s s  
o f  t h e  Mat-ples' a l g o r i t h m  th rough  t h e  problem i s  g i v e n  below. When each 
e q u a t i o n  i s  a s s e r t e d  a  new l i s t  o f  g i vens  and unknowns i s  prepared and 
t h e  I,larplesl a l g o r i t h m  and f o c u s s i n g  i s  c a l l e d  a g a i n  ( i n  t h i s  p rob lem 
f o u r  t imes) .  

1. g i v e n  (g,t,h) 
unknown (H) - The t o t a l  h e i g h t  



2. asse r t  H=O*T+%*~*T' (No. 6, appendix) 
g ivens (g,t,h,H); unknown (T) - The t o t a l  t ime 

3. - a sse r t  T=Tl+t (No. 8, appendix) 
g ivens (g,t,h,H,T); unknown (T l )  - The t ime o f  t op  pe r i od  

4. asse r t  V2=0+g*Tl (No. 5, appendix) 
g ivens (g,t,h,H,T,Tl ; unknowns (V2) - The v e l o c i t y  a t  midpo in t  h 5. asse r t  h=V2*t*+15*g*t (No. 6, appendix) 
g ivens (g,t,h ,H ,T,T1 ,V2) ; unknowns ( ) 

The fou r  equations above are  seen as independent and s u f f i c i e n t  t o  so lve  
the problem. 

To conclude t h i s  sec t ion ,  the  means-ends ana lys is  imp l i ed  i n  t he  Marples' 
a lgor i thm may be compared t o  t h a t  o f  The General Problem Solver  (Newel1 
& Simon, 1963). The equations used by the  Marples' a l go r i t hm are  much 
l i k e  the " t a b l e  of d i f fe rences"  used by GPS t o  reduce given-goal d i f -  
ferences. The focussing technique prepares poss ib le  equat ions f o r  t he  
goal reduct ion  j u s t  as GPS considers d i f f e r e n t  given-goal combinations 
from the " t ab le  o f  d i f fe rences" .  What i s  unique about MECHO, i s  t h a t  
t h i s  i s  one of  t he  f i r s t  app l i ca t i ons  o f  means-ends ana l ys i s  t o  so l v i ng  
problems i n  app l i ed  mathematics. 

111. FOUR PROTOCOLS OF HUMAN SUBJECTS 

I n  t h i s  sec t i on  pa r t s  o f  four pro toco ls  o f  subjects s o l v i n g  the p u l l e y  
and tower problems are  presented. The subjects were post-graduate s tu -  
dents a t  the  Un i ve rs i t y  o f  Edinburgh and a l l  had had some mechanics o r  
app l ied  mathematics i n  t h e i r  undergraduate education. 

Protocol A  (Pu l l ey  problem) 

1. Mechanics problem ... 
2. We ' l l  t r e a t  the man and weight bo th  

as p a r t i c l e s  ... p o i n t  masses ... 
3. So man and weight ... Man has a  /nJ.c 

fo rce  o f  12 stone v e r t i c a l l y  downwards ... 
4. Unknown a t  the moment .,. 

A&$ 
'°I '9 

5 .  and assuming t h i s  f r i c t i o n l e s s  pu l l ey ,  
T  i s  t he  same on both s ides ... 

6. We ' l l  g i ve  the  rope an acce le ra t i on  ... 
v e r t i c a l l y  down on the man's s ide  ... 

4 Q,. 
7. and v e r t i c a l l y  up on the we ight 's  s ide  ... '?I s t¶  
8. So reso l v i ng  v e r t i c a l l y  down f o r  the man: 129 - T  = 12 a  
9. The v e r t i c a l l y  downwards acce le ra t i on  

10. And the  v e r t i c a l l y  upwards f o r  the  weight T  - 109 = 10a 
11. so the t h i n g  requ i res  the  acce le ra t i on  o f  the  man which i s  5 ... 
12. So we j u s t  e l im ina te  T  from these two equat ions ... e tc .  

Protocol B (Tower problem) 

1. There i s  a  tower, suppose i t  has he igh t  H )O 
2. H  i s  made up o f  h, the g iven he igh t  
3. and h l ,  t h e  unknown p o r t i o n  o f  the  tower 
4. We a l s o  know time t 
5. Ca l l  t he  t o t a l  t ime o f  f a l l i n g  T, T  i s  made up 

o f  t p lus  t l  where t l  i s  t he  t ime f o r  the  t o p  p a r t .  



I  need H and I'm given t and h and g the  
accelera t ion  of t he  ob jec t  5- f i ~ l ~ h  
I  know t h a t  H = h l  + h 
Now t o  ge t  h l ,  a d i s t ance  I=?\:-\ 
h l  equals one half  accelera t ion  t i n e s  tl squared h l = ~ s c ~ * t l ~  
and I have an equation with tl a l ready T = tl + t 
but I s t i l l  need t o  find T, t h e  t o t a l  time ... 
Now, f o r  t he  whole period,  H = %g x t2 
Reviewing, I  have one, two, t h ree ,  fou r  equations ( i nd ica t e s  
each) 
and H,T,hl and tl a r e  unknowns t h a t  should do i t  ... 

Protocol C (Tower problem) 

1. TI i s  t h e  time the  bal l  c rosses  D l  
2. and T2 the  time f o r  02, but T2 i s  t ... 
3 .  Now I want D,  knowinq g i s  t he  acce l e ra t ion  

of t he  bal l  D = 49 ~2 
4. and I  know T : T = T1 + t 

1 5zwk 
5. So now I need T1 ... i n  t h e  top  time period /I/ J 

6. The f i n a l  ve loci ty  ... Call i t  VM ... 
7. i s  accelera t ion  t imes time VF? = g x T1 
8. and now t o  ge t  V:.l .. . & D +-I-- 
9. The t o t a l  d is tance  D ... That won't help ... 

10. The dis tance  h and v e l o c i t i e s  . . . o s - - T I  
11. i f  VF i s  f i na l  ve loci ty  VF = VM + g x t 02 -ZTZ 
12. and I  can e a s i l y  ge t  t he  f i na l  ve loc i ty  VF: 
13. Because I ' v e  a l ready got  T ... rt 

Protocol D (Tower problem) 

Do t h i s  by energy . . . 
I t  i n i t i a l l y  s t a r t s  with po ten t i a l  energy mg 
where m i s  t he  mass o f  t h e  body m i s  a cons tant  
we can fo rge t  about m ,  c a l l  i t  1 
qx i s  t he  i n i t i a l  po t en t i a l  enerqy ST 
when i t  reaches height  h, i t  wi l i 'have  po ten t i a l  energy gh 3 h 
and i t  wi l l  have k inetc  energy gh 
so  i t  wi 11 have gx -hx=!iv2 
where v i s  i t s  ve loci ty  a t  height h 
we don ' t  know what height ... what speed i t  i s  once i t  h i t s  
t h e  around 
w want t o  use one of t he  o the r  constant  acce l e ra t ion  ones 
v $ = u 2 + 2 S  
we want t o  ... an equation r e l a t i z g  height ,  ve loc i ty  and time, 
t h a t  i s  
under constant accelera t ion  ah which i s  S = v t  + 4 a t 2  

IV. FOCUSSING 

In Section 11, t he  Marples' algorithm f o r  MECHO's goal driven search 
was presented and compared t o  GPS means-ends ana lys i s  (Newel1 & Simon, 
1963). MECHO's s e t  of poss ib le  equations served a s  a t a b l e  of connec- 
t i ons  f o r  goal reduction a d  the  focussing mechanism prepared a queue 
of poss ib le  equations t o  make the  connections. 



I n  the  Pu l ley  problem above the  focussing produced immediate resu l t s .  
I n  f a c t  MECHO, l i k e  t he  human so l ve r  performed very l i t t l e  search i n  
coming t o  the  Resolut ion o f  Forces formula. Two app l i ca t i ons  o f  t h i s  
formula and the  problem i s  solved. The Tower problem was much more 
i n te res t i ng .  I n  fact ,  t he re  are  several d i f f e ren t  sets o f  simultaneous 
equations (and o f  course permutations w i t h i n  each se t )  t h a t  w i l l  so l ve  
t h e  problem. Each so l ve r  (B,C,D) produced a d i f f e ren t  s e t  o f  equat ions 
and each o f  these sets  d i f f e r e d  from MECHO's t r a c e  o f  t h e  previous sec- 
t i on .  

I n  t h i s  sec t ion  t h e  focussing technique and t a b l e  o f  connections i s  
a l t e r e d  i n  an at tempt t o  produce t races s i m i l a r  t o  the  human p ro toco l s  
o f  t he  tower problem. F i r s t  note what w i l l  n o t  be changed. The semantic 
knowledge f o r  the  Tower problem w i l l  no t  be changed. That i s ,  f a c t s  such 
as the  unknown H the  he ight  o f  the  tower and t and h t he  givens w i l l  be 
used wi thout  change by MECHO throughout t h i s  sect ion;  s i m i l a r l y  V2 w i l l  
remain the v e l o c i t y  a t  t he  "midpoint". Furthermore, t he  f i r s t  p a r t  o f  
focussing t h a t  binds s i t u a t i o n  var iab les  f o r  sought unknowns w i l l  remain 
unchanged. That i s ,  H w i l l  be bound t o  t he  LENGTH o f  t h e  PATH du r i ng  
the TIME. What w i l l  change i s  the  queue o f  poss ib le  equation i n s t a n t i a -  
t i o n s  f o r  s i t u a t i o n s  and a l t e r a t i o n s  w i l l  be made i n  t he  equations w i t h i n  
t he  t a b l e  o f  connections. These l a t t e r  w i l l  be seen sho r t l y .  

The 10 clauses below are  used t o  form the queue o f  formulae t o  be attemp- 
t ed  i n  any problem s i t u a t i o n .  Resolve, r e l a t i v e  ve loc i t y ,  etc.  r e f e r  t o  
the  equation names o f  t he  Appendix. 

1. relates(reso1ve; FORCE, ACCELERATION, MASS). 
2. r e l a tes ( re1a t i ve  ve loc i t y ;  VELOCITY). 
3. re1 a tes ( re1a t i ve  accelerat ion:  ACCELERATION). 

OURATION). 
6. re la tes(constant  accelerat ion-3;  VELOCITY,LENGTH,DURATION). 
7. re1 ates (average ve loc i t y ;  VELOCITY ,LENGTH ,DURATION). 
8. re1 ates(constant ve loc i t y ;  VELOCITY ,LENGTH,DURATION) . 
9. relates(1enthsum; LENGTH). 

10. relates(timesum; DURATION). 
A f t e r  H i s  recognized as t he  LENGTH o f  the  path  dur ing  the  episode by t he  
f i r s t  step i n  focussing, t he  second step prepares the queue by scanning 
the 10 clauses above t o  f i n d  which formulae w i l l  he lp  so lve  f o r  LENGTH. 
This proposes a queue o f  constant accelerat ion-2,  constant accelerat ion-3,  
average ve loc i t y ,  and l eng th  sum. These equations a re  t r i e d  i n  t h a t  order.  
Each, o f  course, f a i l s  because new unknowns a re  introduced. On the  second 
pass, when new unknowns are  allowed, constant acce lera t ion-2  i s  accepted. 
This process continues u n t i l  t he  problem i s  solved. 

\le hypothesize t h a t  t he  human sub jec t  has a stack o f  equations t h a t  re -  
l a t e  t o  s p e c i f i c  s i t ua t i ons .  These equations a re  employed when a t tempt ing  
t o  reduce the given-goal d i f fe rences i n  a s p e c i f i c  problem. I n  f a c t ,  t h e  
stack might be q u i t e  s i m i l a r  t o  t h a t  produced by t he  10 clauses above. 
Th is  clause queue l i k e  t he  t a b l e  o f  connections need not conta in  t h e  f u l l  
equations, on l y  t h e i r  names. These names may serve t o  reference t h e  ac- 
t u a l  equation formulae which a re ' s to red  w i t h  t h e i r  f u l l  se ts  o f  cond i t i ons  
f o r  i ns tan t i a t i on .  



This conjectured implementstion of t he  GPS model may be t e s t e d  by making 
simple a l t e r a t i o n s  i n  t h e  10 clauses above t o  s ee  i f  t h e  d i f f e r e n t  queue 
of equations t o  be formulated can produce a d i f f e r e n t  s e t  of simultaneous 
equations. In p a r t i c u l a r ,  we attempt t o  produce t r aces  s i m i l a r  t o  t h e  
human protocols B , C ,  and D. 

Subject B used t h e  length sum equation with top  p r i o r i t y  when solving 
f o r  LENGTH, and timesum when a DURATION was sought. Thus, i f  c l ause  9 
and 10 a r e  placed before t he  constant acce l e ra t ion  c lauses  t h e  o rde r  o f  
" r e l a t e s "  above becomes 1 ,  2,  3, 9 ,  10, 4 ,  5,  6, 7 ,  8. When t h i s  re- 
arrangement o f  c lauses  was run in MECHO t he  following t r a c e  occurred: 
B '  1. Attempting t o  solve  f o r  H i n  terms of g ,h , t .  

2. H=Hl+h solves  f o r  H but introduces HI. 
** H1 i s  a LENGTH, lengthsum cannot be used again ,  so constant  

accelera t ion-2  i s  used** 
3. H ~ = o x T ~ + ~ x ~ * T ~ ~  solves  f o r  H 1  but in t roduces  T1 
4. T=Tl+t so lves  f o r  T1 but introduces T 
** constant  accelera t ion-2  i s  now the  f i r s t  on the  queue f o r  T 

s ince  timesum may not be used again,  and MECHO always t r i e s  
t o  so lve  wi hout f u r t h e r  in t roduct ion  of unknowns** 

5. H=o*T+yg*+ 
6. Equations 2-5 solve  the  Tower problem. 

I f  the  ZERO term ( i n i t i a l  vel .  x time) i s  removed from 3 and 5 these  
equations a r e  exact ly  those produced by sub jec t  B above. 

In an attempt t o  produce a t r ace  s i m i l a r  t o  protocol C ,  t he  " r e l a t e s "  
clause (9 )  f o r  lengthsum i s  returned t o  i t s  o r ig ina l  pos i t i on ,  ( i  .e . ,  
1 ,  2, 3 ,  10, 4 ,  5,  6 ,  7 ,  8, 9 ) .  The sub jec t  o f  protocol C does not use 
the constant accelera t ion-2  equation t o  i t s  f u l l  po t en t i a l ,  t h a t  i s ,  he 
only uses t he  equation when the  i n i t i a l  ve loc i ty  i s  zero. Warples (1976) 
comments on t h i s  use of equations by engineering s tudents  when he notes 
they of ten  apply an equation without knowing i t s  f u l l  power. In t h i s  
instance,  t h e  sub jec t  uses constant accelera t ion-2  f o r  r e l a t i n g  accel -  
e r a t i on ,  time, and dis tance  and not i n  i t s  f u l l  use of r e l a t i n g  i n i t i a l  
ve loci ty ,  acce l e ra t ion ,  t ime, and dis tance .  I f  i t  i s  conjectured t h a t  
t h i s  happens with subjec t  C ,  cons tant  accelera t ion-2  equation i s  changed 
t o  t h i s  l imi ted  used by rewri t ing  5 above t o  " r e l a t e s  (constant  accelera-  
t ion-2; ACCELERATION,LENGTH,DURATION)" and removing "U*Tn from t h e  isform- 
ula clause of constant  acceleration-2 c . f .  appendix 

F?ECHO i s  now run with these  changes and t h e  following t r a c e  r e s u l t s :  
C '  1. t r y i n g  t o  solve  f o r  H in terms of g , t , h .  

2. H = I ~ * ~ * T ~  solves  f o r  t I  but introduces T. 
3. T=Tl+t solves f o r  T but introduces TI. 
4. VEL2 = Z E R O  + g * T1 solves f o r  T1 but introduces VEL2. 
** Recall t h a t  t h e  f i na l  ve loci ty  a t  t h e  bottom i s  V E L l  and t h e  

ve loc i ty  a t  t he  "midpoint" VEL2. The so lve r  using constant  
accelera t ion-2  properly would now be done. Our sub jec t  gr inds  on** 

5. V E L l  = VEL2 + g * t solves f o r  VEL2 but introduces V E L 1 .  
6. V E L l  = Z E R O  + g * T solves f o r  VEL1. 
7. Equations 2-6 solve the  Tower problem. 

This t r a c e  i s  remarkably s imi l a r  t o  protocol C. 

The subjec t  of protocol D decided t o  use energy equations a s  was expl ic-  
i t l y  s t a t ed .  This was not expected by the  inves t iga to r  taking protocols 
o r  designing MECHO t o  so lve  d is tance/ ra te / t ime problems. B u t  in p r inc ip l e  



there was no reason why energy equations could not be used. They were, 
in fact ,  already in the system and used t o  solve de Kleer's problems 
(Bundy, 1978). A new entry fo r  the "relates"  table  was constructed: 
No. 11. relates  (conserve energy; VELOCITY,LENGTH) and t h i s  was given 
priority over a!l other LENGTH relation clauses. Further, constant 
acceleration-3 i s  equivalent to  conserve energy and was removed. Finally, 
subject D favored constant acceleration-2 over constant acceleration-1 
formula for  solving VELOCITY problems, so t h i s  order was changed. The 
"relates" l i s t  was 1,  2, 3,  4 ,  10, 11, 6 ,  8, 9, 5. 

MECHO was run in t h i s  s i tuat ion;  i t s  t race:  
D' 1. Trying t o  solve for  H in terms of g, t ,h .  

2. 4 * V E L ~ ~  - 4 *  ZERO^ = g * H solves f o r  H b u t  introduces V E L l  
** The energy equation i s  attempted again. This time to solve for  

VELl** 
3. 4 * V E L ~ ~  - 4 V E L Z ~  = g * t solves f o r  V E L l  but introduces VEL2 
4. h = VEL2 * t + 4 * g * t2 solves fo r  VEL2 
5 .  2-4 solve the Tower problem. 

I t  can be seen that  th i s  t race i s  very close t o  the protocol of subject D 
above. Further comments will be made in the next section. 

V .  SUMMARY A N D  CONCLUSIONS 

The goal of th i s  paper has been to describe the action of the Marples' 
algorithm in MECHO's solution of pulley and distance/rate/time problems. 
After creation of a knowledge base, the Marples' algorithm was invcked 
and using means-ends analysis,  in many ways s imilar  t o  GPS, produced se t s  
of simultaneous equations suff icient  for  solving the problem. 

Experienced human subjects solving the same problems were presented with 
s t rategies  fo r  producing se t s  of simultaneous equations suff icient  t o  
solve a problem in many ways similar t o  those of the Marples' algorithm. 
Finally, with s l igh t  changes the Marples' algorithm could produce s e t s  of 
equations almost identical t o  those produced by the human subjects.  

I n  the pulley prob:em the protocol indicates the subject goes immediately 
to  the resolution of forces equation. This i s  used t o  create the interme- 
diate  unknown of the tension in the s t r ing.  Forces are  again resolved a t  
the other end of the s t r ing to  solve for  tension and two simultaneous equa- 
tions are produced suff icient  to solve the problem. The Marples' algorithm 
in MECHO proceeds in exactly the same fashion with the important difference 
that  the resolution-of-forces equation, the f i r s t  equation considered, i s  
rejected because i t  introduces a new unknown (tension). All other equations 
in the queue trying to find acceleration f o r  a par t i c le  in a time period 
are  examined and rejected before the return t o  the resolution-of-forces 
equation and introduction of the tension as a new unknown. The difference 
between the experienced human and MECHO i s  obvious and interest ing.  The 
human realizes immediately a new unknown must be introduced, accepts i t ,  
and goes on, while MECHO t r i e s  as long as  possible t o  avoid th i s  course of 
action. Other than t h i s ,  the protocol of the human and YECHO's t race are 
remarkably similar.  

The s imilar i t ies  between t race and protocol a re  even stronger with the 
tower problem where many different  se t s  of simultaneous equations suf f ic ien t  
for  solving the tower problem may be produced. The formation of any s e t  of 
these equations depends ent i rely on the use of the focussing technique, tha t  
i s ,  the queue that  i s  generated for  possible equations. The s imilar i ty  of 



protocol C with the t race of C '  of Section IV i s  s t r iking.  Zndeed, when 
i t  was hypothesized that  i f  the human subject had been able to  use i n i t i a l  
velocity values in constant acceleration-2 equations when the i n i t i a l  vel- 
ocity was not zero and had a s l igh t ly  al tered focus, then MECHO's t race 
would match exactly the protocol of subject C. In section IV, these a l t e ra -  
tions were made and the resulting protocols compared. The resul ts  indicate 
the robustness of the Marples' algorithm and focussing t o  generate different  
se t s  of simultaneous equations t o  f i t  closely the t races of the human sub- 
jects.  

One of the principal advantages of writing the MECHO problem solver in  
PROLOG (Warren, 1978) here represented by predicate logic assertions, i s  
that  PROLOG actually computes using the predicate logic statements them- 
selves. In f a c t ,  PROLOG was designed as a predicate logic theorm prover. 
Thus facts ,  inferences, and default values are entered into the program as 
the potential for "meaningful b i t s  of behavior". This allows such actions 
as removing a rule from the program, subst i tut ing another rule ,  o r  simply 
changing the order of the rules and then checking the resul ts  of these 
changes on the running computer program. Thus a PROLOG "fact" ,  "inference 
rule", or "default assignment" may be paired with the corresponding com- 
petency in the human subject and the e f fec t  of i t s  presence or  absence in 
the human subject may be simulated by the running program. This can be 
seen when the "conservation of energy" equation was added for  solution of 
the Tower problem (IV). The new rule added resulted i n  the exhibition of 
a new competency, and conversely, the absense of the rule marked the ab- 
sense of the related a b i l i t y .  

A modular set  of rules also allows general purpose algorithms, such as the 
Marples' algorithm, to  be implemented and the e f fec t s  of the presence of 
the algorithm to be seen by running the program. I n  a very similar fashion 
Larkin (1978) and Simon and Simon (1977) can r u n  se t s  of production rules 
in an attempt to  simulate the difference of s k i l l s  in the expert o r  novice 
problem solver. 

The presence of production or behavior rules also provides a model f o r  the 
interpretation of missing or ambiguous behavior of the human subject. In 
D,  for example, "Do th i s  by energy" indicates an energy equation will  be 
called to find the value for  H .  D5 s ta tes  "gx i s  the i n i t i a l  potential 
energy" ... and D 6-7 "when i t  reaches height h i t  will have potential 
energy gh ..." and f ina l ly  in D 8-9 "so i t  will have gx - gh = ?-,vZ where 
V i s  the velocity a t  height h ..." - what does t h i s  a l l  mean? The pro- 
tocol D2 to Dl0 i s  a t  best confusing. Reading MECHO's trace on the same 
problem goes a long way towards making sen e of these statements. D'2gives 
a ful l  description of gx: "g * H = 5 VEL13", where g * H i s  gx and V E L l  
the final velocity. Similarly for  gh: Dl2 has "g * h + 4 V E L ~ ~  - Lz V E L ~ ' ,  
when VEL2 i s  the velocity a t  the top of h. Now simply subtract D'3 from 
D'2 and l ine D9 of the protocol i s  precisely understood. The subject of 
protocol D was a part icular ly bright individual tha t  liked t o  skip s teps 
and simplify as he went along. Although MECHO i s  not able to  imitate t h i s  
behavior completely - especially the sub jec t ' s  proclivity fo r  short s l i g h t l y  
ambiguous statements - i t s  rule  system does give a precise and complete 
performance and often provides data suff icient  t o  disambiguate the human 
subject ' s  behavior. 

There are, of course, many things tha t  MECHO, as  presently designed, does 
not do that human subjects do quite easi ly .  We have already seen how sub- 



j e c t  D s impl i f ied  as  he went along and omitted "unnecessary" b i t s  o f  
equations. S imi lar ly ,  o the r  subjec ts  - t h i s  could be e a s i l y  added t o  
MECHO- l e f t  out  terms of equations t h a t  were zero.  Also MECHO i s  ex- 
haustively thorough in  i t s  search while human sub jec t s  a r e  not ,  and t h i s  
MECHO wi l l  never use f i v e  equations where four  a r e  s u f f i c i e n t .  However, 
as  noted in Section IV, MECHO can o f f e r  an explanation of p rec i se ly  why a 
subjec t  needed f i v e  equations when four  would have been s u f f i c i e n t .  
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LUGER-I 1 

Appendix: PROLOG c lauses  f o r  poss ib le  equation formation in Pulley and 
Tower problems 

Note t h a t  words with f i r s t  l e t t e r  cap i t a l i zed ,  e .g . ,  Object o r  Direction,  
as  well as  s i n g l e  c a p i t o l l e t t e r s , e . g .  M o r  TI ,  represent  var iables .  

isformula ( F  = M * A ,  resolve  (Object ,  Direc t ion ,  Time)):- mass 
(Object ,  A ,  Direct ion ,  Time), accelera t ion  (Object ,  A ,  Direc t ion ,  
Time), sumforces (Object ,  Direction,  Time, F ) .  
isformula (V13 = V123, r e l a t i v e  veloci ty  (Obj l ,  Obj2, Obj3, Time)):- 
r e l a t i v e  ve loc i ty  (Obj l ,  Obj2, V12, Dir l2 ,  Time), r e l a t i v e  veloci ty  
(Objl ,  Obj3, V13, Dir l3 ,  Time), vectoradd (V12, Dir l2 ,  V23, Dir23, 
V123, D i r l3 ) .  
isformula (A123 = A123, r e l a t i v e  accelera t ion  (Obj l ,  Obj2, Obj3, 
Time)):- r e l a t i v e  accelera t ion  (Obj l ,  Obj2, A12, Dir l2 ,  Time), r e l -  
a t i  ve acce l e ra t ion  (Obj2, Obj3, A23, Di r23,  Time), r e l a t i v e  acceler -  
a t i on  (Obj l ,  Obj3, A13, Dir l3 ,  Time), vectoradd (A12, Dir l2 ,  A23, 
Di r23,  A123, Dir l3) .  
isformula (S = V * T, constant  ve loci ty  (Object ,  Time)):- cons tant  
ve loci ty  (Object ,  Time), ve loci ty  (Object ,  V ,  Di rec t ion ,  Time), 
duration (Time, T ) ,  d is tance  (Object ,  S, Time). 
isformula ( V  = U + ( A  *T), cons tant  acce l e ra t ion1  (Object ,  Time)):- 
cons tant  accelera t ion  (Object ,  Time), duration (Time, T ) ,  i n i t i a l  
ve loci ry  (Object ,  U ,  Di rec t ion ,  Time), f i n a l  ve loc i ty  (Object ,  V ,  
Di rec t ion ,  Time). 
isformula (S = U * T + (A * (T:2) /2) ,  constant accelera t ion2 (Object ,  
Time)):- cons tant  accelera t ion  (Object ,  Time), acce l e ra t ion  (Object ,  
A ,  Direc t ion ,  Time), duration (Time, T ) ,  i n i t i a l  ve loci ty  (Object ,  U ,  
Direction,  T ine ) ,  d is tance  (Object ,  5, Time). 
isformula ( ( V : 2 )  + (U:2) = 2 * A * S, constant acce l e ra t ion3  (ob jec t ,  
Time)) :- constant  accelera t ion  (Object ,  A ,  Direc t ion ,  Time), d is tance  
(Object ,  S, Time), i n i t i a l  ve loc i ty  (Object ,  U ,  Di rec t ion ,  Time), 
f i na l  ve loc i ty  (Object ,  V, Direc t ion ,  Time). 
isformula (T = Sum, timesum (Time)) :- P a r t i t i o n  (Time, Po in t s ) ,  
dura t ion  (Time, T) ,  sumdurations (Points ,  Sum). 
isformula (D = Sum, lengthsum (Path ,  Time)):-  p a r t i t i o n  (Path ,  D ,  
Time), sumlength (Po in t s ,  Sum, Time). 
isformula (V:2)/2 - (U:2)/2 = g * H, energy (Object ,  Time)):- 
motion (Object ,  Path, S t a r t ,  Side,  Time), i n c l i n e  (Path ,  270, Time), 
length (Path ,  H ,  Time), f i n a l  ve loc i ty  (Object ,  V, Direc t ion ,  Time), 
i n i t i a l  ve loci ty  (Object ,  U ,  Di rec t ion ,  Time). 

** g i s  known by MECHO as t he  gravi ta t ional  cons tant  ** 
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ABSTRACT 

Psychophysical s tud ie s  a r e  described which pose a s t rong challenge t o  
models of human s t e r eops i s  based on the  processing of d i s p a r i t y  information 
within independent s p a t i a l  frequency tuned binocular c h a ~ e l s .  These s tud ie s  
support i n s t ead  the  proposal t h a t  the  processes of human binocular com- 
binat ion  i n t e g r a l l y  r e l a t e  the  ext rac t ion  of d i s p a r i t y  information w i t h  t h e  
construction of raw primal sketch asser t ions .  This proposal implies 
binocular combination r u l e s  using p r inc ip l e s  of f i g u r a l  cont inui ty  and 
cross-channel correspondences t o  disambiguate a t  a g lobal  l eve l  matches 
found independently within s p a t i a l  frequency channels a t  a l oca l  l eve l .  
Computer implementations of s t e r e o  algorithms based on these  r u l e s  a r e  
described and found t o  be successful  i n  deal ing  with a va r i e ty  of d i f f e r e n t  
s t e r eo  inputs .  The cons t r a in t s  presented by objec ts  which a r e  exploi ted  
by these algorithms a r e  discussed. The paper is an abbreviated version of 
a paper t o  appear i n  a spec i a l  i s sue  of A r t i f i c i a l  In t e l l i gence  devoted t o  
v is ion  (Mayhew and Frisby, 1 9 8 0 ~ ) .  

1 Introduction 

Ever s ince  the  in t roduct ion  by Julesz  (1960) of the  random d o t  stereogram 
a s  a research  t o o l ,  it has become commonplace t o  consider t h e  t heo re t i ca l  
problems surrounding s t e r eops i s  within a conceptual framework t h a t  has two 
d i s t i n c t i v e  cha rac t e r i s t s :  

F i r s t ,  it is recognised t h a t  d i spa r i t y  information can be ext rac ted  using 
only low-level monocular ' po in t '  descr ip t ions  a s  the  e n t i t i e s  which a r e  
binocularly matched. The random d o t  stereogram is  a c l e a r  demonstration 
t h a t  high-level monocular descr ip t ions ,  such a s  those dealing with surfaces  
and ob jec t s ,  a r e  no t  a necessary requirement fo r  s t e r eops i s  because f o r  a 
random d o t  stereogram these r e l a t i v e l y  high l eve l  scene descr ip t ions  appear 
only a f t e r  s t e r eops i s  has been achieved. 

Secondly, it has become acknowledged t h a t  there  is a need f o r  mechanisms 
capable of s e l ec t ing  the  co r r ec t  binocular point-for-point matches from 
amongst t he  multi tude which a r e  f requent ly  poss ib le ,  most of which a re  
f a l s e  matches o r  ' ghos t s ' .  That i s ,  i n  the  terminology of Ju lesz ,  it is  
necessary t o  p o s i t  'g lobal  s t e r eops i s '  mechanisms t o  resolve  ambiguity 
of ten  ex i s t i ng  between competing ' l o c a l  s t e r eops i s '  matches. 

The c l a r i t y  of t h i s  conceptual framework has spawned a number of s t e r eo  
algorithms, of varying type and capab i l i t y  (gee Marr and Poggio (1977) f o r  
a review). Given the  framework, each algorithm na tu ra l ly  has t o  face  ( a t  
l e a s t )  two c r i t i c a l  design choices,  namely what monocular po in t  descr ip t ions  
a r e  t o  be used, and what global mechanisms a r e  t o  be employed t o  resolve  the  
ambiguity inherent  within t he  population of poss ib le  l oca l  matches. Marr 
and Poggio (1976) have pointed out  t h a t  any worthwhile algorithm must avoid 
the  t r a p  of ad hoc answers s u i t a b l e  f o r  one type of image but  not  f o r  o thers .  
They have argued, i n  the  manner c h a r a c t e r i s t i c  of the  M.I.T. computational 



approach t o  s tudying  v i s u a l  mechanisms, t h a t  they  way t o  do t h i s  i s  t o  
begin wi th  a p r e c i s e  formula t ion  of  t h e  g o a l s  of t h e  v i s u a l  t a s k  be ing  
considered ( i n  t h i s  c a s e  t h e  e x a c t  p rocess ing  g o a l s  a s s o c i a t e d  wi th  s te reop-  
sis). The n e x t  s t e p  they  advocate is  t o  develop a computat ional  theory  
spec i fy ing  u s e f u l  c o n t r a i n t s  about  how o b j e c t s  behave i n  t h e  world, 
c o n s t r a i n t s  which enable  v a l i d  process ing  r u l e s  t o  be formulated f o r  use i n  
an algori thm capable  of  ach iev ing  t h e  g o a l s  i n  ques t ion .  We a r e  i n  g r e a t  
sympathy w i t h  this approach and much o f  what we d i s c u s s  i n  t h i s  paper f a l l s  
n a t u r a l l y  wi th in  i t s  scope. Never the less ,  t h e  p a r t i c u l a r  model of  human 
s t e r e o p s i s  which we d e s c r i b e  owes a t  l e a s t  a s  much t o  t h e  r e s u l t s  of our 
psychophysical  work on s t e r e o p s i s  a s  i t  does t o  computat ional  c o n s i d e r a t i o n s  
- hence t h e  t i t l e  of  t h i s  paper. 

2 The BRPS Conjecture 

Over t h e  p a s t  f e w ' y e a r s ,  we have conducted a s e r i e s  of  psychophysical  
s t u d i e s  of  human s t e r e o p s i s  which have l e d  us t o  t h e  fol lowing conjec ture :  

THE BRPS CONJECTURE: The p r o c e s s e s  of human b inocular  
combination i n t e g r a l l y  r e l a t e  t h e  e x t r a c t i o n  of d i s p a r i t y  
in format ion  with t h e  c o n s t r u c t i o n  o f  raw primal s k e t c h  
a s s e r t i o n s .  

We c a l l  t h i s  c o n j e c t u r e  t h e  BRPS c o n j e c t u r e  because it amounts t o  t h e  
proposal  t h a t  one goa l  of  e a r l y  v i s u a l  p rocess ing  i s  t h e  computation of  
a  Binocular  Raw Primal Sketch. I n  t h i s  paper we d i s c u s s  o u r  psychophysical 
j u s t i f i c a t i o n s  f o r  advancing t h e  c o n j e c t u r e  and we p r e s e n t  var ious  computat- 
i o n a l  s t u d i e s  r e l a t e d  t o  it. We a l s o  d i s c u s s  how t h e  c o n j e c t u r e  r e l a t e s  t o  
t h e  models of  s t e r e o p s i s  advanced by Marr and Poggio (1976, 1979).  Before 
proceeding i n  d e t a i l  t o  t h e s e  var ious  t a s k s ,  however, s e v e r a l  p re l iminary  
comments about  t h e  c o n j e c t u r e  a r e  i n  o r d e r :  

( a )  I t  is  worth no t ing  t h a t  a  'raw primal ske tch '  is def ined  by Marr (1976) 
a s  a  d e s c r i p t i o n  of  i n t e n s i t y  changes i n  an image, using a p r i m i t i v e  
language of  edge-segments, b a r s ,  b lobs  and te rmina t ions .  The s e l e c t i o n .  
grouping and summarising of  t h e s e  raw p r i m i t i v e s  l e a d s  t o  l a r g e r  and more 
a b s t r a c t  tokens i n  a d e s c r i p t i o n  t h a t  Marr c a l l s  t h e  ' f u l l  primal s k e t c h ' .  

(b )  The most g e n e r a l  computat ional  impl ica t ion  of  t h e  conjec ture  is  t h a t  
t h e  c o n s t r a i n t s  and correspondences between s p a t i a l  frequency tuned channel  
o u t p u t s  t h a t  can be used t o  compute monocular d e s c r i p t i o n s  of  i n t e n s i t y  
changes (Marr. 1976; Marr and Hi ldre th ,  1979) t o g e t h e r  with t h e  grouping 
p r i n c i p l e  of  f i g u r a l  c o n t i n u i t y ,  can be a p p l i e d  t o  advantage a t  v a r i o u s  
s t a g e s  dur ing  t h e  process  of b inocular  combination. The f i n a l  r e s u l t  is a 
s e t  of b inocular  i n t e n s i t y  change d e s c r i p t i o n s  t o  which a r e  t i e d  d i s p a r i t y  
assignments. 

Marr ' s  g e n e r a l  scheme f o r  ob ta in ing  raw primal ske tch  a s s e r t i o n s  from channel  
ou tputs  has two major s t e p s :  (i) c e r t a i n  very low l e v e l  d e s c r i p t i v e  elements 
( e . 9 .  z e r o  c r o s s i n g s )  a r e  e x t r a c t e d  from each channel ' s  o u t p u t  independently:  

w e  w i l l  c a l l  t h e s e  d e s c r i p t i v e  elements 'measurement p r i m i t i v e s '  t o  d i s -  
t i n g u i s h  them from raw pr imal  ske tch  p r i m i t i v e s ;  and (ii) measurement 
p r i m i t i v e s  from a l l  t h e  var ious  channels  a r e  submitted t o  a s e t  of  c r o s s -  
channel  ' p a r s i n g '  r u l e s  which r e s u l t  i n  t h e  requi red  raw pr imal  ske tch  
a s s e r t i o n s .  The BRPS c o n j e c t u r e  proposes t h a t  human b inocular  combination 
t a k e s  p l a c e  dur ing  both  t h e s e  s t e p s ,  with i n i t i a l  b inocular  matches e f f e c t e d  
a t  t h e  l e v e l  of  measurement p r i m i t i v e s  being disambiguated dur ing  t h e  



appl ica t ion of binocular combination ru l e s  whose ult imate object ive  is the  
del ivery  of binocular raw primal sketch asser t ions .  The need f o r  dis- 
ambiguation stems from the  f a c t  *&at a l a rge  population of binocular 
measurement pr imi t ive  matches a re  frequently poss ible ,  with only a ce r t a in  
number of these being co r rec t  matches and the  remainder being f a l s e  matches 
(see e a r l i e r  remarks on loca l  vs. global s t e reops i s ) .  

(c) Al ternat ive  processes of binocular combination t o  those speci f ied  i n  
the conjecture can i n  pr inciple  be envisaged, so  t h a t  t h e  conjecture does 
not embrace a l l  poss ible  models of human s tereopsis .  For example, it could 
be t h a t  human binocular combination proceeds i n  a way which takes no advant- 
age of cross-channel correspondences ex i s t ing  between s p a t i a l  frequency 
channel outputs,  a s  f o r  example i n  Marr and Poggio's (1979) s t e reo  algorithm 
i n  which disambiguation takes  place independently within each channel (except 
fo r  some coupling v ia  vergence control:  see  Section 5.3). Also, it is 
poss ible  t o  envisage models of s t e reops i s  i n  which binocular combination 
proceeds a f t e r  the s tage  a t  which raw primal sketch elements a r e  constructed, 
models which a re  nevertheless 'low-level' i n  general terms. For example, 
Marr and Poggio (1976) suggested t h a t  t h e i r  cooperative disparity-processing 
network could be fed w i t h  fully-parsed raw primal sketch elements, the  net-  
work then serving t o  disambiguate competing element-for-element matches a t  
a s tage  much l a t e r  than t h a t  proposed f o r  the  i n i t i a t i o n  of  disambiguation 
a s  f a r  a s  the  BRPS conjecture is  concerned. 

(d) The s t e reo  models of Marr and Poggio j u s t  r e fe r r ed  to  a r e  successful 
i n  deal ing with a number of d i f f e r e n t  types of s t e reo  inputs ,  including 
both random-dot and na tu ra l  scene stereograms. Moreover, the  success of 
these modeis is  based on an anlaysis  of cons t r a in t s  offered by objects  i n  
the world, and on how ru le s  f o r  binocular combination stemming from these 
cons t r a in t s  can be implemented i n  a s t e reo  alqorithm which exp lo i t s  t he  
cons t r a in t s  t o  a t t a i n  co r rec t  s t e reo  fusion. The question of what con- 
s t r a i n t s  a re  avai lable  is, we recognise, a very important one and we w i l l  
re turn  frequently i n  t h i s  paper t o  the  cons t r a in t s  on which our own 
conceptions of human s t e reops i s  processinq might be based. 

3 Choice of Monocular Measurement Primitives 

3.1 Zero Crossings 

For the various e legant  computational reasons advanced by Marr and Hildreth 
(19791, zero crossings discovered i n  s p a t i a l  frequency tuned convolutions 
seem a good s t a r t i n g  po in t  f o r  the computation of a monocular raw primal 
sketch. Therefore, given the  BRPS conjecture,  it is  na tu ra l  t o  use zero 
crossings ext racted from l e f t  and r i g h t  image convolutions a s  a t  l e a s t  one 
of the s e t  of measurement pr imi t ives  used f o r  constructing a binocular raw 
primal sketch. Moreover, t h i s  conjecture implies t h a t  only l e f t / r i g h t  zero 
crossings of the  same con t ra s t  s ign and roughly s imi lar  o r i en ta t ion  should 
be binocularly matched. 

Despite some theore t i ca l  advantages possessed by zero crossings a s  measure- 
ment pr imi t ives  (see  Marr, Ullman and Poggio (1980) fo r  a discussion of  the 
possible relevance of Logan's theorem i n  t h i s  context) ,  it seems t o  us t h a t  
i n  some s i t u a t i o n s  zero crossings a re  poor measurement pr imi t ives  i n  p r inc ip le  
f o r  ext ract ing d i spa r i ty  information. Thus the  s t r a t egy  of using so le ly  zero 



crossings w i l l  f a i l  fo r  those p a r t s  of an image where d i spa r i ty  
va r i a t ions  a r e  t i e d  t o  luminance var ia t ions  s i tua t ed  i n  between the 
p a r t s  of the  image which produce zero crossings.  We have devised a 
s t e reo  p a i r  i l l u s t r a t i n g  such a case (Mayhew and Frisby, 1980c)in 
which the  l e f t  and r i g h t  images a r e  sawtooth luminance p r o f i l e s  w i t h  
the same period b u t  with s l i g h t l y  d i f f e r ing  shapes. Fusion of t h i s  
stereogram produces a percept of a surface undulating i n  depth where 
the  peaks and troughs i n  the  luminance p r o f i l e  correspond t o  the peaks 
and troughs i n  the  depth p ro f i l e .  I f  d i spa r i ty  processing was based 
so le ly  on zero crossings derived from the s t e reo  images, then the  
predic ted  perceived depth would be of a f l a t  (or planar t i l t e d )  
surface. This follows t r i v i a l l y  from the  f a c t  t h a t  a zero crossing 
must r e f l e c t  a l o c a l  luminance average and i f  luminance is  confounded 
w i t h  d i spa r i ty ,  a s  i n  our sawtooth stereogram, then a zero crossing 
can convey only a loca l  average dispar i ty .  Therefore, the  f a c t  t h a t  
the human v i sua l  system sees  an undulating surface  i n  t h i s  stereogram 
suggests t h a t  it is  not  re ly ing simply on the  zero crossings but  t h a t  
it a l s o  u t i l i s e s  ( a t  l e a s t )  information ca r r i ed  by the  peaks and 
troughs of the  convolution p r o f i l e s  a s  well. 

I t  is  worth noting i n  t h i s  connection t h a t  Mayhew and Frisby (1979) 
and Frisby and Mayhew (1980) argued f o r  peaks being used a s  measurement 
pr imi t ives  f o r  d i f f e r e n t  reasons than those j u s t  described. They 
observed t h a t  zero crossings f o r  edges exh ib i t  s p a t i a l  coincidences 
which a re  highly convenient f o r  parsing purposes (Marr and Hildreth,  
1979) but  t h a t  zero crossings from l i n e s  and bars  do not.  For the  
l a t t e r ,  it is the  peaks which show the  des i red  s p a t i a l  coincidence 
(see l a t e r  f o r  a f u l l e r  discussion of why s p a t i a l  coincidence is 

valuable) .  This consideration provides another argument fo r  u t i l i s i n g  
peak measurement pr imi t ives  i n  addition t o  zero crossings.  (The 
di f ference  between peaks and zero crossings s i tua t ion  f o r  ba r s  and 
edges follows from the f a c t  t h a t  the  fou r i e r  components f o r  a bar are  
i n  cosine phase whereas those f o r  an edge a r e  i n  s ine  phase.)  

3 . 3  Orientated o r  Circular ly  Symmetric Convolutions? 

Should measurement pr imi t ives  be ext racted from or ienta ted  o r  c i r cu la r ly  
symmetric convolutions? Marr and Poggio (1979) chose the  or ienta ted  
option although i n  an implementation of the key f ea tu res  of t h e i r  
s t e reo  algorithm, Grimson and Marr(1979) subs t i tu t ed  c i r c u l a r  f o r  
or ienta ted  convolutions. A f u l l  theoret ica l  debate of the  computational 
considerations surrounding the choice between these a l t e rna t ives  is 
provided i n  Marr and Hildreth (1979). 

In teres t ingly ,  we have arr ived independently a t  a r e j ec t ion  of the  
or ienta ted  option (Mayhew and Frisby, 1979; Frisby and Mayhew, 1980) 
butmainlyfor  psychophysical r a the r  than fo r  computational reasons 
(although a s  f a r  a s  the  l a t t e r  a re  concerned, we noted the expensive, 
indeed almost wanton, use of s torage implied by holding i n  memory many 
d i f f e r e n t  s p a t i a l  frequency and o r i en ta t iona l ly  tuned convolutions, and 
a l so  some of the  unnecessary and r a the r  ad hoc computational procedures 
required t o  obtain a primal sketch from o r i en ta t ed  convolutions which 
inevi tably  smear image f ea tu res  along the ax i s  of o r i en ta t iona l  tuning) .  
Our psychophysical s tud ie s  t e l l i n g  agains t  or ienta ted  convolutions fo r  
s tereopsis  a re  twofold: 

(a)  We have discovered t h a t  i f  s t e reops i s  from an o r i en ta t ed  texture  
stereogram is masked by adding s imi l a r ly  or ienta ted  noise t o  one f i e l d  



t hen ro ta t ionof  the  masking noise so t h a t  it would no longer per turb  an 
or ienta ted  convolution carrying the  d i spa r i ty  s igna l s  does no t  succeed i n  
re leas ing the  s tereopsis  from the  e f f e c t s  of t he  mask (Mayhew and Fr isby,  
1978a) .  This is  d i f f i c u l t  t o  understand i f  l oca l  measurement pr imi t ives  
a r e  ext racted from or ienta ted  convolutions. 

(b) We have pointed ou t  t h a t  or ienta ted  s p a t i a l  frequency tuned f i l t e r s  
a r e  i n  p r inc ip le  poor devices f o r  dealing with r ap id ly  changing d i s p a r i t y  
cues (Mayhew and Frisby, 1979). We have demonstrated t h e i r  d i f f i c u l t i e s  
i n  this regard using a stereogram portraying a s e r i e s  of hor izonta l  corruga- 
t i ons ,  a s  though the  observer was looking down on a corrugated roof. Verti-  
cally-tuned f i l t e r s  could not  i n  p r inc ip le  e x t r a c t  the depth from this 
stereogram: they would inevi tably  have recept ive  f i e l d s  spreading over 
severa l  ' d i spa r i ty  r a s t e r s '  and so  smear hopelessly the  d i spa r i ty  cues 
contained i n  the  stereogram. Predictably therefore ,  a v e r t i c a l l y  f i l t e r e d  
version of the stereogram cannot be fused t o  reveal  the corrugations.  It 
might be thought t h a t  the  easily-obtained s t e reops i s  from the  o r ig ina l  
could be mediated by horizontally-tuned un i t s ,  but  the poor qua l i ty  of the  
s t e reops i s  der iv ing from a hor izonta l ly-f i l tered version suggests otherwise, 
a s  does the  f a c t  t h a t  many naive subjects  cannot obta in  any depth whatsoever 
from the hor izonta l ly-f i l tered version whereas they can do so  e a s i l y  f o r  the 
un f i l t e r ed  o r ig ina l .  (Note t h a t  there  a r e  a l s o  l i m i t s  on the d i s p a r i t y  
gradients  which can be ext racted using c i r c u l a r  convolutions bu t  these a re  
l e s s  r e s t r i c t i v e  than those f o r  or ienta ted  convolutions: Mayhew e t  a l ,  1980). 

We conclude from these two s tud ie s  t h a t  or ienta ted  s p a t i a l  frequency tuned 
convolutions do not  seem t o  be used i n  the human v i sua l  system a s  a b a s i s  
fo r  es tabl ishing loca l  d i spa r i ty  matches, a t  any r a t e  not  exclusively.  Of 
course, t h i s  conclusion does not  preclude other  types of  o r i en ta t iona l  
s e l ec t ive ly  embedded i n  the s tereopsis  mechanism, both a t  the  loca l  and 
global levels .  Orientation is t i e d  t o  zero crossings a t  the  loca l  l eve l ,  
and o r i en ta t ion  can be made use of a t  t he  g lobal  l eve l  by a disambiguating 
algorithmwhichincorporates a p r inc ip le  of f igu ra l  cont inui ty  (see next 
s ec t ion ) .  

4 Binocular Combination Rule 1: Figural  Continuity 

I f  an ambiguity i n  l e f t / r i g h t  zero crossing matches a r i s e s ,  those matches 
which preserve f i g u r a l  cont inui ty  a r e  t o  be preferred,  given the  BRPS con- 
jecture.  This is  because f igu ra l  cont inui ty  is an important pr inciple  
u t i l i s e d  i n  obtaining raw primal sketch asser t ions .  Thus the binocular 
deployment of f igu ra l  cont inui ty  is  one way i n  which we u t i l i s e  the ove ra l l  
object ive  of obtaining binocular raw primal sketch asser t ions  t o  const ra in  
and d i r e c t  the  flow of support between loca l  measurement pr imi t ive  matches 
by way of achieving global disambiguation. (hbte t h a t  by t h e i r  very nature 
zero crossings must be f igu ra l ly  continuous Lor they a r e  the  points  of i n t e r -  
sect ion of a plane w i t h  a surface ,  i . e .  they a re  the  points  where the DC 
plane i n t e r s e c t s  with the  28 convolution surface . )  

4.1 A Binocular ambinat ion Algorithm Using Figural Continuity 

A s t e reo  algorithm ca l l ed  STEREOEDGE which exp lo i t s  f i g u r a l  cont inui ty  has 
been wri t ten  (Mayhew and Frisby, 1980a; Frisby and Mayhew. 1980) and it 
demonstrates t h a t  curvi l inear  grouping ru l e s  can successful ly  disambiguate 
zero crossing and peak matches i n  bothnatura land random do t  stereograms. 
The algorithm re turns  edge-segment and angle a s se r t ions  t o  which a re  t i e d  
d i spa r i ty  assignments. 



F i g u r a l  c o n t i n u i t y  is  implemented i n  STEREOEDGE a s  t h e  piece-wise l o c a l  
b inocular  grouping of a d j a c e n t  peaks o r  z e r o  c r o s s i n g  matches o f  t h e  same 
c o n t r a s t  s ign .  Grouping a c r o s s  small  gaps i n  peak o r  z e r o  c r o s s i n g  con- 
t i n u i t y  (e.g. those  caused by q u a n t i s a t i o n  fuzz1 may be  admi t ted  i f  &is-  
p a r i t y  c o n t i n u i t y  is  n o t  g r o s s l y  v i o l a t e d ,  i f  o v e r a l l  o r i e n t a t i o n  i s  
preserved ,  and o f  course  i f  no b e t t e r  grouping is  a v a i l a b l e .  Disambiguation 
by t h e  c o l i n e a r  grouping of  p r i m i t i v e s  of  t h e  same c o n t r a s t  s i g n  is  
n a t u r a l  given t h e  o v e r a l l  o b j e c t i v e  of  a r r i v i n g  a t  b i n o c u l a r  raw edge 
segment a s s e r t i o n s .  I f  two connected b inocular  edge-segments of  d i f f e r e n t  
o r i e n t a t i o n s  a r e  p r e s e n t ,  then  STEREOEDGE r e t u r n s  an a n g l e  a s s e r t i o n  f o r  
t h e  a p p r o p r i a t e  l o c a t i o n .  Thus t h e  type  of  f i g u r a l  grouping employed i s  
s i m i l a r  t o  t h e  process  o f  c u r v i l i n e a r  aggrega t ion  descr ibed  by Marr (1976) 
i n  connection wi th  t h e  pr imal  ske tch .  

4.2 Matter  is  Cohesive: A C o n s t r a i n t  About The World J u s t i f y i n g  The Rule 
o f  F i g u r a l  Cont inu i ty  

I t  is easy  t o  j u s t i f y  t h e  use  of  b i n o c u l a r  f i g u r a l  grouping p r i n c i p l e s  i n  
terms of c o n s t r a i n t s  about  t h e  world upon which t h e  processes  of  b inocular  
combination must r e l y .  A s  Marr and Poggio (1976) p o i n t e d  o u t  i n  t h e i r  
a n a l y s i s  of  t h e  s t e r e o  d i s p a r i t y  computat ional  problem, "matter  i s  cohesive,  
it i s  s e p a r a t e d  i n t o  o b j e c t s " .  I t  is a simple consequence of  t h i s  f a c t  
t h a t  t h e  edges o f  s u r f a c e s ,  and a l s o  s u r f a c e  markings such a s  l i n e s  and 
b lobs ,  w i l l  be s p a t i a l l y  continuous and t h a t  t h e r e f o r e  t h e i r  corresponding 
i n t e n s i t y  changes i n  t h e  r e t i n a l  images w i l l  a l s o  be continuous.  This  i s  
t h e  u l t i m a t e  j u s t i f i c a t i o n  f o r  r e l y i n g  on f i g u r a l  c o n t i n u i t y  grouping r u l e s  
t o  guide b inocular  combination. 

Note, however, t h a t  our  use of  t h i s  c o n s t r a i n t  about  t h e  world is  impor tan t ly  
d i f f e r e n t  from t h a t  o f  Marr and Poggio (1976).  Unlike us,  they use t h e  
c o n s t r a i n t  t o  j u s t i f y  a r u l e  of  p r e f e r r i n g  matches which a r e  d i s p a r i t y -  
continuous.  This  l e a d s  them t o  a coopera t ive  a lgor i thm which r e l i e s  on 
l a t e r a l  e x c i t a t i o n  between s i m i l a r  d i s p a r i t y  matches. The i r  l a t e r  a lgor i thm,  

Marr  and Poggio, 1979) a l s o  has  s i m i l a r  a l b e i t  l e s s  e x t e n s i v e  d i s p a r i t y  
f a c i l i t a t i o n .  For us on t h e  o t h e r  hand, t h e  p u r s u i t  of raw-primal-sketch- 
type b inocular  f i g u r a l  d e s c r i p t i o n s  i s  t h e  o v e r a l l  o b j e c t i v e  and t h i s  does 
n o t  n e c e s s a r i l y  demand t h e  e x p l i c i t  use of s i m i l a r - d i s p a r i t y  in format ion  
t o  guide t h e  s e l e c t i o n  of  l e f t / r i g h t  matches. In  STEREOEDGE, f o r  example, 
l e f t / r i g h t  zero  c r o s s i n g  matches can be chosen according t o  t h e  p r i n c i p l e  
of  f i g u r a l  c o n t i n u i t y  a lone ,  without  any e x p l i c i t  r e f e r e n c e  t o  t h e  d i s p a r i t y  
c o n t i n u i t y  of  these  matches, and with t h e  a c t u a l  d i s p a r i t y  va lue  of  s e l e c t e d  
matches accessed only  a f t e r  b inocular  combination has taken p l a c e .  

4 .3  Psychophysical Evidence Support ing The Rule of  F i g u r a l  Cont inu i ty  

Psychophysical evidence f o r  supposing t h a t  f i g u r a l  c o n t i n u i t y  provides  a 
gu id ing  r o l e  i n  human s t e r e o p s i s  is descr ibed  i n  t h e  f u l l  vers ion  of  t h i s  
paper (Mayhew and F r i s b y ,  1 9 8 0 ~ ) .  In  g e n e r a l ,  s tereograms conta in ing  tex- 
t u r e s  which admit olf f i g u r a l  grouping a r e  much e a s i e r  t o  f u s e  even though 
they  may have a g r e a t e r  ambiguity problem i n  terms of p o t e n t i a l  f a l s e  matches. 

5 Binocular  Combination Rule 2: Correspondences Between Channel Outputs 

5.1. The I n t e r p r e t a t i o n  o f  Cross-Channel Correspondences&Constructinq 
Raw Primal Sketch A s s e r t i o n s  

Marr (1976) and Marr and H i l d r e t h  (1979) have demonstrated how var ious  



correspondences between s p a t i a l  frequency channel outputs can be u t i l i s -  
ed t o  compute the  f i g u r a l  type of raw primal sketch a s se r t ions  (e.g. 
whether an edge, l i n e  o r  blob is  present  and what con t ra s t  and width it 
possesses).  The BRPS conjecture holds t h a t  these correspondences a r e  
used during human binocular combination, so  t h a t  t he  pa t t e rns  of between- 
channel correspondence which enable f igu ra l  type t o  be asser ted  a l s o  help 
disambiguate within-channel fusions.  

There a re  two important forms of cross-channel correspondence to  which 
Marr (1976) and Marr and Hildreth (1979) draw a t t en t ion :  s p a t i a l  co- 
incidence and spec t r a l  continuity.  

A s  f a r  a s  s p a t i a l  coincidence is  concerned, Marr and Hildreth have shown 
t h a t  i f  zero crossings a r e  present  i n  two o r  more s p a t i a l  frequency 
channels i n  the  same r e l a t i v e  locat ions ,  then t h i s  ' s p a t i a l  coincidence' 
is clear-cut evidence t h a t  an edge is  present  i n  the  image i n  the appropri- 
a t e  posi t ion.  Consequently, they have argued t h a t  s p a t i a l l y  coincident 
zero crossings provide excel lent  points  a t  which t o  i n t e r p r e t  channel 
outputs by way of a r r iv ing  a t  a s se r t ions  about the  p a r t i c u l a r  type of 
edge present.  We have added t o  this the  consideration t h a t  peaks show ~ 

equally convenient s p a t i a l  coincidence when bars  a r e  present ,  whereas 
zero crossings tend t o  spread ou t  f o r  such inputs  (see Section 3 .2 ) .  

Turning t o  the  question of spec t r a l  cont inui ty ,  Marr (1976) pointed out  
t h a t  it is  both poss ible  and des i rable  t o  use a r u l e  of spec t r a l  con- 
t i n u i t y  t o  guide the preliminary se lec t ion of channel measurements p r i o r  
t o  t h e i r  i n t e rp re t a t ion  a s  a descr ip t ive  element. Thus i f  t he  d i s t r ibu -  
t i on  of channel outputs is  unimodal, a s ing le  descr ip t ive  element is 
parsed; on the  other  hand, i f  t he re  is a s p l i t  i n t o  two groups then the  
assumption i s  made t h a t  each group comes from a d i f f e r e n t  e n t i t y  i n  the 
image and a separa te  descr ip t ion is obtained f o r  each group, so t h a t  f o r  
example a sharp l i n e  can be parsed a s  ' s i t t i n g  on top o f '  a blurred blob. 

5 .2  Spat ia l  Uniqueness: A Constraint About The World Jus t i fy ing ?"ne 
Binocular Use of Correspondences Between Channels 

I t  is poss ible  t o  j u s t i f y  our binocular deployment of cross-channel 
correspondences i n  terms of the cons t r a in t s  imposed by objects  i n  the 
world. Here the re levant  cons t r a in t  is  s imi lar  t o  Constraint 1 of Marr 
and Poggio (1976), namely " tha t  a given point  on a physical surface has 
a unique posi t ion i n  space a t  any one time". However, our use of t h i s  
cons t r a in t  is sub t l e ly  but  importantly d i f f e r e n t  from t h a t  of Marr and 
Poggio. We p re fe r  t o  emphasise what might loosely be termed the converse 
of Marr and Poggio's Constraint 1. That is, we f ind  it more helpful  t o  
say t h a t  "a given locat ion i n  space can hold only one object  a t  any one 
time", a formulation we c a l l  the  Constraint of Spa t i a l  Uniqueness. The 
straightforward implication of t h i s  formulation is t h a t  any given dispar i ty /  
posi t ion locat ion should carry  a symbolic descr ip t ion of s imi lar  f igu ra l  
type i n  the l e f t  and r i g h t  eye views, and t h a t  r ival rous  matches a r e  
therefore  t o  be re jec ted.  Hence the use of cross-channel combination 
ru l e s  t o  guide binocular fusion f inds  i ts  computational j u s t i f i ca t ion  
qu i t e  readi ly  i n  terms of cons t r a in t s  imposed by objects .  

I t  is  perhaps worth mentioning a t  t h i s  point  t h a t  the  binocular matching 
r u l e  which we e x t r a c t  from the  Constraint of Spat ia l  Uniqueness is very 
d i f f e r e n t  from the r u l e  which Marr and Poggio (1976) ex t r ac t  from t h e i r  
equivalent const ra in t .  They elaborated a r u l e  which s t a t e s  t h a t  "each 
item from each image may be assigned a t  most one d i spa r i ty  value". 



Unfortunately, this r u l e  f l a t l y  contradic ts  the  usual i n t e rp re t a t ion  oP 
Panum's Limiting Case ( i . e .  the  in t e rp re t a t ion  which assumes t h a t  a 
fea ture  i n  one eye 's  image can be matched t o  more than one f ea tu re  i n  the  
o ther  eye 's  image). Marr and Poggio themselves r e f e r  this d i f f i c u l t y  
but  note that when t h e i r  uniqueness assumption is viola ted ,  then the  
algorithm can be made t o  assign a match which is  unique from one image 
but  not  from the other  (they c i t e  O.J .  Braddick, i n  prepara t ion) .  We, 
however, avoid t h i s  d i f f i c u l t y  a l together  simply by avoiding Marr and 
Poggio's matching ru l e .  Instead, our formulation of the  Constraint of 
Spat ia l  Uniqueness and i ts  associa ted  r u l e  of u t i l i s i n g  between-channel 
s p a t i a l  correspondences copes e a s i l y  and na tu ra l ly  with Panum's Limiting 
Case. This is because it makes evident sense within ou t  own conceptual 
framework t o  parse  ou t  separa te  descr ip t ive  elements ex i s t ing  i n  
d i f f e r e n t  d ispar i ty /posi t ion locat ions  when the  stimulus input  is  a 
s ingle  l i n e  i n  one eye and two side-by-side l i n e s  i n  the o ther  eye. 

5 .3  Psychophysical Evidence Supporting The Binocular Combination Rule 
of Cross-channel Correspondences. 

We have reported elsewhere ce r t a in  con t ra s t  summation e f f e c t s  operating 
across s p a t i a l  frequencies a t  stereothreshold and how these support t he  
notion of cross-channel g lobal  disambiguation processes i n  human s tereopsis  
(Mayhew and Fr isby,  197813). We now describe two fu r the r  s tudies  on t h i s  
theme bu t  based on q u i t e  d i f f e r e n t  psychophysical paradigms. 

5.3.1. The Case of t he  Missing Fundamental 

One l i n e  of evidence which has l e d  us t o  believe t h a t  cross-channel 
combination r u l e s  p lay a r o l e  i n  guiding binocular fusion comes from an 
invest igat ion we have conducted (Mayhew and Frisby, 1980b) i n t o  the b i -  
nocular fusion of square wave gra t ings  with a missing fundamental 
( f igures  l a  and l b ) .  Disparate waveforms of t h i s  kind present  i n t e r e s t -  
ing ambiguities about which l e f t / r i g h t  zero crossing matches a re  t o  be 
se lec ted.  For example, consider f igu re  I d  which shows a magnified sample 
of the luminance p r o f i l e  on the  l e f t  eye ' s  image. When convolved with a 
s p a t i s l  frequency channel whose centre  frequency is  t h a t  of the 3rd 
harmonic of the  gra t ing,  zero crossings found fo r  t h i s  sample a r e  a s  
displayed i n  I f  (channel tuning modelled on the  psychophysical data of 
Wilson and Giese, 1977). The in t e re s t ing  ambiguity within t h i s  sample 
i s  i l l u s t r a t e d  i n  connection with one pa r t i cu la r  zero crossing, t h a t  
i den t i f i ed  with a v e r t i c a l  dotted l i ne .  Note t h a t  it der ives  from the 
edge marked with a small arrow i n  the  luminance p r o f i l e  of ld .  Note 
a l so  t h a t  it can i n  pr inciple  be matched t o  a t  l e a s t  two zero crossings 
i n  the l e f t  eye 's  convolution p ro f i l e :  these a re  shown i n  l e ,  a l so  with 
v e r t i c a l  dot ted  l i n e s  and again the p a r t s  of the luminance p r o f i l e  from 
which they derive a r e  shown w i t h  small arrows, t h i s  time i n  f igure  l c .  

Now due t o  the  f a c t  t h a t  the  s tereopair  of l a / l b  possesses a f a i r l y  
large  d i spa r i ty  (greater  than half  the period of the 3rd harmonic i n  
f a c t ) ,  t he  co r rec t  zero crossing match ( the  leftmost one shown i n  
f igures  l e  and I f )  i s ,  a s  f a r  a s  Marr and Poggio's (1979) model is  
concerned, outside the allowable range f o r  the channel under consideration 
Consequently, Marr and Poggio's model would p red ic t  t h a t  within t h i s  
channel the  smaller-disparity inco r rec t  match would be the one se lec ted 
( the  rightmost one shown i n  f igu res  l e  and I f ) .  Therefore, i f  t h i s  channel 
was the one c r i t i c a l l y  mediating the  perceived s tereopsis ,  the predicted 
psychophysical r e s u l t  would be the  percept of a gra t ing receding r e l a t i v e  
t o  i ts  surround 



(for crossed-eye fusion of l a  and l b ) .  This argument is  borne out by 
a computer simulation of Marr and Poggio's algorithm which we have run 
on t h i s  stereogram and which does indeed choose the receding match. 
I n  marked contrast with this prediction, the depth e f fec t  which i s  
actually seen is  t h a t  of a protruding grating. That is, the human visual 
system selects  the correct dispari ty  match, despite the f a c t  t h a t  it is  
of a s ize tha t  puts it out of range for  the type of channel being 
considered and despite the fac t  that  an al ternat ive within-range match 
i s  potentially available. 

Fig. 1 The missing fundamental stereopair.  See Section 5.3.1 
for detai ls .  A and V refer  t o  positive and negative 
zero crossings respectively. 



Thus what seems t o  be happening i n  the case of the missing fundamental 
stereogram is t h a t  stereopsis is based on the different  types of edges 
i n  the luminance profi le ,  ra ther  than on zero crossing matches found and 
processed independently within spa t ia l  frequency tuned stereopsis 
channels. This conclusion i s  very much in keeping with the BRPS conject- 
ure, because it requires t h a t  local matches foundin a l l s p a t i a l  £re- 
quency channels a re  considered jointly and i n  para l le l ,  i n  an endeavour 
t o  f ind the best f i t t i n g  binocular edge descriptions consistent with 
the t o t a l  data provided by these channels. 

HIGH & A Q  r & A Q  0 6  A Q v ~ A Q  v & ( d  

Fig. 2 Measurement primitivesextracted from relat ively high and 
low spa t ia l  frequency channels from l e f t  and r igh t  
luminance profi les  of the missing fundamental stereopair. 
See Section 5.3.1 for detai ls .  



This general scheme of binocular combination is  i l l u s t r a t e d  i n  f igu re  2. 
Samples of l e f t  and r i g h t  luminance p r o f i l e s  of the missing fundamental 
s t e reo  p a i r  a r e  shown i n  2a and 2f ,  and i n  between these a r e  shown peaks 
and zero crossings discovered from these samples within two s p a t i a l  frequency 
tuned channels (2b-e). Spa t i a l  coincidence (defined here a s  measurement 
pr imi t ives  of the  same type found i n  the  same r e l a t i v e  locat ions  i n  both 
channels) occurs where v e r t i c a l  dot ted  l i n e s  a re  shown l inking the  
channel pr imi t ives  t o  the luminance p ro f i l e s .  The E and B symbols r e f e r  
t o  edge and bar asse r t ions  which would be ext ractable  i n  each case. Given 
the  BRPS conjecture,  t h i s  process would be ef fected binocularly,  with 
consequent elimination of the  ambiguities ex i s t inb  within each channel 
considered a s  a separa te  en t i ty ,  

Certain poss ible  object ions  t o  using the missing fundamental s t e reo  p a i r  
t o  support the  BRPS conjecture do, however, need t o  be considered: 

F i r s t , i t  might be asked whether a c t i v i t y  i n  o the r  channels could provide 
a co r rec t  resolut ion of the  ambiguity, without recourse t o  the  type of 
processing envisaged by the  BRPS conjecture. But i n  this connection, we 
note t h a t  channels dealing with frequencies higher than the  3rd harmonic 
a r e  no b e t t e r  off than the  channel i l l u s t r a t e d  i n  f igu re  1 (which is  
centred on the 3rd harmonic). Such channels would make j u s t  the same 
choice, considered a s  independent e n t i t i e s ,  with the  co r rec t  match always 
o u t  of range. And a s  f a r  a s  channels tuned t o  lower s p a t i a l  frequencies 
a r e  concerned, channels which would of course have the  range capable of 
dealing with the  co r rec t  d i spa r i ty  i n  the  stimulus, t he  f a c t  t h a t  the  
s t e reo  gra t ing i s  missing i ts  fundamental means t h a t  these channels would 
inevi tably  be only weakly stimulated ( i f  indeed a t  a l l ) .  More importantly, 
even i f  st imulated such 1ow.frequency channels would tend t o  'see* j u s t  a 
simple s ine  wave. Sine waves a r e  notoriously ambiguous s t e reo  s t imul i  fo r  
which the  lowest d i spa r i ty  solut ion is  invar iably  se lec ted,  a f a c t  i l l u s t r a t -  
ed by the  lower hal f  of f igu re  3 which shows the  missing fundamental s t e reo  
p a i r  f i l t e r e d  t o  reveal  only i ts  3rd harmonic. I n  t h i s  hal f  of f igure  3 ,  
receding depth is  seen with crossed-eye fusion - the  ' incorrect '  so lut ion 
f o r  the  missing fundamental stereogram i t s e l f ,  a r e s u l t  which contras ts  
n ice ly  with what is seen i n  the  upper hal f  of f igu re  3 i n  which the 
higher harmonics of t he  missing fundamental waveform a r e  present ,  with the 
consequent r e s u l t  t h a t  protzuding depth is  once again evident,  

Secondly, it might perhaps be maintained t h a t  co r rec t  s t e reops i s  could be 
achieved by an independent channels model of the  Marr and Poggio kind i f  
i n i t i a l  l e f t / r i g h t  zero crossing matches were r e s t r i c t e d  only t o  those of 
roughly s imi lar  slope (adding t h i s  r e s t r i c t i o n  t o  the  already ex i s t ing  
ones of s imi lar  con t ra s t  sign and s imi lar  or ienta t ion:  Marr and Poggio 
r e f e r  t o  t h i s  p o s s i b i l i t y  b r i e f l y  i n  connection with s t e reops i s  and Marr 
and Hildreth d iscuss  i t s  advantages more general ly) .  Slopes f o r  zero 
crossings within the  channel i l l u s t r a t e d  i n  f igure  1 a re  not  i n  f a c t  very 
d i f f e ren t  but  fo r  higher frequency channels the s lopes  do become progress- 
i ve ly  d i s t i n c t .  However, f o r  these higher s p a t i a l  frequency channels the 
d i spa r i ty  t o  be processed is  well  outs ide  the range allowed by the  model. 
Use of slope information i s  a l s o  not  without o ther  problems a s  f a r  a s  
s t e reops i s  is  concerned. For example, it is  well known t h a t  s t e reo  p a i r s  
of widely d i f f e r ing  contras ts  can r ead i ly  be fused and t h i s  would seem 
impossible i f  i n i t i a l  l oca l  matches were r e s t r i c t e d  i n  a slope bound way. 
I f  it be thought t h a t  t h i s  consideration could be circumvented by some 
kind of 'normalisation'  p r i o r  t o  es tabl ishing loca l  matches, then the way 



i n  which t h i s  might be done needs t o  be ca re fu l ly  considered. We would 
argue t h a t  any normalisation i s  most sens ibly  done loca l ly  i n  connection 
with a r r iv ing  a t  binocular asser t ions ,  f o r  example perhaps by seeking 
pa r t i cu la r  r a t i o s  of a c t i v i t y  i n  l e f t / r i g h t  channels. Since it is  the 
r e l a t i v e  a c t i v i t y  i n  the  various channels which is used t o  determine the 
raw primal sketch element t h a t  is  t o  be asser ted ,  t h i s  proposal na tu ra l ly  
leads s t r a i g h t  back t o  the  BRPS conjecture.  

It is  worth noting t h a t  160 msec presenta t ions  of the  missing fundamental 
s t e reo  p a i r  still produce co r rec t  s tereopsis ,  so  t h a t  any important 
involvement of the  vergence mechanism seems ruled out,  and a l s o  t h a t  we 
have done a s imi lar  analys is  of t h i s  stereogram using peaks r a the r  than 
zero crossings,  with exact ly  the same conclusions. 

Final ly ,  it is  worth pointing out  t h a t  i n  the  case of the  missing 
fundamental s t e reo  p a i r ,  where the  ghosts and co r rec t  t a rge t s  show equal 
f igu ra l  cont inui ty ,  we f ind  t h a t  cross-channel correspondences a re  
su f f i c i en t .  I n  most images, of course, the two combination ru l e s  could 
be applied simultaneously t o  g rea t  advantage. 

Fig. 3 Stereogram whose upper hal f  is  composed of the 
missing fundamental waveform described i n  f igu re  1 and 
whose lower half  i s  t h a t  waveform f i l t e r e d  t o  reveal j u s t  
the  3rd harmonic. Opposite depth e f f ec t s  a re  obtained i n  
each hal f :  see Section 5.3.1 fo r  d e t a i l s .  



5.3.2 Spat ia l  Frequency F i l t e r e d  Stereograms Portraying Corrugated Surfaces 

Other psychophysical evidence implicating the use of cross-channel 
correspondences by the  mechanisms of human s t e reops i s  comes from a 
study using the horizontally-corrugated stereogram re fe r r ed  t o  e a r l i e r .  
The d e t a i l s  of t h i s  study a r e  described i n  the  f u l l  version of this paper 
(Mayhew and Frisby, 1 9 8 0 ~ ) .  In b r i e f ,  the study showed t h a t  low s p a t i a l  
frequency information which on i ts  own was not  capable of providing a 
solut ion t o  the  required psychophysical discrimination nevertheless 
f a c i l i t a t e d  disambiguation of the high s p a t i a l  frequency content necessary 
f o r  the discrimination. This was t r u e  even i n  the absence of eye move- 
ments. 

In the  next sect ion we describe a computational experiment which demon- 
s t r a t e s  the po ten t i a l  value of cross-channel correspondences f o r  
solving both the  missing fundamental and corrugated surface stereograms. 

5.4 A Computer Simulation Demonstrating Binocular Use of c'ross-Channel 
Correspondences 

We have devised an algorithm (cal led  FRECKLES: Mayhew and Frisby, 1980a) 
which uses peaks and zero crossings a s  measurement pr imi t ives  t o  a r r i v e  
a t  monocular raw primal sketch a s se r t ions ,  and we a re  present ly  engaged 
i n  extending t h i s  algorithm t o  cope with binocular inputs  i n  a manner 
consis tent  with the  ERPS conjecture and a s  already outlined i n  p r inc ip le  
i n  connection w i t h  the missing fundamental s t e reo  pa i r  ( f igure  1). 
However,by way of evaluating the  BRPS conjecture i n  general terms, we now 
describe an interim study which demonstrates t h a t  cross-channel correspond- 
ences can i n  p r inc ip le  provide a powerful bas i s  f o r  the computation of a 
local  piece-wise binocular corre la t ion.  

Figure 4 i l l u s t r a t e s  a s t e reo  algorithm which takes advantage of cross- 
channel correspondences a t  what might be termed a 'pre-parsing' l eve l .  
The algorithm is based upon th ree  monocular s p a t i a l  frequency tuned 
channels (which is  probably the  sensible  minimum t o  employ: two only 
were shown i n  f igu re  2 f o r  s impl i c i ty ) .  For each locat ion (point )  i n  
one eye 's  image, a t r i p l e t  of channel measurement pr imi t ives  found a t  
t h a t  locat ion (an example i s  shown a t  the top of f i g u r e  4 )  is  corre la ted  
with a l l  other t r i p l e t s  found f o r  locat ions  i n  the o ther  eye 's  image 
within a d i spa r i ty  range which defines Panum's fus ional  area  fo r  the 
algorithm (what range seems sensible  is p resen t lyamat t e r  of i nves t iga t ion ) .  
The co r re l a t ion  coe f f i c i en t  which we employ t o  discover the measllre of 
agreement between l e f t  and r i g h t  t r i p l e t s  i s  a f a i r l y  crude s t a t i s t i c  but  
we suspect t h a t  almost any sensible  weighting f o r  the s t a t e  of agreement 
between individual measures comprising each t r i p l e t  w i l l  suff ice .  Thus 
fo r  each s p a t i a l  frequency, s imi lar  measurement pr imi t ives  of s imi lar  
contras t  s ign a r e  weighted pos i t ive ly ,  and mis-matched pr imi t ives  ( i . e .  
' r i va l rous '  ones of d i f f e r e n t  type) a re  weighted negatively.  N i l  e n t r i e s  
a re  allowed i n  each t r i p l e t  ( i . e .  n i l  means the absence of a meaSUrement 
pr imi t ive)  and i f  a n i l  ent ry  i n  one monocular t r i p l e t  is  coupled w i t h  a 
peak or  zero crossing i n  a t r i p l e t  from the other  eye then t h i s  too reduces 
the corre la t ion score. The d e t a i l s  a r e ,  however, unimportant: su f f i ce  it 
t o  say t h a t  t h i s  type of cross-channel corre la t ion f inds  the missing 
fundamental s t e reo  pa i r  t r i v i a l l y  easy, and it can a l so  reduce t o  
negl ig ible  proportions the  population of ghost matches f o r  a 1 D  s l i c e  of 
a densely-textured randon dot  stereogram (f igure  51, even over a d i spa r i ty  
range more than twice a s  g rea t  a s  t h a t  allowed fo r  the lowest s p a t i a l  
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Fig.  4 A s t e r e o  algorithm taking ddvantage of cross-channel 
correspondences a t  a pre-parsing l eve l .  In the  upper p a r t  of 
the f igure  i s  shown a t r i p l e t  of measurement pr imi t ives  found i n  
three  monocular s p a t i a l  frequency channels a t  a pa r t i cu l a r  location 
( ' p o i n t ' ) .  Below t h i s  t r i p l e t  i s  shown a sample of t r i p l e t s  found 
i n  the  o ther  f i e l d  f o r  locat ions  within a given d i spa r i t y  range 
t h a t  def ines  Panm ' s  fus ional  area  f o r  the  algorithm. In the 
bottom row a r e  shown the  r e s u l t s  of co r r e l a t i ng  the upper t r i p l e t  
with each of the  middle t r i p l e t s :  t h i s  bottom row thus d isplays  
the  preliminary s tage  of cross-channel binocular combination a s  
f a r  a s  the  upper t r i p l e t  is concerned. I t  is  an easy matter t o  
weight the  kinds of measurement pr imi t ive  matches found fo r  each 
s p a t i a l  frequency (see Section 5.4 f o r  fu r the r  comment on t h i s )  t o  
enable s e l ec t ion  of the  co r r ec t  t r i p l e t  match. In the  i l l u s t r a t e d  
case,  t he  t r i p l e t  on the  extreme r i g h t  i s  appropr ia te ly  se lec ted  a s  
' co r r ec t '  because it possesses only co r r ec t  matches (M). A l l  o the r s  
possess e i t h e r  r i va l rous  matches (R) o r  they contain pr imi t ives  f o r  
one eye ' s  view only (U - uniocular ) ,  there  being no pr imi t ive  a t  a l l  
found i n  t he  o the r  eye ' s  t r i p l e t .  Note t h a t  each pos i t i ve  o r  nega- 
t i v e  pr imi t ive  could be e i t h e r  a zero crossing o r  a peak and t h a t  a 
r i va l rous  match would be logged i f  pr imi t ives  of these  d i f f e r e n t  
types were found. 



frequency tuned channel  i n  Marr and Poggio 's  (1979) algori thm. Moreover, 
we f i n d  t h a t  it can cope wi th  a cor ruga ted  s u r f a c e  o f  t h e  k ind  d i s c u s s e d  
i n  Sec t ion  5.3.2, wi th  e a s y  s e l e c t i o n  of  c o r r e c t  matches i n  t h e  peak and 
t rough  zones and degraded b u t  n e v e r t h e l e s s  adequate performance f o r  t h e  
r e g i o n s  o f  t e x t u r e  d e a l i n g  w i t h  t h e  s l o p e s  l i n k i n g  each peak and trough.  

- - 
P o s l t l o n  In Rlght  Eye P o s i t i o n  i n  Right Eye 

F ig .  5 A demonstrat ion of b inocular  cross-chanr,el combination 
f o r  a  1 D  s l i c e  of a  random d o t  s tereogram. In  ( a )  1 s  
shown the  ghos t  s t r u c t u r e  f o r  t h i s  s l i c e  i f  p o t e n t c a l  
l o c a l  matches a r e  def ined  simply a s  black-for-black o r  
white-for-white p i x e l  matches. The c o r r e c t  d i s p a r i t y  
p lane  is  zero  s o  t h a t  t h e  c o r r e c t  matches a r e  those 
l y i n g  on t h e  d iagonal .  A s  can be seen ,  on t h i s  b a s i s  
t h e  r e l a t i v e l y  f i n e  t e x t u r e  of the  stereogram h i d e s  t h e  
c o r r e c t  matches wi th in  an enormous pool  of  p o s s i b l e  
matches. In  ( b ) ,  t h e  same 1 D  s l i c e  is i n p u t  b u t  now t h e  
ghos t  s t r u c t u r e  i s  shown when each p o t e n t i a l  l o c a l  match 
i s  based on t h e  d i scovery  of  a  matching peak o r  zero  
c r o s s i n g  p r i m i t i v e  of  s i m i l a r  c o n t r a s t  s i g n  i n  any and 
a l l  s p a t i a l  frequency channels .  I t  t h u s  d e f i n e s  t h e  
ghos t  s t r u c t u r e  f o r  an independent channels  model of  
s t e r e o p s i s .  The f i l l e d - i n  squares  of  ( b )  a r e  those  
matches s e l e c t e d  by t h e  cross-channel  s t e r e o a l g o r i t h m  
descr ibed  i n  Sec t ion  5 .4  and i l l u s t r a t e d  i n  f i g u r e  4 .  



A full evaluation of our cross-channel algorithm which compares it 
against other image-processing cross-correlation techniques will be the 
subject of a further report. Suffice it to say for the present that our 
preliminary studies have been very encouraging, returning much sharper 
autocorrelation functions than classical techniques. Most importantly 
for present purposes, the algorithm demonstrates that cross-channel 
correspondences can in principle provide an excellent basis for binocular 
combination, and therefore that the BRPS conjecture gains considerable 
support from this computational experiment. This is particularly so 
when it is realised that each channel on its own suffers a fairly dense 
ghost structure (figure 5) for the random dot stereogram used to explore 
the properties of the algorithm to date. 

5.5 Summary 

To summarise this section, it seems that the processes of human binocular 
combination optimally combine patterns of zero crossing and peak matches 
presented in parallel by several spatial frequency channels. Matches 
are not chosen independently of their cross-channel context but instead 
selected according to cross-channel combination rules and interpretive 
constraints forced by the requirement to produce a coherent binocular 
description of the local intensity changes in the scene. Our psycho- 
physical data challenge any model based purely on the independent 
within-channel processing of zero crossings and peaks, such as that of 
Marr and Poggio (1979; see also Frisby and Mayhew, 19771, and our 
computational experiments demonstrate that cross-channel correspondences 
are in fact capable of aiding binocular combination in a powerful fashion. 
Whether cross-channel correspondences that violate the principle of 
spectral continuity should be used for disambiguation is currently the 
subject of psychophysical investigation. 

6 Micropattern Matching vs. The BRPS Conjecture 

It might be wondered whether the BRPS conjecture is equivalent to the 
oft-cited idea that the stereo ambiguity problem might be resolvable by 
matching similar micropatterns in the two eyes' views. Julesz considered 
just such an idea at the outset of his research programme using random 
dot stereograms but quickly rejected it following a simple experiment. 
Thus he found that if equivalent left/right micropatterns were perturbed 
by changing the diagonal connectivities between neighbouring points in 
one eye's image, then stereopsis survived despite the radically different 
appearance of the left and right eye images which this procedure creates 
(Julesz, 1960). One might add to this line of evidence Julesz's 
demonstration that stereopsis also survives strongly blurring one image, 
again despite the remarkably different left/right micropatterns that this 
procedure creates (see Julesz(l97l)for stereo illustrations relating to 
both these experiments). One is forced to conclude that as far as 
human stereopsis is concerned, disparity extraction cannot be mediated 
solely by matching exactly similar micropatterns in each eye's view. We 
would add to this the fact that high pass filtered textures which 
preserve the micropattern structure of the original are more difficult 
stimuli to fuse than would be expected were micropatterns used as match- 
ing primitives. 

The BRPS conjecture proposes a form of binocular combination that takes 
advantage of local figural information, but note that the stereo algo- 
rithm described in Section 5.4 and developed with the BRPS conjecture 



i n  mind does no t  require  iden t i ca l  micropatterns i n  the  two f i e l d s  f o r  
it t o  work s a t i s f a c t o r i l y .  A t  l e a s t  i n  p r inc ip le  (and we a re  current ly  
exploring d e t a i l s  of implementation), the  cross-channel t r i p l e t  matching 
we have proposed copes na tu ra l ly  and eas i ly  with many kinds of l e f t / r i g h t  
per turbat ions  which it is  known human s t e reops i s  can surmount, such a s  
those described i n  the preceding paragraph. That is, t h i s  type of s t e reo  
algorithm w i l l  f i nd  a ' bes t  f i t '  co r re l a t ion  of the two f i e l d s  without 
i n s i s t i n g  t h a t  the  corre la t ion be pe r fec t .  A l l  t h a t  is  required is t h a t  
some spec t r a l  overlap e x i s t s  between the  l e f t  and r i g h t  textures .  
In teres t ingly ,  t h i s  is  j u s t  the  requirement which human s t e reops i s  seems 
t o  demand, because l a rge  spec t r a l  d i f ferences  produce marked binocular 
r i v a l r y  (Mayhew and Frisby, 1976; Frisby and Mayhew, 1978). 

7 Concluding Remarks 

We suggest t h a t  t he  local  and global  combination r u l e s  l i s t e d  above w i l l  
be a s u f f i c i e n t  bas i s  f o r  obtaining global s tereopsis  from most s t e reo  
inputs.  They w i l l  c l ea r ly  f a i l  i n  ce r t a in  s i tua t ions ,  however, fo r  
example those involving s t r i c t l y  r e p e t i t i v e  sub-patterns of the  kind 
used t o  create  ambiguous random do t  stereograms (Julesz,  1971) and 
e f f e c t s  such a s  the  wallpaper i l l u s ion .  But r e p e t i t i v e  pa t t e rns  pose 
problems f o r  any s t e reo  algorithm because a l t e rna t ive  coherent and 
s t ab le  fusions a r e  i n t r i n s i c  t o  t h e i r  design. The human v i sua l  system 
seems t o  deal  with them simply by choosing t h a t  s e t  of d i spa r i ty  
matches c l o s e s t  t o  the  f ixa t ion  plane (Julesz and Chang, 1976) and 
by not allowing fusions which would be s p a t i a l l y  incoherent. That is, 
a t  any one moment the  human visual  system seems t o  r e j e c t  binocular 
asser t ions  which would amount t o  posi t ing elements ex i s t ing  i n  d ispar i ty /  
posi t ion locat ions  t h a t  would e n t a i l  them being masked i n  both eyes '  
views by other  elements asser ted  i n  other occluding locations.  This 
need not  be thought of a s  an ad hoc r e s t r i c t i o n  because it could be 
based on what might be ca l led  the 'opacity cons t r a in t '  presented by 
objects  i n  the  world, i . e .  i f  a non-transparent e n t i t y  is  asser ted  i n  
a given locat ion then it is  sensible  not t o  a s s e r t  o ther  e n t i t i e s  
hidden behind it which could not  be seen from e i t h e r  eye 's  viewpoint. 
The use of t h i s  cons t r a in t  would not preclude Panum's l imi t ing case 
and it is  consis tent  with the  l imi ted  subset of  perceptual outcomes 
t h a t  appear f o r  s t e reo  inputs  of the  n a i l  i l l u s i o n  kind. 

There are ,of  course, many o the r  problems t o  be solved fo r  a 
'complete' model of s tereopsis .  For example, it i s  necessary t o  face 
the problems posed by the  need t o  in t e rpo la t e  d i s p a r i t y  assignments 
t o  those regions of the f i e l d  of view between binocular raw primal sketch 
asser t ions .  This en te r s  the domain of processing required fo r  the 
2 f D  sketch (Marr and Nishihara, 1978), a representa t ion of surfaces 
and t h e i r  o r i en ta t ions  i n  depth based upon many cues besides d i spa r i ty  
and a processing object ive  beyond the  scope of t h i s  paper. 
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Abstract 

Hou does a piece o f  t e x t  p rov ide the in format ion  necessary f o r  generating a 
symbolic "meaning" and how can a computer program be organised t o  p i c k  up 
tha t  informat ion? The uork described here aims t o  invest iga te  some o f  the  
const ra in ts  on the t im ing  o f  semantic i n te rp re ta t i on .  I n  par t icu lar ,  ue 
are i n te res ted  i n  seeing t o  uhat extent the meaning can be b u i l t  up i n  an 
incremental uay as the  ana lys is  proceeds from l e f t  t o  r i gh t .  We Look a t  
some problems o f  noun phrase i n t e r p r e t a t i o n  i n  such a scheme and i nd i ca te  
some representa t iona l  ideas t h a t  he lp  t o  overcome them. This paper i s  a 
b r i e f  summary o f  a forthcoming PhD thes i s  CMellish 801. 

Keywords 

Parsing, reference evaluation, q u a n t i f i c a t i o n  i n  na tu ra l  language, 
computational l i n g u i s t i c s .  

In t roduct ion  

Hou would noun phrases be t reated i n  a system f o r  semantic i n t e r p r e t a t i o n  
t ha t  worked s t r i c t l y  Lef t - to - r igh t?  Semantic ana lys is  o f  a noun phrase 
might be expected t o  immediately determine the set  o f  ob jec ts  i n  the  u o r l d  
tha t  i t  re fe rs  to. This is, o f  course, an impossible requirement, f o r  many 
noun phrases i n  themselves on l y  g i ve  incomplete in format ion  about t h e i r  
referents.  Even i f  we make use o f  the combined syntac t ic  and semantic 
context coming before a noun phrase, i t  i s  s t i l l  o f t en  impossible t o  
determine on the spot exact ly  what i s  involved. We consider here tuo  areas 
where Lef t - to - r igh t  ana lys is  encounters problems - d e f i n i t e  reference 
evaluat ion and the i n t e r p r e t a t i o n  o f  i n d e f i n i t e  nounphrases. For each, we 
i nd i ca te  how appropr iate choices o f  representat ion enable the idea o f  l e f t -  
t o - r i gh t  processing t o  be l a rge l y  retained. 

Basic Frameuork 

The ideas presented i n  t h i s  paper are ambodied i n  a working computer 
program CMell ish 791 tha t  was developed as pa r t  o f  a system t o  solve 
mechanics problems s ta ted i n  Engl ish CBundy 791. I n  t h i s  system, a model o f  
the smal l  world described by a mechanics problem i s  kept i n  the form o f  a 
database o f  Predicate Calculus formulae. Objects i n  the u o r l d  are 
represented here by constant symbols, and poss ib le  re la t i onsh ips  between 



them by p r e d i c a t e  symbols. S ince  t h e  p o s s i b l e  wor lds  a r e  a l l  f i n i t e  and t h e  
i n f o r m a t i o n  conveyed i n  a mechanics problem i s  n o r m a l l y  f u l l y  spec i f i c ,  i n  
p r a c t i c e  t h e  formulae a r e  o f  a r e s t r i c t e d  s o r t .  T h i s  f a c t  i s  used i n  
c e r t a i n  assumptions t h a t  our  program makes, namely: 

- Each noun phrase r e f e r s  t o  a f i n i t e  number o f  ob jec ts .  

- I t  i s  n o t  necessary t o  d e a l  w i t h  t h e  l o g i c a l  o p e r a t o r s  ' o r '  o r  
' n o t '  i n  connec t ion  w i t h  i n f o r m a t i o n  about t h e  w o r l d  ( t h e  w o r l d  
model i s  a s imp le  c o n j u n c t i o n  o f  f a c t s ) .  

- I t  i s  a l s o  n o t  necessary t o  d e a l  w i t h  f u l l  q u a n t i f i c a t i o n  (over  
se ts  which cannot be  c o n v e n i e n t l y  enumerated) i n  t h i s  context .  

I t  remains t o  be seen t o  what e x t e n t  our  work can be extended t o  handle 
domains where these assumptions do n o t  hold. 

D e f i n i t e  Reference E v a l u a t i o n  

An impor tan t  paper by R i t c h i e  CRi tch ie  763 discusses some o f  t h e  problems 
o f  c a r r y i n g  o u t  semantic i n t e r p r e t a t i o n  on a l o c a l  bas is .  R i t c h i e  makes two 
main points ,  which a r e  c l o s e l y  r e l a t e d  t o  t h e  problem o f  re fe rence  
eva lua t ion .  F i r s t l y ,  whether an i n t e r p r e t a t i o n  i s  s e m a n t i c a l l y  anomalous 
(eg whether an i n a p p r o p r i a t e  r e f e r e n t  has been chosen) cannot i n  genera l  be 
decided loca l l y ,  b u t  can o n l y  be eva lua ted  w i t h i n  a g l o b a l  system o f  
"preference" CWilks 753. Secondly, impor tan t  "envi ronmental "  f a c t o r s  (such 
as t h e  r e l e v a n t  t i m e  per iod )  may be unknown when a phrase i s  evaluated.  
Because o f  th i s ,  i t  may n o t  even be p o s s i b l e  t o  o b t a i n  reasonably s i z e d  
s e t s  o f  cand ida te  r e f e r e n t s  l o c a l l y .  

Whi le  we f u l l y  agree w i t h  R i t c h i e ' s  points ,  we f e e l  t h a t  t h e r e  a r e  
i n t e r e s t i n g  problems i n  l o c a l  re fe rence  e v a l u a t i o n  even i n  examples where 
t h e  cand ida te  s e t s  a r e  s m a l l  and semantic anomaly i s  f a i r l y  c lea r -cu t .  
There fo re  these  p a r t i c u l a r  i s s u e s  w i l l  n o t  be considered f u r t h e r  here. I n  
our  s i m p l i f i e d  view, d e f i n i t e  re fe rence  e v a l u a t i o n  can be seen as t h e  t a s k  
o f  i n s t a n t i a t i n g  a v a r i a b l e  w i t h  a va lue  t h a t  s a t i s f i e s  a s e t  o f  
c o n s t r a i n t s .  The c o n s t r a i n t s  a r i s e  b o t h  f rom t h e  e x p l i c i t  i n f o r m a t i o n  g i v e n  
i n  t h e  d e f i n i t e  d e s c r i p t i o n  and f rom p r e c o n d i t i o n s  ("semantic checks") 
assoc ia ted  w i t h  r e l a t i o n s h i p s  t h a t  t h e  r e f e r e n t  i s  t a k i n g  p a r t  i n .  
Consider t h e  r e f e r e n t  o f  " it" i n  t h e  sentence: 

A r o d  i s  supported b y  a s t r i n g  a t tached  a t  i t s  ends. ( 1 )  

Because o f  what t h e  word "it" means, t h e  r e f e r e n t  must be inanimate and 
s ingu la r .  Further, because o f  p r e c o n d i t i o n s  f o r  t h e  r e l a t i o n s h i p s  i t  i s  
i n v o l v e d  in, i t  must be something a b l e  t o  have ends, and i t s  ends must be 
t h i n g s  p h y s i c a l l y  capable o f  b e i n g  a t tached  t o  t h e  s t r i n g .  C o n s t r a i n t s  
a f f e c t i n g  t h e  e v a l u a t i o n  o f  a re fe rence  may a r i s e  a t  many p laces  i n  t h e  
ana lys is .  I s  i t  p o s s i b l e  t o  arrange f o r  t h e i r  s a t i s f a c t i o n  t o  t a k e  p l a c e  
w i t h i n  a " l e f t - t o - r i g h t  semantics" framework? 

We propose a s t r a t e g y  t h a t  a t tempts  t o  keep a l l  i t s  o p t i o n s  open u n t i l  t h e  



accumulated const ra in ts  have narrowed the poss ib le  i n te rp re ta t i ons  t o  one. 
This i s  not a  simple postponement o f  reference evaluation, f o r  i t  i s  
poss ib le  t o  use in format ion  about par t ia l l y -eva luated references t o  
in f luence uhich p o s s i b i l i t i e s  i n  the parsing are considered. Nor i s  t h i s  a  
simple s u b s t i t u t i o n  o f  b read th - f i r s t  f o r  dep th - f i r s t  search, f o r  the use o f  
appropr iate p a r t i a l  representat ions enables common paths t o  be merged u n t i l  
a  choice i s  abso lu te ly  necessary. Because the method i s  incremental, there  
can be a  c lose i n t e r a c t i o n  betueen reference evaluat ion and other 
a n a l y t i c a l  processes, uhich al lows fa l se  hypotheses t o  be re jec ted ear ly.  

I n  order t o  car ry  out incremental reference eva luat ion  i t  i s  necessary t o  
have representat ions o f  par t ia l l y -eva luated references and t o  be able t o  
perform semantic operations on these. Semantic rout ines  must be able t o  
handle unevaluated references i n  the same uays as they handle other ob jec ts  
i n  the  world, and so there  must be (a t  a  s u p e r f i c i a l  leve l )  no s i g n i f i c a n t  
d i f f e rence  between the uays i n  which these are represented. Hence ue are 
l ed  t o  the  idea o f  having e x p l i c i t  "reference symbols" as u e l l  as symbols 
corresponding t o  unique ob jec ts  i n  the uorld. Since a t  a  deeper l e v e l  
there  are basic d i f fe rences between how the two kinds are t o  be treated, ue 
must associate ex t ra  meta-information u i t h  a  constant symbol. For a  
reference symbol, t h i s  in format ion  includes the current candidate set  and 
any const ra in ts  t h a t  l i n k  i t s  value t o  t h a t  o f  others. Hence uhen a  new 
const ra in t  i nvo l v i ng  one or  more par t ia l l y -eva luated references i s  
generated, the  impl ica t ions  f o r  a l l  the  candidate se ts  can be fol lowed up 
by a  " f i l t e r i n g "  a lgor i thm [Waltz 72, Mackuorth 771. 

I n t e r p r e t i n g  I n d e f i n i t e  Noun Phrases 

When we come t o  an i n d e f i n i t e  noun phrase i n  a  l e f t - t o - r i gh t  analysis, we 
may be unable t o  t e l l  how many objects i n  the  u o r l d  are re fe r red  to, e i t h e r  
because o f  a  vagueness i n  the  phrase i t s e l f  o r  because a  dominating 
q u a n t i f i e r  has not ye t  been read. 

Small blocks, each o f  mass m, are clamped a t  the  ends 
and a t  the  center o f  a  Light rod. 

A wooden s t o o l  Z f t  2 i n  h igh consists o f  a  square seat w i th  
a  uni form v e r t i c a l  leg  a t  each corner. (3) 

I t  fo l l ous  t ha t  an i n t e r p r e t a t i o n  i n  terms o f  concrete re ferents  i s  not 
possible. However, u i t h  a  phrase l i k e  "some blocks", although ue do not 
know how many ob jec ts  there are, the in format ion  we have about each one i s  
i den t i ca l .  I t  f o l l o u s  t ha t  most k inds o f  inferences (such as checking the 
s u i t a b i l i t y  o f  the ad jec t i ve  "small") would proceed i n  exac t l y  the same uay 
f o r  each one. This j u s t i f i e s  consider ing a l l  the  elements o f  the  set  a t  
once, by using a  " t y p i c a l  element". We have there fore  introduced t y p i c a l  
element symbols i n t o  the  wor ld model as poss ib le  re ferents  o f  phrases. 
These can, i n  fact, be used equa l ly  u e l l  when there  i s  knouledge about the  
se t ' s  card ina l i ty ,  as u i t h  the phrases "3000 blocks" and "2n blocks". 

The uay an i n d e f i n i t e  NP re fe rs  t o  a  se t  o f  ob jec ts  may u e l l  i nd i ca te  more 
s t ruc tu re  than i s  conveyed by a  simple set  representation. I t  may say 
something about how the set decomposes i n t o  subsets. Consider the  set o f  
pu l leys  i n :  



A length o f  rope and two blocks each containing 3 pu l l eys  
are supplied. ( 4 )  

I n  t h i s  example, there  are s i x  pu l l eys  i n  t o t a l .  F i r s t l y ,  there  i s  a " top 
leve l "  decomposition i n t o  th ree subsets, as communicated by the  number i n  
the  phrase. Secondly, each subset decomposes i n t o  two elements, 
corresponding t o  the  two blocks. 

Although ue can do a l o t  o f  work a t  the  Level o f  t y p i c a l  elements o f  sets, 
i t  i s  unreasonable t o  expect t h a t  ue w i l l  never have t o  deal  w i th  
i n d i v i d u a l  elements. So we must keep t rack  o f  uhat k ind  o f  se t  a ' t y p i c a l  
element' corresponds t o  - how i t  decomposes i n t o  subsets, what c a r d i n a l i t y  
in format ion  i s  known and so on. Not a l l  o f  t h i s  w i l l  be immediately 
available, so i t  w i l l  be necessary t o  represent p a r t i a l  in format ion  tha t  
can be gradua l ly  updated. 

Our way o f  keeping t rack  o f  these matters i s  t o  keep a "dependency l i s t "  
associated w i th  each constant symbol i n  the world model. This w i l l  be able 
t o  expand as necessary t o  record a l l  the  seperate dimensions making up the  
set o f  objects. Each ent ry  i n  a dependency l i s t  has in format ion  about the  
o r i g i n  o f  the  dependency, the c a r d i n a l i t y  associated w i th  i t  and whether i t  
s t i l l  corresponds t o  a d i v i s i o n  o f  the set i n t o  " ind is t ingu ishab le"  
subsets. 

Assertions formulated i n  terms o f  t y p i c a l  elements must be useable by the 
inference system a t  var ious t imes i n  the  semantic analysis.  Each t ime there 
may be more concrete in format ion  about the dependencies than the t ime 
before. An i n d e f i n i t e  noun phrase re ferent  may s t a r t  u i t h  no known 
dependencies, may then accumulate some as a q u a n t i f i e r  i s  discovered, and 
f i n a l l y  inferences may be ca r r i ed  out i n  terms o f  a very spec i f i c  element 
o f  the set. A t  each stage, the  very e a r l i e s t  assert ions made about the 
re ferent  may be needed. The meta-information embodied i n  the dependency 
l i s t  provides the  bas is  f o r  i n t e r p r e t i n g  the  assert ions i n  the  cor rec t  
amount o f  d e t a i l  each time. 

Conclusions 

I n  t h i s  paper ue have introduced representat ions f o r  par t ia l l y -eva luated 
references and var ious k inds o f  t y p i c a l  elements o f  sets. By e*pressing 
propos i t ions  i n  terms o f  these instead o f  "concrete referents", ue can 
o f t en  maintain a p o l i c y  o f  ea r l y  noun phrase i n t e r p r e t a t i o n  wi thout 
encountering overwhelming search problems. 
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ABSTRACT 

I am in te res ted  i n  making a psycho log ica l ly  v a l i d  model o f  human na tu ra l  
Language understanding, and espec ia l l y  i n  a processing model f o r  p red i c t i ng  
uhen a sentence u i l l  be a garden path. While extending the Marcus 
determin is t ic  parser t o  inc lude noun-noun modif icat ion,  several  counter 
examples t o  Marcus' garden path p red i c t i on  were found. I n  t h i s  paper I 
propose t h a t  uhen peopLe encounter an ambigous s i t u a t i o n  t h a t  may lead t o  a 
garden path, they use semantics t o  decide ra ther  than look ahead. I u i l l  
present an extension t o  the  garden path p red i c t i on  mechanism o f  Marcus' 
parser t o  account f o r  t h i s  and several  experiments t o  t e s t  t h i s  theory. 

INTRODUCTION 

I am in te res ted  i n  making a psychologicaLly v a l i d  model o f  human na tu ra l  
language understanding. Espec ia l ly  i n  the question: " I s  i t  poss ib le  t o  
p red i c t  uhich sentences u i l l  cause people t o  garden path?" A garden path 
sentence i s  a sentence uhich people cannot proper ly  analyze without the 
need t o  re-analyze (backtrack on) a port ion.  For example: 

C13 The horse raced past the  barn f e l l .  
I n  each sentence o f  t h i s  type there i s  a po in t  uhere two poss ib le  analyses 
are poss ib le  (i.e. a t  raced). The need t o  backtrack i s  a r e s u l t  o f  
se lec t ing  an ana lys is  d i f f e r e n t  from tha t  demanded by the res t  o f  the 
sentence. For each garden path sentence there  i s  a par tner  sentence tha t  
does not requ i re  backtracking, e.g. 

C21 The horse raced past the  barn. 
This par tner  sentence has the same two poss ib le  readings a t  the same point, 
but the  ana lys is  selected i s  the  one demanded by the res t  o f  the sentence. 
Such a p a i r  o f  sentences u i l l  be ca l l ed  a p a i r  o f  p o t e n t i a l  garden path 
sentences. Another p a i r  o f  p o t e n t i a l  garden path sentences i s :  

C31 The bu i l d i ng  blocks the sun faded are red. 
C41 The b u i l d i n g  blocks the sun. 

For sentences C31 and C43, some people uould need t o  backtrack on C31 and 
some would need t o  backtrack on C41. Nei ther o f  these sentences i s  a 
garden path f o r  every person, but each i s  a garden path f o r  some people. 

We would l i k e  our model t o  analyze without backtracking, sentences uhich 
people don' t  seem t o  need t o  "backtrack" on. I f  ue b u i l d  a parser t h a t  
never backtracks, then i t  would analyze non-garden path sentences properly, 
but  f a i l  t o  analyze a garden path sentence. This model would then p red i c t  
a garden path sentence as being any sentence i t  i s  unable t o  analyze. 

For these purposes, an ATN model [Woods 701 i s  c l e a r l y  inadequeate. Even 
though ATN parsers can be implemented very e f f i c i e n t l y ,  t h e i r  extensive use 
o f  backtracking e l iminates  them as a poss ib le  model. Instead we take the 



Marcus C19771 de te rm in i s t i c  parser as a s t a r t i n g  po in t .  

THE EXISTING PARSER --- 
I have implemented a vers ion o f  Marcus' o r i g i n a l  parser i n  Prolog. The 
e n t i r e  system has been designed t o  be "determinist ic" .  That i s  i t  "never 
undoes s t ruc tu re  t h a t  has been b u i l t  up". Marcus has shown t h a t  a large 
subset o f  na tu ra l  Language can be parsed u i t hou t  t he  need f o r  backtracking, 
i f  the parser uses two simple techniques. The f i r s t  o f  these i s  3 
const i tuent  look ahead. The grammar i s  w r i t t e n  such t h a t  each r u l e  can 
examine 3 "buffers". Each b u f f e r  can contain any const i tuent  representable 
as a s i ng le  node. (i.e. a uord, a NP, an embedded sentence, etc.) This 
technique causes "ua i t  and see". I f  i t  i s  unclear how t o  use a c e r t a i n  
word o r  const i tuent  dur ing  the parse, the  parser "waits t o  see" uhat i t  
should be. By using the Look ahead and "ua i t  and see" techniques, i t  i s  
poss ib le  t o  analyze proper ly  many sentence forms u i t hou t  the  need f o r  
backtracking o r  undoing structure.  For a f u l l e r  d iscussion o f  determinism, 
see Marcus o r  Mi lne  C19791. 

During the  implementation o f  the  parser, I extended and mod'ified i t  t o  
handle several  areas Marcus d i d  not include. I n  Marcus' o r i g i n a l  parser, 
no f a c i l i t y  was included f o r  noun-noun modi f ica t ion .  Instead each NP could 
have on ly  one headnoun. This prevented the parser from analyzing many 
sentences such as: 

C51 The cover screu i s  red. 
I n  C51 the complex headnoun (cover handle) could not  be b u i l t  i n  Marcus' 
parser. The parser uas a lso  not able t o  deal  w i t h  uords def ined as 
m u l t i p l e  pa r t s  o f  speech. I n  order t o  extend the parser t o  a l low complex 
headnouns, a problem arose determining the end o f  a NP, which I s h a l l  c a l l  
the "end o f  const i tuent"  problem. 

END OF CONSTITUENT -- 
I n  the sentence fragment: 

C61 The cover screws.... 
The sentence could be completed as e i ther :  

C71 The cover screws are red. 
C81 The cover screws eas i ly .  

I n  sentence C71 the headnoun i s  (cover screws) wh i le  i n  C81 i t  i s  on ly  
"cover". Detecting t h i s  and deciding t o  a t tach each poss ib le  headnoun, i s  
an example o f  the  "end o f  const i tuent "  problem. This problem i s  espec ia l l y  
important f o r  the  quest ion o f  PP attachment. For, i n  order t o  a t tach a PP 
t o  make a la rger  NP, the roo t  NP must be located. An ATN parser i s  able t o  
choose one p o s s i b i l i t y  and then backtrack, i f  i t  discovers t h i s  i s  
incor rec t .  But a de te rm in i s t i c  parser i s  not able t o  backtrack, and must 
i d e n t i f y  the cor rec t  end without an er ror .  

For a de termin is t ic  parser, a sentence such as C91 presents no problem 
f i nd ing  the end o f  the const i tuent.  

C91 The f a l l i n g  block i s  made o f  wood. 
I n  C91, the  uord " f a l l i n g "  can be e i t h e r  a verb or  an ad jec t i ve  and "block" 
can be e i t h e r  a noun or  a verb. The general so lu t i on  t o  t h i s  case i s  
implemented i m p l i c i t y  by the grammar packets. While an NP i s  being parsed, 



the parser de-activates a l l  r u l es  not deal ing w i th  NP elements. That is, 
uhen the parser i s  expecting a noun f o r  the sentence, no r u l e  i s  a c t i v e  
t h a t  can recognize a verb, o r  any p a r t  o f  the aux i l l a r y .  The ad jec t i ve  
r u l e  u i l l  match on " fa l l ing" ,  making i t  an ad jec t i ve  and u i l l  never 
consider " f a l l i n g "  as a verb. L ikeu ise  f o r  "blocks". Whi lst  an NP i s  
being bu i l t ,  uords are attached t o  the  Current Node Stack and removed from 
the f i r s t  bu f fe r .  Grammar ru les  can on l y  match the buffers, so eventua l ly  
the AUX o r  a verb u i l l  a r r i v e  i n  the  f i r s t  bu f fe r .  A t  t h i s  t ime the on l y  
grammar r u l e  t o  match u i l l  cause the NP t o  be f in ished. I n  t h i s  uay 
ambiguous uord i n  a NP are handled. 

THE FINAL 5 -- 
This f i r s t  case i s  t r i v i a l  and presents no problem. The greatest  
d i f f i c u l t y  ar ises  uhen there i s  a ser ies  o f  uords t h a t  can be e i t h e r  nouns, 
o r  verbs. The f o l l o u i n g  examples i l l u s t r a t e  t h i s :  

C101 The soup pot cover handle screu i s  red. 
C111 The soup pot  cover handles screu t i g h t l y .  
*El21 The soup pot cover handles screus t i g h t l y .  
C131 The soup pot cover handle screus t i g h t l y .  
C141 The soup pot cover handle screus are red. 

Each o f  the  uords (soup pot  cover handle screw) can be e i t h e r  a noun o r  a 
verb. The end o f  const i tuent  problem i s  t o  f i n d  uhich uord i s  used as a 
verb and uhich uords make up the complex headnoun. 

I n  C101 each word i s  s ingular.  For t h i s  case a l l  uords must be nouns and 
are pa r t  o f  the  headnoun. I n  C111 "handles" i s  noun p lu ra l .  I n  t h i s  
s i t u a t i o n  each uord before i t  must be a noun. When a noun/verb uord 
f o l l o u s  it, the uord (screu) must be a verb and "handles" i s  the  Last o f  
the  headnouns. I t  i s  not poss ib le  i n  t h i s  s i t u a t i o n  t o  use "handles" as a 
verb. Sentence C121, w i t h  t uo  p l u r a l  uords, i s  ungrammatical. This case 
u i  11 not be dea l t  u i t h .  (Do not confuse p l u r a l  "s" u i t h  possesive "'s"). 

Sentences C131 and C141 both have the same uord s t r i n g  u n t i l  a f t e r  
"screus", but  i n  C131 "screus" i s  a verb u h i l e  i n  C141 "screus" i s  p a r t  o f  
the headnoun. I n  t h i s  s i t u a t i o n  uhere the f i n a l  uord o f  the ser ies  i s  
plural ,  each word before i t  must be a noun. The p l u r a l  uord can be e i t h e r  
a noun or  a verb, depending on what fo l lous .  Nou consider the f o l l o u i n g  
sentences: 

C151 The t o y  rocks the c h i l d  v igorously.  
C161 The t o y  rocks the c h i l d  has are red. 

These tuo are a p a i r  o f  p o t e n t i a l  garden path sentences, as described i n  
the in t roduct ion .  They demonstrate that, i n  the  s i t u a t i o n  o f  a s ingu lar  
noun/verb uord fo l lowed by a p l u r a l  noun/verb uord, i t  i s  always poss ib le  
t o  f i n i s h  the sentence so t h a t  i t  u i l l  be a garden path. Determin is t ic  
parsing, as Marcus proposed, u i l l  not  be able t o  handle a l l  occurences o f  
t h i s  s i t ua t i on .  

PREDICTING GARDEN PATHS 

As I explained i n  the  introduct ion,  I am in te res ted  i n  p red i c t i ng  garden 
paths. We have j u s t  seen, wh i le  handl ing the end o f  const i tuent  problem a 
case tha t  leads t o  p o t e n t i a l  garden paths. Can our model p red i c t  uhen t h i s  



case u i l l  be a garden path? 

F i r s t  l e t  me exp la in  the  garden path p red i c t i on  o f  Marcus' parser. The 
parser consists o f  a a c t i v e  node stack uhere p a r t i a l l y  b u i l t  items reside, 
and 3 buf fers .  Each b u f f e r  contains a uord o r  const i tuent  t h a t  can be 
represented by a s i n g l e  node (i.e. uord, NP, PP, VP, etc.). I n  the best 
s i tuat ion,  an ambiguous uord u i l l  be i n  the  f i r s t  b u f f e r  and the look ahead 
u i l l  be tuo  items (Buffers 2 and 3 ) .  When an NP i s  being bu i l t ,  these tuo 
items o f  look ahead u i l l  be uords and never whole NPs o r  Larger items. 
This i s  because a NP i s  b u i l t  using an A t ten t i on  S h i f t  [Marcus 771 and i t  
i s  not poss ib le  t o  perform an A t ten t i on  S h i f t  u h i l s t  i n  another A t ten t i on  
Sh i f t .  A t  the  t ime the uord "rocks" i s  being analyzed i n  sentence C151, 
the  parser s t a t e  u i l l  be: 

Ac t ive  Node Stack: NP the 
toy  

Buffers:  Crocks1 Ethel  Cch i l d l  
A sentence i s  pred ic ted t o  be a garden path i f  the Look ahead i s  not 
s u f f i c i e n t  t o  disambiguate the  uord cor rec t ly .  The o r i g i n a l  p red i c t i on  d i d  
not encompass p o t e n t i a l  garden path sentences. Instead, f o r  the case o f  
CIS1 and C161, i t  uould a r b i t r a r i l y  choose one case aluays t o  be a garden 
path. 

I t  should be noted that, i n  the  case of :  
El71 Have the students take the exam. 
C181 Have the students taken the exam? 

the look ahead u i l l  be: Chavel CNPI Ctakel takenl  
s ince the ambiguous uord i s  not p a r t  o f  a NP. I stated e a r l i e r  t ha t  f o r  
each person e i t h e r  El51 or  C161 must be a garden path. -Determinism 
p red i c t s  t h a t  both are a p o t e n t i a l  garden path, but  cannot t e l l  uhich i t  
w i l l  be. This uncer ta in ty  suggests some poss ib le  counter examples t o  the  
garden path p red i c t i on  o f  determinism. 

I n  fact, the c l ass i c  garden path: 
El91 The prime number feu. 

i s  a counter example t o  determinism's pred ic t ion .  When the parser i s  
analyzing the uord "number" the s ta te  u i l l  be: 

Ac t ive  Node Stack: NP the 
prime 

Buffers:  tnumberl t f e u l  C.1 
Since the e n t i r e  sentence f i t s  i n t o  the  th ree buffers, a l l  in format ion  t o  
analyze the sentence i s  available, but people do garden path on t h i s  
sentence. I pred i c t  the f o l l ow ing  t o  be another counter example: 

t201 The jeep rocks are red. 
Even though the number o f  uords u n t i l  the e r ro r  i s  rea l i zed  i s  very small, 
people are aware o f  some confusion u h i l s t  analyzing t h i s  sentence. Again, 
a l l  the in format ion  f o r  proper ana lys is  i s  contained i n  the  three b u f f e r s  
and i t  i s  pred ic ted not t o  be a garden path. 

These two sentences are counter examples t o  our p red i c t i on  o f  garden paths, 
but t h i s  does not  mean t h a t  a l l  our p red i c t i ons  are no longer va l i d .  
Sentences o f  the type C11 u i l l  be proper ly  pred ic ted t o  be garden paths. 
I propose the f o l l o u i n g  extension t o  our theory i f  garden path p red i c t i on  
i s  t o  handle these apparent counter examples:- 



When a person encounters a s i t u a t i o n  such as a nounlverb word fol lowed by a 
noun/verb t h a t  i s  plural ,  ins tead o f  using Look ahead, they attempt t o  make 
a complex i tem name o f  the two words using semantic information. They do 
t h i s  wi thout regard t o  the  fo l l ow ing  words i n  the  sentence. I f  t h e i r  
preference f o r  t h i s  Leads t o  an ana lys is  d i f f e r e n t  from the ana lys is  
demanded by the  sentence, then they w i l l  garden path. Not ice t h i s  
p red i c t i on  now depends on a semantic preference f o r  complex nouns, ra ther  
than on Look ahead. I w i l l  exp la in  t h i s  preference more i n  the  f o l l ow ing  
section. 

As the above examples show people Like prime numbers, but  don' t  l i k e  jeep 
rocks. I bel ieve people w i l l  garden path i f  "prime number" i s  not a 
complex headnoun because i t  i s  a common construction, as w i th  "map pins" 
and "gran i te  rocks". People w i l l  use "rocks" as a verb i n  "jeep rocks" 
s ince i t  i s  very d i f f i c u l t  t o  imagine the complex i tem ( jeep rock). People 
a lso  w i l l  not  b u i l d  complex i tem names o f  "boy screws" and "cook handles". 
For each o f  these, the  2nd word i s  pred ic ted t o  be used as a verb. F i n a l l y  
f o r  the case as i n  E l51  and C161 ( toy  rocks), both construct ions are 
equa l ly  possible, so some people would garden path on E l51  and some on 
C161. I t  i s  a lso  very easy t o  b ias  t h i s  Last case w i th  context, etc. 
a l t e r i n g  the predict ions.  

FURTHER WORK -- 
The theory j u s t  presented w i l l  provide a b e t t e r  p red i c t i on  o f  garden paths. 
Previously the  garden path p red i c t i on  o f  determinism was only, " t h i s  form 
may lead t o  a garden path". The new theory w i l l  be able t o  t e l l  us more 
accurately which sentences are garden paths and which are not. But t h i s  
theory r e l i e s  on the psychological  preference o f  people t o  construct  
complex named objects, wi thout using look ahead. I n  order t o  use the new 
predict ion,  data needs t o  be gathered t o  show these biases and determine i f  
our new p red i c t i ons  are correct .  I conducted two experiments t o  gather 
data on biases and t e s t  t h i s  theory. 

TESTING THE PREDICTIONS -- 
An in formal  survey was f i r s t  conducted t o  t e s t  t he  generation o f  complex 
i tem names, which supported the above proposal. A reac t ion  t ime experiment 
was then performed. The purpose o f  the experiment was t o  present sentences 
pred ic ted t o  be garden paths by our new theory, and those bel ieved t o  be 
wrongly pred ic ted t o  be garden paths by the o l d  theory and t e s t  our 
pred ic t ions .  The subject  was d i rec ted  t o  read the ser ies  o f  words 
presented and i n d i c a t e  whether i t  was a complete sentence o r  not. Reaction 
t imes were recorded from the presenta t ion  o f  the  sentence u n t i l  the  
response. The t e s t  examples contained a mix o f  obvious fragments, obvious 
sentences, and a mixture o f  con t ro l  and t e s t  sentences. The t e s t  sentences 
included such examples as: 

C213 The j'eep rocks are red. 
C221 The b u i l d i n g  blocks the  sun. 
E231 The g ran i t e  rocks dur ing  the earthquake. 
C241 The g ran i t e  rocks were by the seashore. 

Our theory pred ic ted t h a t  sentence E233 w i l l  take longer t o  process than 
sentence C241. This i s  because the reader w i l l  have a preference f o r  



(g ran i te  rocks) and hence make an e r ro r  and requ i re  garden pathing i n  C231, 
but not i n  C241. The experiment confirmed t h i s  predict ion,  but space 
doesn't a l low me t o  inc lude the d e t a i l s  here. 

A POSSIBLE EXPLANATION -- 
I t  i s  genera l ly  agreed tha t  PP attachment, t o  be correct, must be done on a 
semantic basis. Crain and Coker C19791 have shown tha t  the problem o f  
"raced" i n  C11 i s  a lso  resolved on a semantic basis, ra ther  than using 
syntax. I have j u s t  proposed t h a t  the  same i s  t r u e  f o r  ambigous nounlverb 
p l u r a l  words. 

I n  each o f  these si tuat ions,  syntax does not prov ide s u f f i c i e n t  in format ion  
t o  prevent a garden path, and i n  each s i t u a t i o n  we have claimed semantics 
i s  used f o r  the disambiguation, ra ther  than look ahead. This suggests 
that, i n  a p o t e n t i a l  garden path s i tuat ion,  people do not use Look ahead, 
but  resolve the ambiguity using semantics, and t h i s  semantic bas is  can 
eas i l y  be biased by context. This proposal needs t o  be f u r t h e r  tes ted and 
checked careful ly,  before we are sure i t  i s  t rue.  

CONCLUSION 

Whi lst  extending the Marcus parser t o  deal  w i t h  complex headnouns, we came 
across a case leading t o  garden paths. This then presented counter 
examples t o  the  p red i c t i on  o f  garden paths made by determinism as presented 
by Marcus. The reason these p red i c t i ons  are wrong, i s  t h a t  when people 
encounter a s i t u a t i o n  t h a t  may lead t o  a garden path, they don' t  use look 
ahead, but  ins tead attempt t o  disambiguate the  s i t u a t i o n  on pure ly  semantic 
grounds. F i n a l l y  I performed two experiments t o  t e s t  t h i s  theory. 
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STRATEGY GRMARS. 
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The concept o f  a  s t r a t w  is in t roduced  a s  one o f  s e v e r a l  p o s s i b l e  
approaches t o  t h e  problem o f  how t o  express  p r o p e r t i e s  which r e c u r  over 
many sirnulat ion programs induced from think-aloud p r o t o c o l s .  An example of  
such a grammar is presen ted  which is  capable  o f  g e n e r a t i n g  s e v e r a l  s p e c i f i c  
s imula t ion  programs vhich have been v e r i f i e d  a g a i n s t  human d a t a .  It t u r n s  
out  t h a t  a d d i t i o n a l  programs, n o t  corresponding t o  m y  observed s u b j e c t ,  
can be der ived  from t h e  grammar. I f  t h e  grammar is i n t e r p r e t e d  a s  a  
theory ,  such d e r i v a t i o n s  correspond t o  p r e d i c t i o n s  about  which s t r a t e g i e s  
people w i l l  be found t o  use  i n  a p a r t i c u l a r  t a s k  domab.. Also, it is shourl 
t h a t  n o t  a l l  programs found in  human d a t a  can be der ived  from %lie 
p a r t i c u l a r  grammar shown. Thus, a  s t r a t e g y  grammar can c a t e g o r i z e  s u b j e c t s  
with r e s p e c t  t o  t h e i r  problem s o l v i n g  s t r a t e g i e s .  Other approaches t o  t h e  
same problem a r e  b r i e f l y  commented upon. 

In t roduc t ion  

Computer s imula t ion  o f  human thought  has  become a common-place e v e n t  ( s e e  
Simon, 1979, f o r  a  rev iew) .  One o f  t h e  problems f o r  t h e  compiher 
s imulat ion approach is how t o  a b s t r a c t  o u t  common p r o p e r t i e s  of  s e v e r a l  
s imula t ion  programs, without  r e v e r t i n g  t o  t h e  ur.informat.ive genera1izat ior .s  
which plagued psychologica l  t h e o r i z i n g  i n  t h e  p a s t .  The purpose o f  t h i s  
paper is t o  o u t l i n e  one approach t o  t h i s  problem. To make t h e  d i scuss ion  
concre te ,  it is presen ted  i n  t h e  contex t  o f  a  s u b s t a n t i v e  example. 

S o a t i a l  Reasoniag 

In  t h e  s tudy  o f  problem s o l v i n g ,  t h e  t a s k s  used have u s u a l l y  been e i t h e r  
so-cal led p u z z l e s ,  which de-emphasize t h e  r o l e  o f  p r i o r  knowledge, o r  
t e c h n i c a l  t a s k  domains l i k e  phys ics  and chess ,  i n  which t h e  background 
knowledge is learned  through a process  of  e x p l i c i t  t r a i n i n g .  The work 
repor ted  here  i n v e s t i g a t e s  a  wel l - s t ruc tured  and semant ica l ly  r i c h ,  bu t  
non-technical ,  knowledge-area, namely s p a t i a l  knowledge a s  it is expressed 
i n  t h e  use o f  concepts  l i k e  "leftn, "betweenn, ntopmostn,  e t c .  

A number o f  think-aloud p r o t o c o l s  have been c o l l e c t e d  from s t u d e n t s  who 
were asked to s o l v e  s p a t i a l  arrangement problems (Ohlsson, 1980). Two 



examples o f  such problems a r e  given i n  Figure 1.  The s u b j e c t s  solved t h e  
problems i n  t h e i r  heads ,  without  m.y e x t e r n a l  a i d s  o t h e r  than t h e  card  with 
t h e  problem t e x t .  

1 

The Block R o b l a u  -- 
A c h i l d  is p u t t i n g  b locks  o f  d i f f e r e n t  c o l o r s  on  t o p  o f  each 
o t h e r .  

A black  block is between a r e d  and a green block.  
A yellow block is f u r t h e r  up than t h e  red  one. 
A green block is bottommost bu t  one.  
A blue block is immediately below t h e  yel low one.  
A w h i t e  block is f u r t h e r  down than t h e  b lack  one.  

Which block is immediately below t h e  b lue  one? 

The Tool R o b l e q  -- 
A craf t smzn has  some t o o l s  i n  a  row on  h i s  workbench. 

The saw and t h e  p a i r  o f  tongs  a r e  r i g h t  by each o t h e r .  
The jackplane is immediately t o  t h e  l e f t  o f  t h e  k n i f e .  
The kr!ife is f u r t h e r  r i g h t  than t h e  c h i s e l .  
The bor is immediately t o  t h e  r i g h t  of  t h e  p a i r  o f  tongs .  
The jackplane is f u r t h e r  l e f t  than  t h e  saw. 

Which t o o l  is immediately t o  t h e  l e f t  o f  t h e  saw? 

* . 
Figure 1. Two examp;es of  s p a t i a l  arrangment problems. 

Ir. severa l  s t u d i e s ,  it has  beer. f o w d  ( a )  t h a t  a  m a j o r i t y  o f  t h e  s u b j e c t s  
use some vers ion  of  what Quinton and Fellows (1975) have c a l l e d  t h e  
of  S e r i e s  Formation, &. 9. t h e y  t r y  t o  form a mental model o f  t h e  s p a t i a l  
arrangement t a l k e d  about  in t h e  problem t e x t ,  p l a c i n g  each o b j e c t  in its 
proper p l a c e ,  and t h e n  readir;g o f f  .the answer t o  t h e  problem from t h a t  
model, ( b )  t h a t  a  m i n o r i t y  i n s t e a d  employ t h e  Method o f  E l '  ' t .  n ,  A. e .  
they  t r y  t o  exclude a l l  o b j e c t s  except  one, which is then  %gr::d t o  b e  
t h e  m.swer, and ( c )  t h a t  occas iona l  s u b j e c t s  work wi th  y e t  o t h e r  methods. 

Severa l  think-aloud p r o t o c o l s  from t h e s e  s t u d i e s  have been s imula ted  by 
computer programs on t h e  form of p r o d u c t i ~  svs tems  (PDS:s). Figure 2 
shows one PDS induced from a think-aloud pro tocol .  The n o t a t i o n  used was 
introduced by Newell and Simon (1972, p .  441, and is e s s e n t i a l l y  t h e  
standard BNF n o t a t i o n .  This  PDS encodes a data-driven form of t h e  Method 
of S e r i e s  Formation. B r i e f l y ,  t h e  s u b j e c t  f i r s t  l o o k s  f o r  a  p a r t i c u l a r  
p a t t e r n ,  def ined  by t h e  t e s t - o p e r a t o r  FPP, and then  t r a n s l a t e s  t h e  
corresponding propos i t ion  i n t o  an i n t e r n a l  model (P5) .  She then  t r i e s  t o  
i n t e g r a t e  t h e  remaining premises i n t o  t h a t  model (P3, P4).  She has s e v e r a l  
d i f f e r e n t  h e u r i s t i c s  f o r  how t o  a c c e s s  t h e  problem t e x t .  In t h e  b e g i ~ i n g .  
she  r e a d s  t h e  premises i n  t h e  order  i n  vh ich  t h e y  a r e  w r i t t e n ,  A. &. she  
r e a d s  t h e  f i r s t  premise (PlO),  and cont inues  by read ing  t h e  n e x t  premise 
(P9).  After  she h a s  began t o  c o n s t r u c t  a  mental model, she  i n s t e a d  looks  



P3 new<proposit ion> <model> ===> FPM(<model>)(=> p r o p o s i t i o n ) ;  
INT(proposit ion) 

P5 abs<model> neu<propos i t ion>. l  <propos i t ion>.2  ===> 
F P P ( < p r o p o s i t i o n > . l ) ( = >  p r o p o s i t i o n ) ;  
TRNS(<proposition>. 1)  

P7 nev<expression> (REMAINS = NONE) ===> C~O(<model>) (=> o b j e c t )  ; 
SCAN(object) (= probe) ; 
READ(probe) 

P8 new<expression> <model> ===> SCAN(UNUSED)(=> premise);  
READ(premise) 

PI0  BEGIN ===> READ(F1RST-PRPIISE) 

_ - _ _ - - .  - - - - - - - -  

ANSW(x) Der ives  t h e  answer t o  t h e  ques t ion  x .  

I ~ ( x )  I n t e g r a t e s  propos i t ion  x i n t o  t h e  c u r r e n t  model. 

TANS (x T r a n s l a t e s  p r o p o s i t i o n  x i n t o  a model. 

READ(x) Reads t h e  x p a r t  o f  t h e  problem t e x t .  

SCAN(x) Scans t h e  problem t e x t  f o r  t h e  occurrence o f  x .  

WO (x) Generates t h e  o b j e c t s  n o t  y e t  inc luded  in x .  

FPP(x) Finds propos i t ion  r e l a t e d  t o  p r o p o s i t i o n  x .  

FPM(x) Finds propos i t ion  r e l a t e d  t o  model x .  

BKUP ( ) Backs up. 

F igure  2. Production system modell ing s u b j e c t  S I 6  on t h e  Block 
Problem, wi th  explana t ion  o f  o p e r a t o r s .  

f o r  unused informat ion  (Pa) .  F i n a l l y ,  towards t h e  end o f  t h e  process,  she 
ins tead  s e a r c h e s  t h e  problem t e x t  f o r  information about  t h o s e  o b j e c t s  which 
have n o t  y e t  been placed i n  t h e  model (P7) .  I f  she  d i s c o v e r s  a 
c o n t r a d i c t i o n  between her  c w r e n t  r e s u l t  and t h e  g ivens  o f  t h e  problem, she 



backs up (P6) .  Uhen t h e  GMO o p e r a t o r  c m n o t  g e n e r a t e  m y  more missing 
o b j e c t s ,  s h e  r e a d s  t h e  ques t ion  (P2) and d e r i v e s  t h e  w.swer ( P I ) .  

The PDS h a s  been implemented in t h e  production system language PSS, 
developed by t h e  au thor  (Ohlsson, 1979). The t r a n s l a t i o n  from t h e  iF.forma1 
n o t a t i o n  used here  t o  a running PSS program was s t r a i g h t f o r w a r d .  The PSS 
program was rtm on t h e  same problem a s  t h e  s u b j e c t ,  and solved it i n  t h e  
same way, except  f o r  repetitions o f  i n f e r e n c e s .  

PI <model> <quest ion> ===> ANSW(<question>) 

P2 new(FA1L READ UNUSED) = = m >  READ(QUEST1ON) 

P3 <model> new<proposit ion> =::> INT(<proposit ion>) 

P4 abs<model> new<hypothesis> n t c < p r o p o s i t i o n >  ===> 
TRIG( <propos i t ion>)  

P5 abs<model> new<proposit ion> ==c>  TRKS(<proposition>) 

P6 new(FA1L TRNS <propos i t ion>)  I=:> HYP(<proposition>) 

P7 neu<expression> =:=> READ(NEXT-PREMISE) 

P8 new<expression> ===> SCAN(UNUSED)(=> premise) ; 
READ(premise) 

P9 BEGIN rt=> READ(F1RST-PREMISE) 

Figure 3. Production system modell ing s u b j e c t  SIX4 on t h e  Block 
Froblem. 

Figure 3 shows a d i f f e r e n t  PDS, induced from a think-aloud protocol  from 
another s u b j e c t  on t h e  same problem. On a very  a b s t r a c t  l e v e l ,  t h e  two 
PDS:s are s i m i l a r ;  t h e y  both encode data-driven v e r s i o n s  o f  t h e  Method 0.f 
S e r i e s  Formation. However, on a more d e t a i l e d  l e v e l ,  t h e r e  a r e  severa l  
differences. This s u b j e c t  r e a c t s  t o  a  f a i l u r e  o f  t h e  TRNS opera tor  by 
Setting up a hypothes i s  ( P 6 ) ,  which is then  used i n  a renewed e f f o r t  t o  
apply TRNS (P5).  But she h a s ,  on t h e  o t h e r  hand, s impler  h e u r i s t i c s  f o r  
searching t h e  problem t e x t :  she  e i t h e r  r e a d s  t h e  next  premise (P7) o r  
scans  f o r  mused  information ( P a ) .  

Several  more PDS:s could  have been shown, had t h e r e  been space ( s e e  
Ohlsson, 1980).  

A S t r a t e w  Grammar - 
HOW should oae summarize t h e  s i m i l a r i t i e s  and d i f f e r e n c e s  between such 
simulation programs? One c l u e  is g iven  by Young (1976, p .  197),  who 
summarized a s e t  o f  programs f o r  p i a g e t i a n  s e r i a t i o n  wi th  t h e  h e l p  of a  
p roduct ioa  &. Such a k i t  d i v i d e s  t h e  product ions  i n  a s e t  o f  programs 
i n t o  func t iona l  g roups ,  a l l  p roduct ions  wi th in  a group performing 



e s s e ~ t i a i l y  t h e  s a a e  f u n c t i o n ,  b u t  i n  d i f f e r e c t  ways. A complete program 
i s  assembled by p u t t i n g  t o g e t h e r  one o r  more product ions  from each group.  
A r a t h e r  d i f f e r e c t  approach was taken  by Newell and Simon (1972, p. 8381. 
They c h a r a c t e r i z e d  d i f f e r e n t  forms o f  search  wi th  t h e  h e l p  o f  what we might 
c a l l  p roduct ion  schfmaa from which product ions  can be genera ted  by 
r e p l a c i n g  meta-variables w i t h  s p e c i f i c  mechanisms. 

< s t r a t e g y >  ::= <termina tor>  < i n t e g r a t o r >  < t r a n s l a t o r >  
< < f a i l u r e - r e a c t i o n > >  <reader> < i n i t i a t o r >  

< te rmina tor>  ::= <answer-f inder> < g o a l - c r i t e r i o n >  
<answer-finder> ::: <model> <ques t ion> st=> ANSW(<question>) 
< g a l - c r i t e r i o n >  : := n e u < f a i l s i g n a l >  ===> READ(QUESTI0N) 
< i n t e g r a t o r >  : : = ( ic tegra te -product ion> / 

<in tegra te -product ion> < i n t e g r a t o r >  
< in tegra te -product ion> ::= 

< < t a g > >  <model> < < t a g > >  <propos i t ion> ===> 
< < t e s t > >  INT(<proposition-description)) 

< < t e s t > >  ::= < t e s t - o p e r a t o r >  ( < e x p r e s s i o n > ) ( = >  p r o p o s i t i o n ) ;  
<propos i t ion-descr ip t ion> ::= 

<propos i t ion> / premise / propos i t ion  
< t e s t - o p e r a t o r >  : := FPM / FPP 
< t r a n s l a t o r >  ::= ( t rans la t ion-product ion> / 

<trans la t ion-product ion> < t r a n s l a t o r >  
<tracs:at ion-production> ::= 

abs<model> new<proposit ion> <<propos i t ion>>.2  ===> 
< < t e s t > >  TRKS(<proposition-description>) / 

abs<model> new<hypothesis> n t c < p r o p o s i t i o n >  :::> 
TRNS(<proposition>) 

< f a i l u r e - r e a c t i o n >  : :3 < c o r r e c t i o n >  / 
< c o r r e c t i o n >  < f a i l u r e - r e a c t i o n )  

< c o r r e c t i o n >  : := <backup> / <hypothesize> 
<backup> : := imp<model> ===> BKUP 
<hypothesize> ::= new(FA1L TRNS <propos i t ion>)  :==> HYP(<proposition>) 
<reader>  : : : <read-production> / 

<read-production> <reader>  
<read-production> ::: 

new<expression> <<express ion>> I==> 
<<focusser>> READ(<target-description>) 

<focusser>  ::: < a t t e n t i o n - o p e r a t o r >  (:> o b j e c t ) ;  
SCAN(object) (=> premise);  / 
SCAN(UNUSED) (:> premise);  

<a t ten t ion-opera tor>  : := FOB / GMO 
< t a r g e t - d e s c r i p t i o n  : := premise / <probe> 
< i n i t i a t o r >  : := BEGIN ===> READ(<probe>) 
< f a i l s i p a l >  ::= (FAIL <opera tor>  <<express ion>>)  
<probe> : := FIRSTPRM / QUESTION / NEXTPRM / FIRSTPRM / 

LASTPRM / PRMISE . <n> 

Figure  4 .  A s t r a t e g y  grammar f o r  t h e  da ta -dr iven  form of t h e  Method 
o f  S e r i e s  Formation. 

Combining t h e s e  two i d e a s ,  we g e t  t h e  i d e a  o f  a  s t r a t e n v  grammar, $. e. a 
fonnal system which is a b l e  t o  genera te  each member of  a  s e t  o f  observed 



s imula t ion  programs. F igure  4 shows a s t r a t e g y  grammar f o r  t h e  data-driven 
form of t h e  Method Of S e r i e s  Formation. This  grammar can genera te  t h e  two 
PDS:s showr! above, a s  well  as two o t h e r  PDS:s induced from pro tocols  
de l ivered  by o t h e r  persons.  It is u r i t t e n  in BNF n o t a t i o n ,  wi th  one 
extension:  double b r a c k e t s .  "<< >>", i n d i c a t e  an opt iona l  symbol. 
E r i e f l y ,  t h e  grammar s a y s  t h a t  a  s t r a t e g y  i n  t h i s  domain is a sequence of  
c w p o n e o t s ,  r e s p o n s i b l e  f o r  t n e  t e r m i m t i o n  o f  t h e  s o l u t i o n  a t tempt ,  
i r . t egra t ion  o f  new i n f o r s a t i o n  i n t o  t h e  c u r r e n t  mental model, t r a n s l a t i o n  
of p ropos i t iona l  information i n t o  a model format,  r e a c t i n g  t o  f a i l u r e s ,  
read ing  t h e  problem t e x t ,  and i n i t i a t i n g  t h e  s o l u t i o n  a t t e m p t ,  
r e s p e c t i v e l y .  Each compocent c o n s i s t s  o f  one o r  more production schemas, 
each of  which can g i v e  r i s e  t o  a  s p e c i f i c  production i n  d i f f e r e n t  ways. 

Such a grammar car. be given d i f f e r e n t  i c t e r p r e t a t i o n s .  According t o  a 
i n t e r c r e t a t i D n ,  t h e  grammar is simply a convenierit summary of  t h e  
canmonal i t i es  which r e c u r  over  a  s e t  o f  s i m u l a t i o n  programs. It 
communicates those  c o m o r . a l i t i e s  i n  a  format which I s  no l e s s  p r e c i s e  than 
t h e  format used t o  s t a t e  t h e  PDS:s themselves.  According t o  a s t r o n ~  
i z t e r v r e t a t i o n ,  t h e  s t r a t e g y  grammar is a theory  of  human performance i n  
t 3 i s  t a s k  dmai r . .  This  i n t e r p r e t a t i o n  impl ies  t h a t  (a! each program 
d e r i v a b l e  from t h e  grammar should correspond t o  a psychologica l ly  r e a l  
s t r a t e g y ,  and ( b )  t h a t  each program observed t o  be used by some persan 
should be d e r i v a b l e  from t h e  grammar. Thus, t h e  grammar should genera te  
t n e  s e t  o f  psychologica l ly  we1 1-formed programs, a s  it were. 

This  impl ies  t h a t ,  given a new thir.k-aloud protocol  from t h e  r e l e v a r ~ t  t a s k  
domain, oce should be a b l e  t o  genera te  a  program s i m u l a t i n g  t h a t  protocol  
from t h e  grammar. From t h i s  p o i n t  o f  view, t h e  grammar appears  a s  a  guide 
f o r  how t o  c o n s t r u c t  a  computer s imula t ion  i n  a c e r t a i n  t a s k  domain. 

Figure 5. A production system derived from t h e  s t r a t e g y  grammar i n  
Figure 4,  which does n o t  correspond t o  ariy observed 
s u b j e c t .  

PI (model> <quest ion> =I=> ANSW(<question>) 

P2 cew(FA1L SCAN < o b j e c t > )  ===> READ(QUESTI0N) 

P3 r.ew<proposition> <model> ===> INT(<propos i t ion>)  

P4 new<proposit ion> abs<model> ===> TRNS(<proposiF,ion>) 

P5 new<expression> ::=> FOB( ) ( = >  o b j e c t )  ; 
SCAN(object)(=> premise);  
READ(premise1 

P6 BEGIN :==> READ(Q2ESTION) 

P e r t a i ~ i c g  t o  p i n t  ( a ) ,  we can observe t h a t  it is p o s s i b l e  t o  d e r i v e  
programs from t h e  grammar i n  Figure 4 which a r e  d i f f e r e n t  from t h e  programs 
uhich gave r i s e  t o  i t .  Figure  5 shows such a " s w . t h e t i c n  PDS. This  
program s o l v e s  problems through a c h a i n i n g - h e u r i s t i c ,  i n  which t h e  program 

, 



always l o a k s  f o r  more in format ion  about  those  o b j e c t s  which have a l r e a d y  
been placed in t h e  i n t e r n a l  model. It a l s o  d i f f e r s  from t h e  observed 
programs i n  o t h e r  ways. 

According t o  t h e  s t r o n g  i n t e r p r e t a t i o n  o f  t h e  s t r a t e g y  grammar, t h e  
d e r i v a t i o n  o f  t h e  PDS i n  F igure  5 should  be seen a s  a  p r e d i c t i o n  t h a t  t h e r e  
e x i s t s  some person who employs t h i s  s t r a t e g y  on t h e s e  problems - o r  a t  
l e a s t  t h a t  it should prove p o s s i b l e  t o  teach  t h i s  s t r a t e g y  t o  human 
s u b j e c t s .  No d a t a  concerning t h i s  p r e d i c t i o n  a r e  a v a i l a b l e  a s  y e t .  

P e r t a i n i n g  t o  po in t  ( b ) ,  F igure  6 shows an observed PDS which cannot  be 
derived from t h e  s t r a t e g y  grammar. This  program a l s o  works with a vers ion  
of t h e  Method o f  S e r i e s  Formation, b u t  it is goal-driven r a t h e r  than 
data-driven,  which prevents  its d e r i v a t i o n  from t h e  grammar. This  f a c t  
al lows us t o  say ,  wi th  a p r e c i s e  meaning, t h a t  t h i s  program is more 
d i f f e r e n t  from each o f  t h e  o t h e r  PDS:s presen ted  than  they  a r e  from each 
o t h e r .  1. g. t h e  d e r i v a b i l i t y  o f  PDS:s from d i f f e r e ~ t  grammars impose a 
s i s i l a r i t y  met r ic  on a s e t  o f  s imula t ion  programs, a l lowing  u s  t o  compare 
them and t o  c a t e g o r i z e  s u b j e c t s  i n t o  well-defined groups on t h e  b a s i s  o f  
t h e  s t r a t e g i e s  they  use .  

Nothing prevents  u s ,  o f  c o u r s e ,  from extending t h e  grammar in  Figure 4 s o  
as t o  inc lude  t h e  PDS i n  F igure  6 a s  wel l .  

Discussion 

One approach t o  g e n e r a l i t y  i n  c o g n i t i v e  t h e o r i e s  is t o  concern o r e s e l f  with 
system a r c h i t e c t u r e  (a. Newell, 1973; Anderson, 1976). However, 
hypotheses about  system a r c h i t e c t u r e  must be complemented with s p e c i f i c  
s imula t ion  programs in  o r d e r  t o  be i n t e r f a c e d  wi th  observa t ions  of human 
performance. Thus, a  l e v e l  o f  t h e o r i z i n g  between t h e  s i n g l e  simulat ion 
program and t h e  system a r c h i t e c t u r e  is needed. A second approach t o  
g e n e r a l i t y  is t o  d e f i n e  a genera l  problem s o l v e r ,  and then t r y  t o  see  
s p e c i f i c  s imula t ion  programs a s  i n s t a n t i a t i o n s  o f  t h a t  genera l  scheme (a. 
Simon, 1975). However, t h e  d i v e r s i t y  o f  c o g n i t i v e  s t r a t e g i e s  discovered i n  
hunan d a t a  (cf. Quinton h Fellows,  1975) makes t h i s  approach r a t h e r  
imp1 aus i bl e  . 
The presen t  approach should  r a t h e r  be compared with another  i d e a ,  which is 
s i m i l a r  in i n t e n t ,  b u t  very d i f f e r e n t  i n  execut ion .  Thls  is t h e  Deductive 
Analysis proposed by Hagert and Tar-nlund (1979). which u t i l i z e s  t h e  l o g i c  
programming lm-guage PROWG ( s e e  2. g. Lichtman, 1975). In  t h i s  
approach, a  s e t  o f  s imula t ion  programs is d e l i m i t e d  through an a b s t r a c t  
s p e c i f i c a t i o n ,  w r i t t e n  i n  f i r s t - o r d e r  p r e d i c a t e  l o g i c .  S p e c i f i c  s imula t ion  
programs a r e  then cons t ruc ted  by deduction from t h e  a b s t r a c t  s p e c i f i c a t i o n ,  
i. e .  each s imula t ion  program appears  a s  a theorem proved by t h e  s tandard  - 
t o o l s  of  formal l o g i c .  Such a theorem i s  immediately executab le  i n  PROLOG. 
Deductive Analysis  seems a promising approach; however, i t  r e s t r i c t s  t h e  
user  to  a c e r t a i n  programming language,  and t h e  d e r i v a t i o n s  a r e  more 
c,mbersome than those  o f  t h e  p r e s e n t  approach.  

A l eve l  of  t h e o r i z i n g  between t h e  s i n g l e  s imula t ion  program and t h e  system 
a r c h i t e c t u r e  is needed. The i d e a  o f  s t r a t e g y  grammars was proposed a s  one 



P3 (m UNUSED) new<proposition> ===> POPPO 

P5 (u <object-sequence>) ===> 
~~~N(<object-sequence>)(=> premise); 
PUSH(- premise) ) 

P6 (infer) new<model> <proposit ion> ===> 
INT(<proposit ion>) 

P8 (infer) neu<proposit ion> <model> ===> INT(<proposit ion>) 

P9 (infer) new<proposition> abs<model> ===> 
TRNS(<proposifion>) 

PI0 (acswer (<p red ica t e>  ? <ob jec t> ) )  
neu(<predicate><object>.2 <ob jec t> . l )  ===> 

INS((4IISWER IS < o b j e c t > . 2 ) ) ;  
POPP ( ) 

PI2 (answer <ques t ion>)  (REMAINS = 3NE) ===> 
PUSH( (infer) 1; 
PUSH( (m UNUSED) 

P13 (answer <question>) ===> FOB()(=> <object-sequence)); 
PUSH( (infer) 1; 
PUSH((- <object-sequence>) 

PI4 (-1 (ANWER IS X )  ===> SAY(X1; 
POPP ( ) 

PI6 BEGIN ===> P U S B ( ( w ) ) ;  
REW (QUESTION ) 

Figure 6. Production system mode1lir.g sub jec t  S I I2  on the Tool 
Problem. 

approach t o  t h i s  problem. Such a grammar ( a )  provides a way t o  present ,  i n  
a concise form, a s e t  of simulation programs, (b )  makes it possible t o  
speak about the  degree o f  s i m i l a r i t y  between simulation programs, ( c )  can 
serve as a device f o r  ca tegor iz ing subjec ts  with respect  t o  s t r a t egy ,  (d l  



imposes d i s c i p l i n e  on t h e  t a s k  o f  assembling a s imula t ion  program f o r  a new 
pro tocol ,  ( e )  p r e d i c t s ,  i f  i n t e r p r e t e d  a s  a t h e o r y ,  which s t r a t e g i e s  W i l l  

be found i n  d a t a  from hunans and which w i l l  n o t .  
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U n i v e r s i t y  o f  Sussex, 

Br ighton,  5N1 9QN England. 

ABSTRACT:- Some ideas are presented, d e r i v e d  from work on t h e  WPEYE v i s i o n  
p r o j e c t ,  concerning t h e  n a t u r e  and use o f  d i f f e r e n t  k i n d s  o f  i n t e r m e d i a t e  
p i c t u r e  d e s c r i p t i o n s .  I t  i s  suggested t h a t  t h e r e  a r e  " n a t u r a l  elements" i n  
terms of which s t o r e d  models should be d e f i n e d  and t h a t  i t  i s  o f  p r ime 
importance t o  search f o r  those i n t e r m e d i a t e  p i c t u r e  d e s c r i p t i o n s  which a re  
most c h a r a c t e r i s t i c  o f  t h e  express ion  o f  such elements. 

INTRODUCTION 

The POPEYE p r o j e c t  i s  concerned w i t h  the  i n t e r p r e t a t i o n  i n  t h e  domain of 
l e t t e r s  and words o f  p i c t u r e s  o f  t h e  k i n d  shown i n  Fig.1 One of t h e  preoccu- 
p a t i o n s  o f  the  p r o j e c t  has been t h e  i d e n t i f i c a t i o n  o f  those i n t e r m e d i a t e  
d e s c r i p t i o n s  o f  the  p i c t u r e  data which best  f a c i l i t a t e  t h e  i n t e r p r e t a t i o n  of  
t h e  scene from u h i c h  t h e  da ta  has been der ived.  An i n t e r m e d i a t e  d e s c r i p t i o n  
corresponds t o  the i d e n t i f i c a t i o n  o f  a  p i c t u r e  o b j e c t .  For example i n  t h e  
POPEYE program cont iguous c o l l i n e a r  sequences o f  d o t s  a re  e x p l i c i t l y  
represented 3s " l i n e "  da ta -s t ruc tu res ,  and p a i r s  o f  c o l l i n e a r  and over lap -  
p i n g  Lines a re  e x p l i c i t l y  represented as " p i c t u r e  bar "  da ta  s t r u c t u r e s .  
There are many such o b j e c t s  which be i d e n t i f i e d  i n  t h e  p i c t u r e ,  
corresponding t o  the  r e p r e s e n t a t i o n  o f  m'zbjects" and r e l a t i o n s  between 
o b j e c t s  i n  the d i f f e r e n t  domains invo lved .  (The d i f f e r e n t  domains have been 
d iscussed i n  Sloman e t  a l .  1978). 
What f o l l o w s  i s  a  d iscuss ion  o f  some emerging ideas  concerning t h e  s i g n i f i -  
cance o f  d i f f e r e n t  k i n d s  o f  p i c t u r e  o b j e c t  and t h e i r  r e l a t i o n  t o  l e t t e r  
models. An at tempt i s  a l s o  made t o  r e l a t e  these ideas t o  t h e  a n a l y s i s  o f  
3-D p o l y h e d r a l  scenes. 

A  PARTICULAR VIEW OF LETTERS 

A  l e t t e r  i s  taken t o  be an a b s t r a c t  o b j e c t  
d e f i n e d  by a  se t  o f  r e l a t i o n s h i p s  between a  
number o f  strokes, themselves a b s t r a c t  
objects,  and f o r  t h e  cu r ren t  purpose i t  i s  
o n l y  necessary t o  consider  those l e t t e r s  
which comprise s t r a i g h t  s t rokes.  The impor- 
t a n t  d i s t i n c t i o n  between t h i s  k i n d  o f  , 
d e s c r i p t i o n  o f  a  L e t t e r  and a  d e s c r i p t i o n  i n  1 
some "expressive domain" was made by Clowes 
(1971). I t  i s  a l s o  important  t o  d i s t i n g u i s h  
between those c h a r a c t e r i s t i c s  o f  the  
r e p r e s e n t a t i o n  i n  the  express ive  domain which 
express impor tan t  p r o p e r t i e s  of the  a b s t r a c t  
desc r ip t ion ,  and those u h i c h  are a r t e f a c t s  o f  
t h e  medium o f  expression.  

Fig. 1  

A  2-D r e p r e s e n t a t i o n  o f  a  l e t t e r  may be regarded as r e p r e s e n t i n g  two k i n d s  
o f  en t i t y ,  namely s t rokes  and r e l a t i o n s  between s t rokes .  Fur ther ,  i t  i s  par-  
t i c u l a r  p r o p e r t i e s  o f  s t rokes  which a re  o f  s i g n i f i c a n c e  and the  r e l a t i o n s h i p  
between two s t rokes  may be descr ibed  i n  terms o f  t h e  values o f  some s imple 
f u n c t i o n s  (E.9. d i f f e r e n c e )  de f ined  over the  s t r o k e  p r o p e r t i e s .  A  l e t t e r  



p r e s c r i b e s  f o r  a  f i x e d  number o f  s t rokes  t h e  r e l a t i v e  values o f  t h e  s t r o k e  
p r o p e r t i e s  by spec ' fy ing the values o f  t h e  se t  o f  f u n c t i o n s  d e f i n e d  over  
them. I n  such a  view o f  l e t t e r s ,  a  s t r o k e  may be regarded as f o r  exanple an 
n - t u g l e  o f  p r o p e r t y  va lues i n c l u d i n g  o r i e n t a t  ion, Length, and p o s i t i o n  o f  
endpoints.  
The s i g n i f i c a n c e  o f  u s i n g  t h i s  k i n d  o f  a b s t r a c t  r e p r e s e n t a t i o n  of  a  l e t t e r  
i s  t h a t  i t  i s  independent o f  the  way t h e  values o f  t h e  n - t u p l e  and any con- 
sequent r e l a t i o n s h i p  w i t h  o t h e r  n - tup le  values a re  represented. Secondly t h e  
f u n c t i o n s  which descr ibe  t h e  r e l a t i o n s  may be continuous, so t h a t  i n  any 
r e p r e s e n t a t i o n  o f  a  r e l a t i o n s h i p  between strokes, t h e  accuracy w i t h  u h i c h  i t  
accords w i t h  t h a t  o resc r ibed  i n  a  L e t t e r  d e f i n i t i o n  may be measured. 

L e t t e r  Depict ions:-  
What i s  r e q u i r e d  o f  t h e  d e p i c t i o n  o f  a  s t r o k e  i s  t h a t  i t  should express a  
p a r t i c u l a r  n - t u p l e  o f  p r o p e r t i e s  so t h a t  a  c o l l e c t i o n  o f  s t r o k e  d e p i c t i o n s  
expresses r e l a t i v e  values f o r  t h e  p r o p e r t i e s  u h i c h  may accord w i t h  t h e  
d e f i n i t i o n  o f  a  l e t t e r .  Any p i c t u r e  o b j e c t  f r o n  which an approximate major  
a x i s  can be found w i l l  f u l f i  1  t h i s  requirement and soqe examples a re  g i v e n  
i n  Fig.2, o f  the  d i f f e r e n t  nays i n  u h i c h  an a x i s  may be def ined.  

Fig.  2 

The r e l a t i v e  values o f  t h e  p r o g e r t i e s  expressed b y  a  c o l l e c t i o n  o f  s t r o k e  
d e p i c t i o n s  need not  conform a c c u r a t e l y  t o  those p r e s c r i b e d  by a  l e t t e r  
d e f i n i t i o n ,  f o r  t h e  l e t t e r  t o  be recogn isab le  and Fiq.2 i n c l u d e s  some exam- 
p l e s  i n  Phich the  r e l a t i v e  values o f  o r i e n t a t i o n ,  l e n g t h  and endpoint  pos i -  
t i o n s  va ry  cons iderab ly  f r o n  those o f  t h e  " idea l "  L e t t e r  they  dep ic t .  I n  
some o f  the  examples a  r e l a t i o n s h i p  i s  not  a c c u r a t e l y  expressed because t h e  
corresponding o r o p e r t i e s  are o n l y  approx imate ly  express ld  by t h e  s t r o k e  
d e p i c t i o n s .  

A PARTICULAR VIEW OF LETTER RECOGNITION ....................................... 
I t  may be argued t h a t  the  u n d e r l y i n g  t h e o r e t i c a l  framework o f  a  mechanism 
u h i c h  i s  t o  i n t e r p r e t  a  p i c t u r e  i n  terms o f  L e t t e r  d e p i c t i o n s  has two par ts .  
The f i r s t  i s  the  r e c o g n i t i o n  o f  i ns tances  o f  t h e  express ion  o f  s t rokes;  t h e  
second i s  a  search among those ins tances  f o r  s e t s  o f  s t rokes  f o r  which t h e  
r e l a t i v e  values o f  the  p r o p e r t i e s  o f  the  set  members conform t o  w i t h i n  
acceptable to le rances  t o  those p r e s c r i b e d  by a  l e t t e r  d e f i n i t i o n .  

I t  i s  the  i d e n t i f i c a t i o n  o f  the two types o f  task  i n  the  u n d e r l y i n g  theore t -  
i c a l  framework which i s  s i g n i f i c a n t  f o r  the choice o f  i n t e r m e d i a t e  descr ip -  
t i ons .  They separate the two areas i n  uh ich  t h ?  express ion  o f  two d i f f e r e n t  
types o f  e n t i t y  have the  p o t e n t i a l  f o r  g rea t  v a r i a t i o n ,  g i v i i g  r i s e  t o  t h e  
v a r i e t y  o f  ways i n  u h i c h  l e t t e r s  n3y be recogn isab ly  represen ted  (Fig.2.). 
The f i r s t  e n t i t y  i s  the  n - tup le  o f  p r o p e r t i e s  u h i c h  c h a r a c t e r i s e  a  st roke,  
and the second the c o n s t r a i n t s  between se ts  o f  s t rokes  corresponding t o  a  
p a r t i c u l a r  l e t t e r .  



One o f  the  i m p l i c a t i o n s  o f  adop t ing  such a  model i s  f o r  t h e  r e l a t i v e  impor- 
tance  o f  d i f f e r e n t  k i n d s  o f  p i c t u r e  o b j e c t  u h i c h  may be found i n  the  p i c -  
t u r e .  Of p r i m e  impor tance are those  u h i c h  cap tu re  i n s t a n c e s  o f  t h e  expres- 
s i o n  o f  a  s t r o k e  which i n  t h e  case o f  the  POPEYE domain i s  P i c t u r e  Bars, 
p a r a l l e l  and o v e r l a p p i n g  p a i r s  o f  l i n e s .  From them va lues  f o r  a l l  t h e  p ro -  
p e r t i e s  o f  a  s t r o k e  may be obtained, and t h e  r e l a t i v e  va lues  f o r  d i f f e r e n t  
s t r o k e s  may then  be used t o  address l e t t e r  models. 

The o t h e r  p i c t u r e  o b j e c t s  which a re  a v a i l a b l e  i n  POPEYE, f o r  example L ine-  
j unc t ions ,  a re  a  m a n i f e s t a t i o n  o f  the  express ion  o f  a  p r e c i s e  r e l a t i o n s h i p  
between between two such st rokes.  As such they  a re  vu lne rab le ;  s m a l l  changes 
i n  t h e  r e l a t i o n s h i p  they  express w i l l  cause them t o  d i sappear  , w i t h o u t  a  
s i m i l a r l y  Large e f f e c t  on the r e c o g n i s a b i l i t y  o f  t h e  t o t a l  l e t t e r ( S e e  a l s o  
Brady 1978). The i r  r o l e  then, shou ld  be as h e u r i s t i c s  f o r  L i m i t i n g  t h e  
search f o r  which i m p l i c i t l y  expressed r e l a t i o n s h i p s  between s t r o k e s  a r e  o f  
s i g n i f i c a n c e .  
I n  some sense s t r o k e s  have a  "s tand a lone"  meaning, a  j u n c t i o n  i s  t h e  p re -  
c i s e  express ion  o f  a  compound meaning. 

I n  the  POPEYE program t h i s  approach has been 
e x p l o i t e d  t o  some ex ten t .  I n i t i a l  a t tempts  
were s t r o n g l y  i n f l u e n c e d  by the " L i n g u i s t i c  
analogy", w i t h  L ine j u n c t i o n s  taken as t h e  
language p r i m i t i v e s ,  and so ideas r e v o l v e d  I 
around grammars over the  k i n d  o f  o b j e c t s  

L I 
shown i n  Fig.3. However, the d i s c o v e r y  of 
P i c t u r e  Bars i s  now o f  fundamental impor- 
tance, and the evidence i n  the form o f  L ine  I 
j u n c t i o n s  i s  used more i n  a  segmentat ion 
r o l e .  The L e t t e r  models however are s t i l l  

T- 
based on a  n o t i o n  o f  a  l e t t e r  be ing composed 
o f  ) u n c t i o n s  between st rokes,  expressed i n  
t h e  form o f  l i n e  j u n c t i o n s .  An a l t e r n a t i v e  
model system, based on the above ideas, i s  ~ i ~ .  3 
b e i n g  developed. /'--I 
POLYHEDRAL SCENES ----------------- 
A s i m i l a r  argument a p p l i e d  t o  3-D p o l y h e d r a l  scene a n a l y s i s  would suggest 
t h a t  p r o p e r t i e s  c h a r a c t e r i s i n g  a  s u r f a c e  would be t h e  c o u n t e r p a r t  o f  
s t rokes ,  and t h a t  d i s c o v e r i n g  ins tances  o f  t h e i r  e x p r e s s i o n  i s  o f  p r ime  
impor tance r a t h e r  than the n a n i f e s t a t i o n s  o f  t h e  e x p r e s s i o n  o f  a  p r e c i s e  
r e l a t i o n s h i p  between them; (E.g. Fork o r  Arrow j u n c t i o n s ) .  

R e t u r n i n g  t o  the  " L i n g u i s t i c  analogy" and c o n s i d e r i n g  what Becker(1975)  had 
t o  say g i v e s  t h i s  vague n o t i o n  a  L i t t l e  more m o t i v a t i o n .  B r i e f l y ,  he argues 
t h a t  speech i s  generated by a  process o f  " s t i t c h i n g  t o g e t h e r "  a p p r o p r i a t e  
elements from a  p h r a s a l  l e x i c o n  accord ing  t o  g rammat i ca l  r u l e s .  However, 
t h e  f l a v o u r  o f  Becker ' s  paper i s  an a t t a c k  on l i n g u i s t s  as " f r u s t r a t e d  phy- 
c i s i s t s "  f o r  a t t e m p t i n g  t o  e s t a b l i s h  and use grammars o n l y  over  t h e  p r i m i -  
t i v e s  o f  t h e  language, i n  an attempt t o  cap tu re  t h e  n a t u r e  o f  Legal  sen- 
tences i n  t h a t  Language. The " p r i n c i p l e "  u h i c h  qay be e x t r a c t e d  from 
exper ience  w i t h  WPEYE, and would appear t o  have some re levance  t o  3-D scene 
ana lys i s ,  amounts t o  g e n e r a l i s i n g  t h a t  c r i t i c i s m  o f  L i n g u i s t i c s  i n t o  t h e  
L i n g u i s t i c  metaphor i n  v i s ion ,  and i n  p a r t i c u l a r  making a  p r o p o s a l  as t o  t h e  
n a t u r e  of the v i s i o n  equ iva len t  3 f  the phrases o f  B e c k e r ' s  Lexicon. 

Some examples o f  phrases uh icn  3e:ker g i v e s  a re  as f o l l o w s :  



THIS I S  NOT TO SAY THAT 

WHAT DOES THIS IMPLY FOR 

WE MUST CONCLUDE THAT 

Each invokes a  meaning i n  i t s  own r i g h t  a l l  be i t  incomplete. Only a  f e u  
such phrases a re  requ i red  t o  generate a  mean ing fu l  sentence, compared u i t h  
t h e  number o f  Language p r i m i t i v e s  i n  t h e  sentence, and t h i s  i s  an impor tan t  
p a r t  o f  t h e  m o t i v a t i o n  g iven  by Becker f o r  h i s  ideas. The i m p l i c a t i o n  i s  
t h a t  i t  i s  unnecessar i l y  d i f f i c u l t  t o  generate sentences from p r i m i t i v e s  o f  
t h e  Language a l l  t h e  time, t h a t  t h e  a r t  u h i c h  i s  language a c q u i s i t i o n  i s  
about l e a r n i n g  neu phrases and hou t o  " s t i t c h  them toge ther "  t o  convey t h e  
d e s i r e d  meaning, and t h a t  t h e  r e s u l t i n g  u t t e r a n c e  may be understood i n  t h e  
same uay. 

The problem u i t h  drauing ana log ies  i n  v i s i o n  
i s  t h a t  i t  i s  no t  obvious uhat  t h e  p r i m i t i v e s  
of  t h e  language a re  (edge fea tu res?  l i n e s ?  
L ine- junc t ions?)  and consequent ly  uhat  con- 
s t i t u t e s  a  meaningfu l  phrase i s  e q u a l l y  
unc lear .  I n  the  uork o f  Huffman(l971) and 
CLoues(l971) i n  some sense l i n e s  a r e  taken  as 
t h e  p r i m i t i v e s  and L ine- junc t ions  seem i n t u i -  
t i v e l y  t h e  most obvious candidates t o  choose 

concre te  uay - they  a c t u a l l y  touch. Comparing 
them w i t h  3ecker ' s  phrases, do they  mean any- 

Y as phrases u h i c h  i n c l u d e  severa l  i ns tances .  1 
The i n t u i t i o n  a r i s e s  p a r t l y  because t h e  1 
a f f i n i t y  betueen Lines i s  man i fes t  i n  a  most 

Fig. 4 

t h i n g  i n  t h e i r  oun r i g h t ?  

For example consider  the  FORK j u n c t i o n  i n  Fig. 4 C l e a r l y  i n  t h e  p o l y h e d r a l  
domain t h i s  can be taken t o  "mean" the  corner  o f  a  cube. Houever compare 
t h i s  w i t h  the  f o l l o u i n g  sentence:- 

THIS IS  NOT TO SAY THAT / ALL MEN HAVE / HAPPY LIVES 

u h i c h  can be taken as compr is ing t h r e e  phrases. 

Nou cons ider  the  f o l l o u i n g  t h r e e  words:- 

NOT - MEN - HAPPY 

Together they  capture more o f  t h e  meaning o f  t h e  sentence than  any one o f  
t h e  phrases a lone because the s t r u c t u r e  compr is ing the  t h r e e  words i n  o rder  
cap tu res  some mimimal p a r t  o f  the  meaning o f  each o f  t h e  t h r e e  phrases. The 
s t r u c t u r e  i s  no t  o f  much genera l  use i n  c o n s t r u c t i n g  o r  ana lys ing  sentences 
s i n c e  i t  i s  a  c h a r a c t e r i s a t i o n  a p p l i c a b l e  t o  o n l y  a  f e u  sentences. More 
impor tan t l y ,  u n l i k e  each o f  t h e  t h r e e  phrases i t  i s  ungrammatical.  
The suggest ion here i s  t h a t  the  l i n e - j u r i c t i o n  o f  F ig.  4 i s  more c l o s e l y  
i d e n t i f i a b l e  u i t h  the  th ree  word s t r u c t u r e  than  u i t h  a  l e x i c a l  phrase, s ince  
t o g e t h e r  the  l i n e s  capture some p a r t  o f  the n a t u r e  o f  t h e  t h r e e  sur faces and 
hou they re la te ,  and t h a t  t h e  su r faces  are b e t t e r  candidates f o r  be ing  t h e  
p a r a l l e l s  o f  Becker 's  phrases. 

To con t inue  the  comparison, i n  the same uay t h a t  o n l y  a  f e u  phrases a re  
needed t o  generate a  meaningfu l  sentence, o n l y  3 faces o f  a  cube a re  v i s i b l e  



compared w i t h  7 l i n e j u n c t i o n s .  F i n a l l y ,  Becker suggests t h a t  speech i s  gen- 
e r a t e d  b y  " s t i t c h i n g  toge ther "  a p p r o p r i a t e  phrases, and i t  i s  i n t e r e s t i n g  t o  
no te  t h a t  most people when asked t o  draw a cube, complete su r faces  r a t h e r  
than ver t~ces, i .e .  t y p i c a l l y  a sequence l i k e  (a) r a t h e r  than  (b) i n  Fig.5. 

(a) 

F ig.  5 

To r e t u r n  t o  t h e  comparison w i t h  t h e  l e t t e r  
domain, t h e  argument i s  t h a t  su r faces  have a 
"s tand a lone" meaning and t h e i r  j u x t a p o s i t i o n  
expresses a compound meaning as an o b j e c t .  
Some j u n c t i o n s  a r e  p a r t i c u l a r  m a n i f e s t a t i o n s  
o f  t h e  p r e c i s e  express ion  o f  a r e l a t i o n s h i p  
between two sur faces  and as such may o r  may 
n o t  cap tu re  the  compound meaning (E.g. Fig. 
6 )  and a re  no t  s u i t a b l e  p r i m t i v e s  from which 
t o  c o n s t r u c t  an o b j e c t  model. 

F ig.  6 
CONCLUSION 

Regarding a l l  v i s i o n  as i n v o l v i n g  the  addressing o f  s t o r e d  models, i t  i s  
suggested t h a t  models should be d e f i n e d  i n  terms o f  r e l a t i o n s h i p s  between 
" n a t u r a l  elements" uh ich  have meaning i n  t h e i r  own r i g h t ,  r a t h e r  than  i n  
t e r n s  o f  o b j e c t s  d e r i v e d  from t h e  m a n i f e s t a t i o n  i n  t h e  p i c t u r e  o f  r e l a t i o n -  
sh ips  between such elements. Th is  i m p l i e s  t h a t  i t  i s  o f  p r i m e  inpor tance  t o  
search f o r  those  p i c t u r e  o b j e c t s  u h i c h  a r e  most c h a r a c t e r i s t i c  o f  t h e  
express ion  o f  such " n a t u r a l  elements". I t  does n o t  i m p l y  t h a t  o t h e r  p i c t u r e  
o b j e c t s  cannot be exp lo i ted ,  bu t  r a t h e r  t h a t  t h e i r  u s e f u l n e s s  l i e s  i n  what 
they  i m p l y  f o r  the  r e l a t i o n s  between the  " n a t u r a l  elements". 
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1. ABSTRACT 

A cons iderab le  amount o f  work has been done on v e r i f y i n g  t h a t  computer 
programs f i t  t h e i r  s p e c i f i c a t i o n s .  However, p r o v i d i n g  fo rma l  
s p e c i f i c a t i o n s  i s  i t s e l f  a  d i f f i c u l t  and t e d i o u s  task, so t h a t  
programs a r e  g e n e r a l l y  o n l y  documented i n c o m p l e t e l y  and imprec ise ly .  
Th is  paper p resen ts  a computer system which accepts E n g l i s h  
d e s c r i p t i o n s  of orocedures and r e l a t e s  them t o  LISP programs t h a t  a r e  
supposed t o  implement them. Th is  system i s  in tended  t o  i l l u s t r a t e  how 
" in fo rma l "  techniques may be used t o  p r o v i d e  a rough a n a l y s i s  o f  a 
program f o r  which incomplete s p e c i f i c a t i o n s  a r e  prov ided.  

Keywords - automat ic  program ver i f i ca t ion ,symbo l i c  evaluat ion,  
n a t u r a l  language programming 

2. WHAT DOES SH4 DO ? 

The system SH4 descr ibed  i n  t h i s  paper i s  used f o r  r e l a t i n g  E n g l i s h  
d e s c r i ~ t i o n s  o f  procedures and LISP programs t h a t  a r e  supposed t o  
implement those procedures. What " r e l a t i n g  programs and procedure 
d e s c r i p t i o n s "  means here i s  t h a t  t h e  system c rea tes  two s e t s  o f  
records  t o  represen t  t h e  d e s c r i p t i o n  and the  program and then suggests 
and i n v e s t i g a t e s  l i n k s  between records  i n  t h e  two sets. I t  i s  
recognised t h a t  i t  i s  n o t  v e r y  u s e f u l  t o  p r o v i d e  a user  w i t h  q u i t e  
l a r g e  s e t s  o f  records  w i t h  l i n k s  between them, say ing  "Here you are, 
t h i s  i s  how your program works." Hence, when t h e  system has b u i l t  up 
these sets, i t  uses them t o  d e r i v e  a copy o f  t h e  o b j e c t  program 
annotated w i t h  comments d e r i v e d  from t h e  descr ip t ion ,  and a s e t  o f  
f l o w  c h a r t s  represen t ing  t h e  descr ibed  procedures, w i t h  fragments o f  
code a t tached  t o  show how t h e  procedures a r e  implemented. 

The i n p u t s  t h a t  t h e  system accepts f o r  a v e r y  s imp le  program and t h e  
o u t p u t  t h a t  i t  generates a r e  g i v e n  i n  Figs. 2.1 - 2.4. T h i s  exan~ple 
i s  n o t  t h e  L i m i t  o f  t h e  system's a b i l i t y  t o  d e a l  w i t h  programs, i t  i s  
t h e T m i t  o f  what can be shown i n  a paper t h i s  length.  



T h e r e  i s  a  p r o c e d u r e  c a l l e d  t e s t m e m b e r .  T h i s  p r o c e d u r e  t a k e s  a n  
o b j e c t  c a l l e d  t a r g e t  and  a  s e t  c a l l e d  p o o l .  I f  t h e  s e t  i s  e m p t y  t h e n  
t h e  p r o c e d u r e  r e t u r n s  f a l s e .  I f  n o t  t h e n  i t  g e t s  a n  o b j e c t  c a l l e d  
t e s t o b j  f r o m  t h e  s e t .  I f  t e s t o b j  and  t a r g e t  a r e  e q u a l  t h e n  t e s t m e m b e r  
r e t u r n s  t r u e .  I f  n o t  t h e n  i t  p e r f o r m s  t e s t m e m b e r  on  t a r g e t  and  t h e  
r e s t  o f  p o o l .  

F i g u r e  2 - 1 :  I n p u t  P r o c e d u r e  D e s c r i p t i o n  

CDEF TESTMEMBER 
CTARGET POOL1 
CCOND CEQUAL POOL N I L 3  

FALSE 
CEQUAL TARGET CCAR POOL11 
TRUE 
CTESTMEMBER 

TARGET 
CCDR POOL3 I I I 

F i g u r e  2 - 2 :  I n p u t  P r o g r a m  

comment TESTMEMBER i m p l e m e n t s  t e s t m e m b e r  
comment TARGET- rep resen ts  t a r g e t  
comment POOL r e p r e s e n t s  p o o l  

C DEF 
TESTMEMBER 
CTARGET POOL3 
C COND 

CEQUAL POOL N I L 1  i f  s e t  i s  e m p t y  
CFALSEI t h e n  t e s t m e m b e r  r e t u r n s  f a l s e  
C EQUAL i f  t a r g e t  and t e s t o b j  a r e  e q u a l  

TARGET 
[CAR POOL1 3  t h e n  i t  g e t s  o b j e c t  f r o m  s e t  

CTRUEI t h e n  t e s t m e m b e r  r e t u r n s  t r u e  
C TESTMEMBER t h e n  i t  p e r f o r m s  t e s t m e m b e r  on 

TARGET t a r g e t  and r e s t  
CCDR POOL1 I I I r e s t  o f  p o o l  

F i g u r e  2 - 3 :  Commented V e r s i o n  Of P r o g r a m  

i f  set->then i t  g e t s  
i s  e m p t y  o b j e c t  f r o m  s e t  
CEQUAL POOL N I L I  CCAR POOL3 

I I 
4. JI 

t h e n  t e s t m e m b e r  i f  t a r g e t  and.->then i t  p e r f o r m s  t e s t m e m b e r  
r e t u r n s  f a l s e  t e s t o b j  a r e  e q u a l  o n  t a r g e t  and  r e s t  
C FALSE3 [EQUAL TARGET [CAR POOL33 CTESTMEMBER TARGET CCDR POOL13 

I 
t h e n  t e s t m e m b e r  r e t u r n s  t r u e  

CTRUEI 

F i g u r e  2 - 4 :  F l o w c h a r t  I L L u s t r a t i n g  I m p l e m e n t a t i o n  



3. THE SYSTEM 

The system s t a r t s  work by i n t e r p r e t i n g  the  Engl ish desc r i p t i on  as 
fol lows. The t e x t  i s  dea l t  w i t h  sentence by sentence. Each sentence 
i s  parsed by a f a i r l y  orthodox top-down Lef t - to - r igh t  fastback parser - see [Ramsay 19801 f o r  d e t a i l s  - and then the parsed s t ruc tures  are 
i n te rp re ted  by choosing and i n s t a n t i a t i n g  schemes from a fixed, 
predef ined set t o  represent the  items re fe r red  t o  by the noun groups 
and poss ib ly  the  main verb group o f  each clause, and apply ing a set o f  
r u l es  associated wi th  the verb o f  the  main verb group t o  construct  
l i n k s  between the var ious i ns tan t i a ted  structures.  This process 
b u i l d s  up a network o f  records o f  var ious f i x e d  types, connected by 
po in te rs  from s l o t s  i n  records t o  o ther  records. A s i m i l a r  network i s  
b u i l t  t o  represent the ob jec t  program. Given these networks, the  
problem o f  r e l a t i n g  Engl ish sentences t o  LISP expressions becomes a 
matter o f  suggesting Links between items i n  the two sets o f  records. 

I n  t h i s  context, where we have two unconnected sets o f  records 
represent ing the procedures we are i n te res ted  i n  and the program tha t  
we hope implements them, i t  i s  impossible t o  make any use o f  program 
v e r i f i c a t i o n  techniques such as recursion induct ion  CMcCarthy 19603 o r  
s t r u c t u r a l  induct ion  CBurstal l  19681 t o  show t h a t  the program f i t s  i t s  
spec i f i ca t i ons  - the whole problem i s  tha t  at  t h i s  po in t  we do not  
know which pa r t s  o f  the program are supposed t o  f i t  which 
specif icat!ons. Simi lar ly,  i t  i s  hard t o  see how the system could use 
any form o f  symbolic evaluat ion CSussman 19701, [Goldstein 19743 t o  
f i n d  out what the var ious pa r t s  o f  the program are supposed t o  be 
doing, s ince t h i s  technique i s  on ly  r e a l l y  use fu l  i f  you can descr ibe 
what the  environment i s  expected t o  look l ike;  and again, we simply do 
not  know t h i s  yet. 

3.1. Making Guesses 

I n  order t o  f i n d  out enough about a program f o r  symbolic evaluat ion t o  
be useful, we use a c o l l e c t i o n  o f  "hypothesisers" - rout ines  t h a t  use 
s u p e r f i c i a l  cha rac te r i s t i cs  o f  programs and procedures t o  suggest 
l i n k s  between them. These hypothesisers use ideas such as Looking f o r  
recursive funct ions i n  the program t o  Link w i th  recurs ive  procedures 
i n  the description, o r  look ing f o r  non-atomic data s t ruc tures  i n  the 
program t o  l i n k  w i th  non-atomic ob jec ts  re fe r red  t o  i n  t he  
descr ipt ion.  Several o f  them use l i n k s  suggested by others, e.g. by 
connecting a procedure and a func t ion  on the grounds tha t  the inputs 
t o  the  procedure have already been Linked t o  the arguments o f  the 
funct ion.  They are a l l  f a i r l y  unrel iable,  so the system has t o  be 
able t o  cope wi th  cases where items have been l i nked  i nco r rec t l y .  
However, the only p a r t  o f  the system that  can check l inks, the  
symbolic evaluator (see Section 3.2) cannot be invoked u n t i l  l i n k s  
have been suggested f o r  most o f  the procedure set and the program, and 
even then i t  can on ly  check Links between procedure descr ip t ions  and 
funct ion  d e f i n i t i o n s  - i t  cannot say anything about hypotheses l i n k i n g  
ob jec ts  and data structures, etc. This makes i t  d i f f i c u l t  t o  maintain 



a useful, coherent t r e e  shouing the  dependencies betueen hypotheses. 
Instead, ue a l l o u  the  system t o  b u i l d  a set  o f  hypotheses u i t hou t  
keeping t rack  o f  hou they uere derived, and u i t hou t  uor ry ing  about 
uhether they are cor rec t  o r  even uhether they are consistent. The 
i n te rac t i ons  o f  the  hypothesisers are con t ro l l ed  by a scheduling 
algor i thm der ived from ideas used i n  v i s i o n  and speech understanding 
systems CSLoman et.al. 19781,CErman & Lesser 19753,CUoods 19761. The 
scheduler makes sure t ha t  hypothesisers t ha t  use subsidiary hypotheses 
behave sensibly, and i t  a lso  not ices  uhen s u f f i c i e n t l y  many l i n k s  have 
been suggested f o r  ana lys is  v i a  symbolic evaluat ion t o  be p r a c t t i c a l .  

When t h i s  happens, the scheduler invokes a module t h a t  checks 
hypotheses by eva luat ing  the  code along "paths" [King 19691 through 
funct ions  (a func t ion  i s  s p l i t  i n t o  paths by consider ing the poss ib le  
sequences o f  expressions tha t  may be evaluated uhen i t  i s  called; 
loops are dea l t  u i t h  by t u rn ing  them i n t o  cond i t i ona l  expressions u i t h  
v i r t u a l  recurs ive  func t ion  c a l l s  on t h e i r  main branches). I n  SH4, the 
snapshot environments described by the symbolic evaluator are def ined 
i n  terms o f  ac t ions  t ha t  have been performed. The system t r i e s  t o  
deal  u i t h  f unc t i on  c a l l s  by consider ing them as s ing le  complete 
ac t ions  and looking f o r  procedure c a l l s  tha t  have already been 
connected u i t h  them through hypotheses. This i s  s i m i l a r  t o  Ruth's 
El9761 approach o f  matching "actions" i n  a desc r i p t i on  o f  a general 
a lgor i thm against  expressions i n  a p a r t i c u l a r  ob jec t  program, u i t h  the 
d i f f e rence  t h a t  Ruth's system knew exac t l y  uhich ac t i on  i t  uas t r y i n g  
t o  match against  each expression, uhereas SH4 on l y  has hypotheses 
about uhich procedure c a l l  a func t ion  c a l l  i s  supposed t o  implement. 

4. SUMMING UP 

SH4 i s  seen as a complement t o  systems tha t  check program correctness 
by proving asser t ions  t ha t  must aluays (or  poss ib ly  sometimes [Manna & 
Waldinger 19761) be t rue  a t  var ious po in t s  i n  the execution o f  the  
program. These systems can be awkward t o  use, as they requ i re  the 
programmer t o  prov ide prec ise  spec i f i ca t i ons  f o r  h i s  program, uhich 
can sometimes be hard and i s  aluays time-consuming. They a lso  requ i re  
considerable theorem prov ing powers. Gerhart C19791, f o r  instance, 
describes a system uhich recognises tha t  the deductions needed f o r  
v e r i f y i n g  s i g n i f i c a n t  programs are too  complex f o r  contemporary 
theorem proving systems t o  deal  u i t h  i n  an acceptable time, and hence 
uorks i n  conjunct ion u i t h  the  user by apply ing deductive ru les  as he 
suggests, and maintaining f o r  him a t r e e  t h a t  shous uhat steps uere 
taken uhere and uhat t he  r e s u l t  o f  t ak ing  them uas. 

SH4 i s  intended t o  show hou t o  use less detailed, Less prec ise  
descr ip t ions  o f  programs t o  get an o v e r a l l  p i c t u r e  o f  uhat i s  supposed 
t o  be going on, e i t h e r  f o r  i t s  oun sake o r  f o r  use u i t h  a formal 
program v e r i f i c a t i o n  system. The procedure descr ip t ions  t ha t  the 
system uorks u i t h  are, unfortunately,  too  de ta i l ed  f o r  i t  t o  be a 
p r a c t i c a l  t o o l  as i t  stands. Furthermore, there are a number o f  



important aspects o f  programming t h a t  i t  does not  deal  w i t h  a t  a l l ,  
notably t he  d e f i n i t i o n  o f  new types o f  data structure.  Nonetheless, 
i t  does i nd i ca te  how p rog ram may be analysed i n  terms o f  in formal  
descriptions, and i t  has been used on several  n o n - t r i v i a l  programs 
(e.g. a simple garbage c o l l e c t o r  and a package o f  standard set 
manipulat ion funct ions).  
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1. ABSTRACT 

T h i s  paper p r e s e n t s  a  t e c h n i q u e  f o r  p a r s i n g  E n g l i s h  t e x t  accor3 i73  t s  
a  grammar s p e c i f i e d  as a  s e t  o f  r e w r i t e  r u l e s .  Tne paper ces;rices a  
compact way o f  r e o r e s e n t i n g  such a  granmar and p r e s e n t s  a p r o g r s q  
u h i c h  uses t h i s  r e p r e s e n t a t i o n  t o  parse  t e x z  w i t h o u t  b a c h t r s c c i n g  en5 
u i t h o u t  r e p e a t i n g  work t h a t  i t  has a l r e a d y  done. 

Keywords - d e t e r m i n i s t i c  parsing, c o n t r o l  s t r u c t u r e s  

2. REPRESENTING SETS OF REURITE RULES 

The program d e s c r i b e d  i n  t h i s  paper d e a l s  u i t h  g r a - ~ a r s  s c e c i f i e i ?  as 
s e t s  o f  r e w r i t e  ru les,  u i t h  p r o p e r t i e s  o f  t h e  n a i n  s t r u c t h r e  and i t s  
c o n s t i t u e n t s  d e s c r i b e d  b y  v a l u e s  f o r  s e t s  o f  LaSeLs. T-:s f o r z a k i s ?  
i s  v e r y  s i m i l a r  t o  t h e  D i r e c t  Clabse Grammars o e s c r i b e d  i n  i?ere:-a & 
Uarren, 19791. I t  i s  p o s s i b l e  t o  represen t  a  gra-7ar  s :ec i f~ec  as 
such a  s e t  o f  r e w r i t e  r u l e s  i n  a  coapact  manner t 5 a t  -aces i t  easy t o  
d e l a y  d e c i s i o n s  about  u h i c h  r u l e  a p p l i e s  t o  a  p i e c e  o f  t e x t  u q t i :  
enough of  i t  has been parsed  f o r  t h e  c o r r e c t  r u l e  t o  be chcse?. I f  ve 
Look a t  a  r u l e  as a  d e s c r i p t i o n  o f  a  p a t h  t h r o u g h  a  p i e c e  o f  text ,  i t  
i s  e v i d e n t  t h a t  ue do n o t  c a n t  t o  choose whicn o f  t u o  r u l e s  c e s c r i x s  
t h e  c o r r e c t  p a t h  th rough  a  g i v e n  p i e c e  o f  t e x t  u n t i l  t h e  t d c  d ive rpc .  
For  instance, cons ider  a  g r a r r l a r  t h a t  c o n t a i n s  t h e  f ~ l l o u i n :  tws  
r u l e s .  

vgroup Ctense ? t  v o i c e  ! a c t v J  
<= aux Catype !be tense  ? t l  p a r t i c i p l e  Ctense !present3 

v g r w p  Ctense ? t  v o i c e  !pass3 
<= aux Catype !be tense  ? t 3  p a r t i c i p l e  Ctense !pas:] 

F i g u r e  2-1: Two S i m i l a r  Rules 

where t h e  f i r s t  r u l e  d e s c r i b e s  t h e  f i r s t  v e r b  g roup  i n  t h e  sentence "i 
was w a l k i n g  home on Saturday n i g h t  uhen I *as bea ten  up  3:ain" ar.? t t . ~  



second r u l e  descr ibes the  second verb group i n  t h i s  sentence. The 
r i g h t  hand s ides o f  these r u l e s  are  i d e n t i c a l  apar t  from the f i n a l  se t  
o f  labels, so t h a t  i t  i s  no t  poss:ble t o  f i n d  ou t  which o f  them 
app l i es  u n t i l  the  p a r t i c i p l e  has been found and studied. However, i f  
t h e i r  s i m i l a r i t y  i s  recognised when they are read in, they  may be 
represented by the  fo l l ow ing  tree. 

Ctense ? t  vo ice  ! a c t v I  
Ctense !present1 

Ctense !past1 
Ctense ? t  vo ice  !pass1 

F igure  2-2: Combination O f  Two Rules I n t o  One 

Using t h i s  rule, NRP has no need t o  decide which branch t o  take u n t i l  
i t  has found an a u x i l i a r y  and checked i t s  type, and has found a  
p a r t i c i p l e  and i s  ready t o  look a t  i t s  labels.  

Thus by represent ing  the r u l e s  o f  a  grammar i n  such a  way t h a t  s i m i l a r  
r u l e s  are  combined, the sys tem- i s  ab le  t o  defer  choosing between r u l e s  
u n t i l  i t  has ava i l ab le  t o  i t  the  i n fo rma t i on  tha t  i t  needs t o  make the 
decis ion.  

This technique, which i s  s i m i l a r  t o  GSP's t reatment o f  ambigu i t ies  i n  
the  parse t r e e  i t s e l f  CKaplan 19731, enables the  system t o  ac t  
"de te rm in i s t i ca l l y "  once i t  has chosen a  t r e e  represent ing  what was 
o r i g i n a l l y  a  f am i l y  o f  ru les.    ow ever, there  i s  no guarantee t h a t  a l l  
t he  r u l e s  descr ib ing  the decomposit ion o f  some type o f  s t r u c t u r e  u i l l  
form a  s i n g l e  fami ly.  I n  order t o  see how the system copes w i th  the  
unce r ta in t y  t h a t  i s  introduced when i t  has t o  b u i l d  a  s t r u c t u r e  f o r  
which i t  has several  t r ees  o f  rules, we u i l l  have t o  consider i t s  
c o n t r o l  s t ruc ture .  

3. COt4TROL llITHIN NRP 

A co;rimon s t ra tegy  f o r  t op  down parsers i s  f o r  t he  parser t o  c a l l  
i t s e l f  recursively,  asking f o r  const i tuent  structures,  u n t i l  i t  has 
b u i l t  up a  c x p l e t e  Legal s t ruc tu re  o r  found t h a t  i t  cannot dc so, a r~d 
t o  r e t u r n  e i t . re r  the s t ruc tu re  t h a t  i s  has b u i l t  o r  a  f l a g  saying t h a t  
i t  has f a i l r :  t o  b u i l d  anything C8oods 19701,CUinograd 19721,EKcy 
19731,CRamsa) 19801. This technique Leads t o  problems when i t  i s  no t  



c lea r  what s o r t  o f  s t ruc tu re  i s  requ i red as t he  next cons t i t uen t  o f  
t h e  cur rent  p a r t i a l l y  b u i l t  structure,  p a r t i c u l a r l y  i f  i t  i s  poss ib le  
f o r  a  s t r u c t u r e  t o  be constructed and re turned i nco r rec t l y .  Parsers 
t h a t  f o l l ow  t h i s  s t ra tegy  somerimes b u i l d  the same in te rned ia te  
s t r u c t u r e  severa l  tines, i f  i t  occurs as a  const i tuent  o f  severa l  
s t ruc tu res  t h a t  are p a r t i a l l y  b u i l t  and then abandoned, and they 
genera l ly  have t o  keep a  t r ace  o f  ( a t  l eas t  some o f )  t h e i r  dec is ions  
and t h e  s t a t e  o f  the  parse a t  the  t ime when the  dec is ions  were made, 
so t h a t  they can backtrack when th ings  go wrong. 

NRP's strategy, on the o ther  hand, i s  as fo l lows. I t  s t a r t s  w i t h  a  
"request" f o r  some s o r t  o f  structure,  where a  request cons is ts  o f  the  
f o l l o w i n g  parts:- t he  p a r t i a l l y  b u i l t  s t r u c t u r e  t o  which the requested 
s t r u c t u r e  i s  t o  be added, the  t r e e  o f  r u l e s  t h a t  i s  t o  be used f o r  
b u i l d i n g  the  new const i tuent,  t he  p o s i t i o n  i n  the  sentence t h a t  the  
s t r u c t u r e  i s  t o  s t a r t  at, and a  l i s t  o f  a l l  the  requests t h a t  a re  
wa i t i ng  f o r  t h e  p a r t i a l l y  b u i l t  s t r u c t u r e  t o  be completed. 

When such a  request i s  issued, the  system looks through two stacks o f  
requests t h a t  i t  maintains. One o f  these stacks contains requests 
t h a t  a re  wa i t i ng  t o  be processed and the o ther  contains ones tha t  have 
been processed and are wa i t i ng  f o r  a  cons t i t uen t  t o  be b u i l t .  I f  t h e  
system finds, i n  e i t h e r  o f  these stacks, any request vhich has the 
same p o s i t i o n  and sane t r e e  o f  r u l e s  as the  g i ven  one, i t  s i a p l y  a<=s 
t h e  h igher  l e v e l  request t h a t  i n i t i a t e d  the cu r ren t  one t o  the  l i s t  o f  
requests t h a t  are wa i t i ng  f o r  the  one t h a t  was found i n  the stack. 
Only i f  noth ing t h a t  natcnes the cu r ren t  request i s  found i n  e i t h e r  c f  
t h e  stacks i s  i t  added t o  the  stack o f  ones t h a t  a re  wa i t i ng  t o  be 
processed. 

The system then takes the f i r s t  request from the stack o f  ones t h a t  
a r e  wa i t i ng  t o  be processed. I t  looks a t  the  "chart"  [Kay 19733 t h a t  
contains a l l  t h e  s t ruc tu res  t h a t  have been b u i l t  so f a r  t o  see i f  i t  
contains anyth ing sui table;  i f  i t  does, then t h i s  i s  added t o  :he 
p a r t i a l  s t r u c t u r e  contained i n  the  cur rent  request and a  new set c f  
requests i s  issued f o r  a l l  the poss ib le  ways o f  cont inu ing the ned 
p a r t i a l  s t ruc ture .  Otherwise, requests are issued f o r  a l l  t ? e  
poss ib le  i n i t i a l  cons t i t uen ts  o f  t h e  c u r r e n t l y  requested s t ruc ture .  
I n  e i t h e r  case, any new request i s  t r e a t e d  as descr ibed above. 

Eventua l ly  t h e  parser w i l l  process a  request whose t r e e  of 
cont inuat ions  i s  n u l l .  This i nd i ca tes  t h a t  the  p a r t i a l  s t ruc tu re  
associated w i t h  t he  request i s  complete. I n  t h i s  case, the no& 
complete s t r u c t u r e  i s  added t o  the  chart .  I n  addi t ion,  the  requests 
t h a t  were wa i t i ng  f o r  the cur rent  one t o  f i n i s h  are  accessed; f o r  ea:n 
o f  them, i f  t he  new s t ruc tu re  has features  t h a t  f i t  t he  reauest's r u l e  
then a  neu p a r t i a l  s t ruc tu re  conta in ing the request 's o l d  p a r t i a i  
s t r u c t u r e  and the newly covpleted one i s  constructed, and requests f c r  
i tems extending t h i s  neu s t r u c t u r e  are issued. 





4. SUMMING UP 

The above a l g o r i t h m  may sound conplex and L i a b l e  t o  l e a d  t o  
c o m b i n a t o r i a l  explos ion,  w i t h  enor rous  s t a c k s  o f  r e w e s t s  b e i ~ q  b u i l t  

up. However, t h e  r e p r e s e n t a t i o n  o f  s e t s  o f  r u l e s  as t r e e s  ~ r o v i d e s  a 
s t r o n g  c o n s t r a i n t  on t h e  number o f  reques ts  t h a t  u i l l  be r a 3 e  a t  any 
p o i n t .  Furthermore, t h e  search th rough  t h e  s t a c k s  f o r  s i n i l a r  
r e q u e s t s  whenever a new one i s  i s s u e d  guarsntees t h a r  no i n t e r m e d i a t e  
s t r u c t u r e  w i l l  b e  b u i l t  more t h a n  once; t h e  f a c t  t h a t  a l l  p o s s i b l e  
r e q u e s t s  a r e  a lways i ssued  means t h a t  i t  i s  n o t  necessary t o  keep 
t r a c k  o f  d e c i s i o n s  and t h e  s t a t e  o f  p r o c e s s i n g  uhe? t h s s e  d e c i s i o n s  
a r e  made - any l e g a l  pa rse  w i l l  n e c e s s a r i l y  emerge, " n i l e  drong 
d e c i s i o n s  w i l l  n o t  have any ill e f f e c t s ;  and f i n a l l y ,  s i n c e  t n e  
r o u t i n e  t h a t  processes reques ts  i s  n o t  recurs ive,  i t  i s  p o s s i b l e  t o  
w r i t e  e f f i c i e n t  code t o  implement it. 
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The fuzzy  s e t  f a l l a c y  

P e t e r  k!i:fe 
F a c h b e r e i c h  I n f o r m a t i k  

U n i v e r s i t a e t  ! i ambur~  
C 2000 !laVnburg 1 3  

4 b s t r a c t  
"Fuzzy s e t  t i ieory" and " fuzzy  l o ~ i c l 1  !lave btcr ,  p r c ~ o s - d  t c  be 
u s c f u l  f o r  a p p l i c a t i o n s  i n  p a t t e r n  r e c o z n i t i o n  and z r t i f i c i a l  
i n t e l l i ~ c = n c e .  I t  i s  zrgucd t h a t  t ! i ?  c o n c e p t  o f  a  " fuzzy  set ."  i s  
due t o  an i ~ t u i t i v e  f s l l z c y  induced by a  t:ires!io?!? p r o b a b i l i t y  
d i s t r i b u t i o n .  P. s!;etck, o f  an z l t c r n a t i v c  !nodel f o r  d e a l i n g  wi th  
a p p l i c a t i o n s  c o n s i d e r e d  t o  Se " fuzzy"  ones s o  f a r  i s  p r e s e n t e d .  
T h e  problem o f  h a n d w r i t t e n  c h a r a c t e r  r e c o g n i t i o n  i s  used a s  an 
examplc. 

i:cyi:ords and p!irasc-s: i(riotiledge representation, r e a s o n i n g  u i t l l  
vague c o n c e p t s ,  r e c o g n i t i o n  o f  I l a n d r ~ r i t t e n  c > . a r z 2 t e r s ,  c o n c e p t  
l e a r n i n g .  

1 .  I n t r o d u c t i o n  

Fuzzy s e t  t h e o r y  i n i t i a t e d  by L .  7adeh El9651 h a s  been proposed 
a s  :;n u s e f u l  t o o l  f o r  a r t i f i c i a l  i n t e l l i g e n c s  and p a t t e r n  
r e c o ; n i t i o n .  I t s  main a d v o c a t e  g o e s  s o  f;r a s  t o  c l a i m  " t l i a t  
once i t  ( f u z z y  l o z i c  P . 3 . )  i s  u n d e r s t o o d ,  i t  u i l ?  S e  u i d e l y  
adopted ."  [Zadeh ,  19COI. I doubt  t h a t .  Cn t h e  c o n t r a r y ,  I  
b e l i c v i -  t l ; ~ t  a l l  i s s u - s  3 d i r c s s e d  by fuzzy  sct t,!iecry can bc 
::y:rl.rllcJ \-.,itilin t!:? frzmiiior!: o f  c l a s s i c a l  l o g i c s  and p r o S 3 b i l i t y  
sl:i.ory. l:owever, anyone tdio d o u b t s  t h e  i n t u i t i v e  b a s e  f o r  fuzzy  
s e t s  t l izory s ' iould p r o v i d e  t i i t 1 1  an a l t e r n a t i v e  model u s e f u l  f o r  
p r c c t i c a l  c p p l i c z t i o n .  f i z c ~ r d i n g l y ,  I  s h a l l  g i v e  
- an e x p l a n a t i o n  c f  tihzt I  s h o u l d  l i k e  t o  c a l l  t h e  "Cuzzy s e t  
f a l l a c y "  
- g i v e  an o u t l i n e  o f  nn a l t e r n a t i v e  model 
- g i v e  a s k e t c h  o f  a  p rocedure  f o r  d e a l i n g  w i t h  t i e  phenomena 
c o n s i d e r e d  a s  " fuzzy"  c n e s  s o  f a r ,  u s i n g  t h e  r e c o g n i t i o n  o f  
h a n d i i r i t t e n  c h a r a c t e r s  a s  an example.  

2 .  The r o o t s  o f  t h e  " fuzzy  s e t  f a l l a c y "  

L e t ' s  b r i e f l y  r e c a p  t h e  a a i n  i d c a  o f  a  " fuzzy  s e t " .  In  everyday  
2s wel l  a s  i n  s c i e n t i f i c  c o g n i t i o n ,  i t  i s  o f t e n  d i f f i c u l t  t o  
d e c i d e ,  wheth2r  a c e r t a i n  i n d i v i d u a l  b e l o n g s  t o  a  c l a s s  d e f i n e d  
by a p r e d i c a t e  o r  i t s c o p e  w i t h i t  i s  r a t h e r  d i f f i c u l t  i f  n o t  
i m p o s s i b l e  t o  g i v e  a  p r e c i s e  e x t e n s i o n a l  d e f i n i t i o n  o f  a  
p r e d i c a t e .  There a r e  alr izys b o r d e r l i n e  c a s e s .  L .  7adeh t r i e d  
t o  cope t r i t ! i  bo th  p!ieno~nena by c r c a t i n g  " t h e  d i a l e c t i c a l  
s y n t h e s i s  o f  c o n t i n u o u s l y  graded  d e g r e e  o f  membership t o  a s e t . . .  
a n a t u r a l  g e n e r a l i s a t i o n  o f  t h e  c h a r a c t e r i s t i c  f u n c t i o n . . . "  
[1g761. 



What i s  t h e  f a l l a c y  i n  t h i s  s e e m i n g l y  n i c e  i d e a ?  F i r s t l y ,  Z a d e h  
t r i e s  t o  c a p t u r e  a  f u n d a m e n t a l  u n c e r t a i n t y  a s  t o  m e m b e r s h i p  b y  a n  
arbitrarily p r e c i s e  c o n t i n u o u s  m e m b e r s h i p  f u n c t i o n .  How c a n  we 
b e  s u r c  t h a t  u n c e r t a i n t y  s t a r t s  a t  a  c e r t a i n  p o i n t  a n d  e n d s  a t  a  
c e r t a i n  p o i n t  o n  a  s c a l e ?  llow c a n  we b e  s u r e  t h a t  t h e  m e m b e r s h i p  
d e g r e e  is e x a c t l y  , s a y ,  .7 o n  a  c e r t a i n  p o i n t  o n  t h e  s c a l e ?  I f  
i le  f i x  t h e  b o r d e r l i n e  c a s e s  t h i s  way ,  rre h a v e  t o  a n s w e r  t h e  
q u e s t i o n  a b o u t  t h e  u n c e r t a i n t y  o f  t h e  b o u n d a r y  o f  t h e  b o r d e r l i n e .  
T h i s  l e a d s  t o  a n  i n f i n i t e  r e g r e s s .  T h u s ,  we f a i l  t o  c a p t u r e  
u n c e r t a i n t y  a t  a l l .  
A w e l l  u n d e r s t o o d  m e a n s  f o r  d e s c r i b i n g  u n c e r t a i n t y  a d e q u a t e l y  i s  
p r o b a b i l i t y  t h e o r y .  i e t  u s  l o o k  a t  t h e  p r o b l e m  t h i s  way u s i n g  
t h c  f a m i l i a r  e x a m p l e  o f  I f t a l l  men".  I f  we t a k e  t h e  p h y s i c a l  
m e a s u r i n g  s c a l e  f o r  h e i g h t ,  i t  is i m p o s s i b l e  t o  l o c a t e  t h e  
b o u n d a r y  b e t w e e n  " t a l l "  a n d  " n o t  t a l l "  w i t h  c e r t a i n t y .  T h e  
r e a s o n s  f o r  t h i s  a r e ,  s h o r t l y ,  t h e  i m p o s s i b i l i t y  t o  r e c o g n i s e  
h e i g h t  t o  a n  a r b i t r a r y  d e g r e e  o f  p r e c i s i o n  o n  t h e  o n e  h a n d ,  a n d  , 
o n  t h e  o t h e r  h a n d ,  t h e  l a c k  o f  a n  e x p l i c i t  d e f i n i t i o n ,  w h i c h  
w o u l d  b e  r e q u i r e d  f o r  a  s c i e n t i f i c  e x p e r i m e n t ,  b u t  i s  u s e l e s s  i n  
e v e r y d a y  l i f e  b e c a u s e  o f  t h e  h u g e  v a r i e t y  o f  c o n t e x t s .  H o w e v e r ,  
i f  p e o p l e  a r e  f o r c e d  t o  make  a  y e s - n o - d e c i s i o n  - a n d  m o s t l y  t h e y  
f o r c e  t h e m s e l v e s  t o  d o  s o  - t h e i r  b e h a v i o u r  w i l l  n o t  b e  
c o n s i s t e n t ,  b u t  p r o b a b i l i s t i c .  
A s k i n g  p e o p l e  t o  i n d i c a t e  t h e  b o u n d a r y  o n  t h e  s c a l e  o f  h e i g h t  i n  
a  s u f f i c i e n t l y  r e s t r i c t e d  c o n t e x t  weald t y p i c a l l y  y i e l d  a  
G a u s s i a n  d i s t r i b u t i o n  . A s k i n g  t h e  m o r e  n a t u r a l  q u e s t i o n  "Is 
t h i s  man t a l l ? "  , a n d  s h o w i n g  a  s a m p l e  o f  men t o  a  s a m p l e  o f  
s u b j e c t s  s h o u l d  b e  e x p e c t e d  t o  y i e l d  t h e  c u m u l a t i v e  n o r m a l  
d i s t r i b u t i o n ,  t h e o r e t i c a l l y  . O b v i o u s l y ,  e a c h  s u b j e c t  
c o n s i d e r i n g  t h e  b o u n d a r y  t o  b e  t o  t h e  l e f t  o f  t h e  h e i g h t  v a l u e  
r e p r e s e n t e d  b y  a  c e r t a i n  man w i l l  a n s w e r  " y e s w .  E x p e r i m e n t s  o f  
t h i s  s o r t  w e r e  c o n d u c t e d  b y  H e r s h  a n d  C a r a m a z z a  El9761 y i e l d i n g  
t h e  e x p e c t e d  d i s t r i b u t i o n .  U n f o r t . u n a t e l y ,  H e r s h  a n d  C a r a m a z z a  
b e i n g  i n s p i r e d  b y  f u z z y  s e t  t h e o r y  i n t e r p r e t e d  t h e  p r o p o r t i o n  o f  
" y e s w - r e s p o n s e s  f o r  a  s a m p l e  o b j e c t  a s  " g r a d e  o f  m e m b e r s h i p " .  
I l o w e v e r ,  t h e i r  e x p e r i m e n t a l  r e s u l t s  a r e  i n  ' f a v o u r  o f  a  
p r o b a b i l i s t i c  i n t e r p r e t a t i o n .  

Typical theoretical (a) and empirical (b) 
agreement probability distributions 

T h e  o b j e c t i v e  p r o b a b i l i t y  d i s t r i b u t i o n  o f  v e r b a l  b e h a v i o u r  i s  
r e f l e c t e d  i n  s o m e  way a s  a  s u b j e c t i v e  p r o b a b i l i t y  d i s t r i b u t i o n  i n  



the i n d i v i d u a l s  ( s e e  b e l o w ) .  I n  o t h e r  w o r d s ,  s u b j e c t i v e  
u n z e r t a i n t y  p e r t a i n i n g  t o  t h e  a p p l i c a b i l i t y  a f  a  v a g u e  p r e d i c a t e  
i s  f a l l s c i o u s l y  i n t e r p r e t e d  a s  a n  o S j e c t i v e  d e g r e e  o f  m e m b e r s h i p .  
T h i s  is t h e  r o o t  o f  t h e  " f u z z y  s e t  f a l l a c y " ,  i . e . ,  t h e  i n t u i t i v e  
a p p e a l  o f  t h e  c o n c e p t  o f  a  c o n t i n ! J o u s  m e m b e r s h i p  f u n c t i o n .  

3. O u t l i n e  o f  a n  a l t e r n a t i v e  t l i e c r y  

T h e  b ~ s i c  i d e a  o r  p o s t u l ~ t e  is t h a t  s u b j e c t i v e  u n c e r t z i n t y  i s  a  
m a t t e r  o f  d e g r e e ,  a n d  t h a t  i t  c a n  b e  i c e a s u r z d .  A i t h o u g t ~  s u c i l  a 
m e a s u r e  c a n  b e  d e f i n e d  w i t h i n  t h e  frarilec~orl.: o f  p r o b a b i l i t y  t ! i e o r y  
[ S c h e f e ,  1979:, t t ! e  s u S j c c t i v c  " b e ! , a v i o u r f ' ,  i . e . ,  e v z l u a t i o n  o f  
e v i d e n c e  i n  3 c e r t a i n  c o n t e x t ,  a s  t o  compound s t a t e m e n t s  i s  
d i f f e r e n t  f r o m  " o r d i : i a r y "  p r o b s b i l i t y  t ! i e q r y ,  e . ~ . ,  t ! i e  max- 2nd  
m i n - o p e r a t o r s  a p p l y  t o  d i s j u n c t i o n  a n d  c s n j u n c t i o n  o f  " z ~ r e e m e n t  
e v e n t s " ,  r e s p e c t i v e l y .  W ?  a r e  a s s u m i n g  t h a t  a  r e a s o n a b l e  p e r s o n  
w i l l  " b e h a v e "  a c c o r d i n g  t o  t h i s  m o d e l .  P r i n a r i l y ,  t h e s e  m e a s u r e s  
a r e  a t t a c h e d  t o  f a c t u a l  p r o p o s i t i o n s ,  i . e . ,  t h e y  a r e  e p i s t e m i c  
i n d i c a t i n g  a  d e g r e e  o f  b e l i e f  i n  t h e  t r u t h  o r  f a l s e h o o d  o f  a  
p r o p o s i t i o n .  F u z z y  s e t  t h e o r y ,  h o w e v e r ,  is  a i m i n g  a t  p r o v i d i n g  a  
s e m a n t i c s  o f  v a g u e  p r e d i c a t e s .  T h i s  i s  a  d i f f e r e n t  i s s u e .  I n  
t h e  a g r e e m e n t - p r o b a b i l i s t i c  m o d e l ,  v a g u e n e s s  i s  i n t e r p r e t e d  a s  
s u b j e c t i v e  u n c c r t a i n t y  p e r t a i n i n g  t o  t h e  a p p l i c a b i l i t y  o f  a  
p r e d i c a t e  i n  a  c e r t a i n  c o n t e x t  ( " I s  ' t a l l '  a p p l i c a b l e  t o  J o h n ? " ) ,  
a n d  n o t  t o  t!le t r u t ! ~  o f  t h e  p r o p o s i t i o n  c o n t a i n i n g  t h i s  p r e d i c a t e  
( " I s  J o h n  t a l l ? " ) .  T h e  d i f f e r e n c e  c o u l d  n l s o  b e  d e s c r i b e d  b y  t h e  
c o n t r a s t e d  p a i r  " a s s e r t i o n a l  - d e f i n i t i o n a l t 1 .  D e f i n i t i o n a l  
u n c e r t a i n t y  m u s t  n o t  b e  c o n f o u n j e d  w i t h  s e m a n t i c s .  ! !owever,  i t  
h a s  t o  b e  c o p e d  w i t h  i n  A I - s y s t e m s .  
I w o u l d  s t a t e  t h e  h y p o t h e s i s  t h a t  t h e  c u m u l a t i v e  p r o b a b i l i t y  
d i s t r i b u t i o n  e x h i b i t e d  b y  tklo o b s e r v s b l c  l i c g u i s t i c  b e h a v i o u r  i s  
s l n i l a r  3 t i l e  s u b j e c t i v e  c c r t a i r ~ t y  ? i s t r i b u t i o n  z e n e r a t e d  b y  
s e l f - a s s e s s m e n t ,  a n d  t h a t  d i f f e r e n c e s  a r e  d u e  t o  t h r e s h o l d i n g .  

4 .  S o  we n e e d  f u z z y  s e t  t h e o r y  f o r  a p p l i c a t i o n s ?  

T h ?  a n s w e r  t o  t h e  h b o v e  q u e s t i o n  i s  c l e a r l y  "!lo, o n  t h e  c o n t r a r y ,  
b e c a u s e  i t  may b 2  m i s l e a d i n g " .  l ! o u c v e r ,  we n e e d  a  s p e c i a l  
p r c b ; ? S i l i s t i c  a p p l ~ c a t i o n  m o d e l  f o r  s u b j e c t  a r e a s  t h a t  a r e  
c o n s i d e r e d  " f u z z y " ,  i n t u i t i v e l y .  E . g . ,  p a t t e r n  r e c o g n i t i o n  o f  
! > a n d w r i t t e n  characters s ! ~ o u l d  n o t  b t  d c s l t  w i t h  b y  t i 1 9  s s n e  
I s  :i!lic!. z r ; .  used i n  t i i ?  r c c c g n i t i o n  o f  n a t u r a l  o b j e c t s .  
i n s t ~ n c e s  o f  h n n d u r i t t e n  c h a r a c t ? r s  c a n n o t  b c  c o n s i d e r e d  a s  
p o s s i b l e  3 c m b e r s  o f  a c l a s s  X ,  b u t  a s  o b j e c t s  t h a t  c a n  p o s s i b l y  
b e  a s c r i b e d  t i l e  m t ~ n i n e  o f  "be in : ,  t!;? c l : n r a c t e r  'X"' , i . e . ,  o f  
b ? i n g  i n s i d e  t h e  t c l c r a n c e  s p a c e  r e p r e s e n t e d  b y  ' X ' .  T h i s  is a  
z r u c i a l  d i f f t  r e n c c .  
C o n s i d e r  t:io i n s t a n z ; ~  o f  h a n d : ! r i t t e n  "!Iw a n 3  "I?" ,  w h i c h  may b e  
p h y s i c a l l y  a I v n o s t  u n 3 i s t i n g u i s h a b l c  i n  i s o l a t i o n  b u t  i n t e r p r e t e d  
correctly i ! i  z n  k p p r o p r i a t e  c o n t e x t .  T h u s ,  a  c o n t e x t f r e e  
r c c o j n i t i c n  : ) r c c ? d u r e  s ! > o u l d  n o t  b e  b a s e d  o n  p a r a m e t e r s  d e r i v e d  
f r s n  :!I; s t 2 : i s t i c a l  d i s t r i b u t i o n  o f  t i l e  w h o l e  p a t t e r n  o r  i t s  

n - n .  c - z t u r . ~ s .  . ._..: .use letters 3 r ~  n c z n i n g s ,  t h e r e  a r e  c o n t r a s t i v e  - ., < .. P. 
,.% - i n  one  o r  r i s r c  t i > a n  o n e  ; l i m c n s i o n .  T ! ~ u s ,  u n c c r t a i n t y  i s  
,, ., A . s S o u t  s t a c t . ? s t i c  d e v i a t i o n s  f r o m  a n  i d e a l  g e o m e t r i c  p a t t e r n  



( i f  i t  i s  e x i s t i n g  a t  a l l ) ,  b u t  a b o ~ t  S s r d e r l i n e  c a s e s .  E.&.? 
t h e r e  is no  u n c e r t a i n t y  o f  I t b e i n g  s ' ? I 1 "  w i t h  i n s t a n c e s ,  i n  w h i c h  
t h e  two l i n e s  a r e  c o n n e c t e d  i n  t h e  " t y p i c a l v  way b u t  v a r y i n g  i n  
l e n g t h  o r  p r o p o r t i o n  o f  l e n g t h s .  However ,  i n c l i n a t i o n  is a  
c r u c i a l  a s p e c t ,  b e c a u s e  t h e r e  is t h e  c o n t r a s t i v e  A .  Hence ,  
what  i s  n e e d e d  is a  p r o b a b i l i s t i c  d e c i s i o n  p r o c e d u r e  f o r  
b o r d e r l i n e  c a s e s  i n  t h e  v a r i o u s  d i m e n s i o n s  ( ' H I  and ' ? i t  a r e  a l s o  
c o n t r a s t i v e  e . g . ) .  S i n c e  Z a d e h ' s  [ I 9 7 6 1  " f u z z y  membersh ip  
f u n c t i o n s "  c o n c e i v e d  3 f  o n  p u r e l y  i n t u i t i v e  g r o u n d s  i s  a  good  
a p p r o x i m a t i o n  t o  t h e  c u m u l a t i v e  n o r m a l  c u r v e ,  p a t t e r n  r e c o g n i t i o n  
p r o c e d u r e s  b a s e d  o n  t h i s  c o n c e p t  a r e  l i k e l y  t o  b e  s u c c e s s f u l .  
However,  t h i s  i s  n o t  mean t  t o  b e  a  s u c c e s s  o f  f u z z y  s e t  t h e o r y .  

I 

5 .  S k e t c h  o f  a  " f u z z y "  d e c i s i o n  and l e a r n i n g  p r o c e d u r e  

The f r amework  f o r  s o l v i n g  t i l e  p r o b l e m  o f  " f u z z y t 1  p a t t e r n  
r e c o g n i t i o n  is g i v e n  by t h e  l i n g u i s t i c  a p p r o a c h  , e s p e c i a l l y  t h e  
s e m a n t i c  v i e w  a s  o u t l i n e d  by C lowes  [1971!, and  t h e  l e a r n i n g  
p a r a d i g m  o f  t h e  " n e a r  miss" p r o p o s e d  by W i n s t o n  [19751 .  
I u s e  t h e  e x a m p l e  o f  r e c o g n i z i n g  t h e  l e t t e r  "T". F i r s t l y ,  t h e  
l e t t e r  i s  p a r s e d  s y n t a c t i c a l l y  i n t o  two s t r o k e s ,  A ,  and  B, s a y .  
S e c o n d l y ,  t h e s e  e l e m e n t s  j o i n  i n t o  c e r t a i n  s e m a n t i c  r e l a t i o n s ,  
and h a v e  t o  mee t  c e r t a i n  s e m a n t i c  r e s t r i c t i o n s ,  e . g . ,  t h e  s t r o k e s  
h a v e  t o  b e  c o n n e c t e d ,  t h e y  h a v e  t o  b e  s t r a i g h t ,  t h e  a n g l e s  h a v e  
t o  b e  e q u a l ,  e t c .  Us ing  t h e  p r o g r a x m i n g  l a n g u a g e  FUZZY 
[ L e F a i v r e ,  19771  , t h e s e  p r e d i c a t e s  c a n  b e  i n t e r p r e t e d  a s  
p a t t e r n s  i n v o k i n g  DEDUCE-procedures,  w h i c h  compu te  t h e  
p r o b a b i l i t i e s  t h a t  " b e i n g  e q u a l " ,  " b e i n g  s t r a i g h t "  c a n  b e  a p p l i e d  
t o  t h e  i n s t a n c e s ,  e . g . :  

((STRAIGHT A) . 0 . 7 )  
((STRAIGklT B) . 0 . 9 )  
((EQUALANGLE AD BA) . 0 . 9 )  
e t c .  

How c a n  t h e s e  p r o b a b i l i t i e s  b e  l e a r n e d ?  F i r s t l y ;  t h e  p rog ram may 
b e  g i v e n  a  d e s c r i p t i o n  r e p r e s e n t i n g  t h e  " i d e a l "  "T" o r  a  
p r o t o t y p e ,  f rom which  i t  c a n  g e n e r a t e  t h e  d e s c r i p t i o n .  To g e t  
t h e  r a n g e  o f  p g s s i b l e  e x p r e s s i o n s  o f  a  " T n ,  " n e a r  missesn a r e  
p r e s e n t e d  t o  t h e  p rog ram.  F o r  e x a m p l e ,  we may h a v e  a  d i f f e r e n c e  
o f  a n g l e s  o f  3 0  a s  a  n e a r  m i s s  o f  " b e i n g  e q u a l " .  Then ,  t h e  
p rog ram g e n e r a t e s  a  h e u r i s t i c  p r o b a b i l i t y  f u n c t i o n  a s s i g n i n g  t h e  
v a l u e  o f  . 5  t o  3 0  , a n d ,  s i m i l a r  t o  t h e  a p p r o x i m a t i o n s ,  a s  u s e d  by 
S i y  and  Chen E l9741  o r  K i c k e r t  and  K o p p e l a a r  L19761, a s s i g n i n g  - 1  
t o  0  , a n d  0 .  t o  6 0  , s a y .  
How s h a l l  o n e  d e a l  w i t h  t h e  p r o b a b i l i t i e s  a s s i g n e d  t o  f e a t u r e s ,  
i n  o r d e r  t o  g e t  t h e  p r o b a b i l i t y  f o r  t h e  p a t t e r n ?  T h e r e  is n o  
p o i n t  t o  t a k e  t h e  p r o d u c t  f o r  t h e  r e s u l t i n g  p r o b a b i l i t y ,  a s  is 
d o n e  i n  t h e  B a y e s i a n  a p p r o a c h  t o  c l a s s  a s s i g n m e n t .  I n s t e a d ,  t o  
t a k e  a  c o n s e r v a t i v e  d e c i s i o n  - o f  b e i n g  i n s i d e  t h e  t o l e r a n c e  
s p a c e  i n d i c a t e d  by . t h e  n e a r  m i s s e s  - I w i l l  commit  m y s e l f  o n l y  
and e x a c t l y  t o  t h e  minimum o f  t h e  p r o b a b i l i t i e s  o f  b e i n g  i n s i d e  
t h e  t o l e r a n c e  s p a c e  i n  o n e  d i m e n s i o n .  I n  o t h e r  w o r d s ,  t h e  
p r o b a b i l i t y  o f  e r r o r  i s  a t  w o r s t  t h e  maximum o f  t h e  p r o b a b i l i t i e s  
o f  b e i n g  o u t s i d e  t h e  s p a c e  i n  o n e  d i m e n s i o n .  
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Abstract  
Why do people i n t e r p r e t  sketches-ns, etc. so eas i l y?  A theory i s  
ou t l i ned  uhich accounts f o r  the  r e l a t i o n  betueen ordinary v i s u a l  
percept ion and p i c t u r e  i n te rp re ta t i on .  Animals and v e r s a t i l e  robots 
need fast, genera l ly  r e l i a b l e  and "gracefu l ly  degrading" v i sua l  systems. 
This can be achieved by a h igh l y -pa ra l l e l  organisation, i n  uhich 
d i f f e r e n t  domains o f  s t ruc tu re  are processed concurrently, and decis ions 
made on the basis o f  incomplete analysis. Attendant r i s k s  are 
diminished i n  a " cogn i t i ve l y  f r i e n d l y  uokld" (CFW). Since high Levels 
o f  such a system process i nhe ren t l y  impoverished and abstract  
representations, i t i s  i d e a l l y  su i t ed  t o  the i n t e r p r e t a t i o n  of p ictures.  

1. I s  the study o f  impoverished p i c tu res  relevant t o  'fit vis ion? 
A 1  v i s i on  uork concerned u i t h  oictures,  inc lud ing d i a i t i s e d  ohotoeraohs. 
s t ra igh t - l i ne  drauings and cartoons, etb. has r i c e n t i y  been c r i t i cSsed  as 
i r r e l e v a n t  t o  v i sua l  percept ion o f  ob jec ts  i n  the  environment, CLocksin C19781. 
Related themes can be found i n  Horn C19781. I t  can be argued tha t  studying 
impoverished p i c tu res  u i t h  great Local ambiguity leads t o  overemphasis on top- 
doun, knouledge-guided v i sua l  processes! as i n  Sh i ra i  C19751 and Minsky C19751, 
and on complex con t ro l  structures, as i n  POPEYE C*21. Lack o f  d e t a i l  i n  
a r t i f i c i a l  images causes d i f f i c u l t i e s  o f  i n t e r p r e t a t i o n  uhich, i t  may appear, do 
not ar ise  i n  ord inary  perception, uhere disambiguating d e t a i l  i s  provided by 
colour, stereopsis, o p t i c a l  flow, etc. Admittedly images in terpre ted by most 
A.I. programs Lack many features ava i lab le  even i n  monocular percept ion of 
s t a t i c  scenes, from uhich use fu l  in format ion  can be extracted u i t h  powerful  
a lgor i thms and computational resources. CMarr 1976, Horn 1978 and papers c i t e d  
therein]. Horn's claim: 'ue may have closed our eyes t o  the raw image f o r  too  
Long', i s  reasonable, and supported by h i s  oun exce l len t  uork on images. But ue 
mustn't nou close our eyes t o  a l l  else. 

Ex t rac t ion  o f  Lou l eve l  image and scene features i s  but a sub-process of the  
v i sua l  mechanism. That a powerful  subsystem i s  normally used does not imply 
tha t  i t  i s  essent ia l  f o r  v is ion.  Stereopsis c e r t a i n l y  occurs, and needs t o  be . 
explained, but our a b i l i t y  t o  perform everyday tasks u i t h  j us t  one eye a lso  
needs explanation. Simi lar ly,  we can o f t en  recognise th ings uhen d e t a i l  i s  
missing, or spurious in format ion  added, through poor v i s i b i l i t y ,  eye defects, 
strong back-l ighting, r e s t r i c t e d  view angle, or in terven ing shruberry. 
Normally, ue use perceived d e t a i l  t o  segment the scene i n t o  objects, but 
sometimes the grouping must go beyond considerat ion o f  image con t i nu i t i es  and 
d i scon t i nu i t i es  because o f  occu l t a t i on  o f  some ob jec ts  by others, camouflage, 
shadows or spurious jux tapos i t ions .  A L L  t h i s  suggests considerable modularity: 
various sub-systems produce information, perhaps p a r t l y  dupl icated by other 
sub-systems, and Less precise in format ion  may s u f f i c e  i f  the  i d e a l  i s  not 
avai lable.  This modular i ty could a l l o u  a component uhich i d e a l l y  should be 
dr iven by the data, t o  be dr iven instead by p r i o r  knowledge ac t iva ted by other 
data. This might exp la in  both our f a c i l i t y  u i t h  impoverished p i c tu res  and the 
occurrence o f  misperceptions even i n  exce l len t  condi t ions (uell-knoun examples 



are  t h e  hol icd  nz;k [Crz j3 r l  177030 ;-d t h e  t r i a n g l e  c o n t a i n i n g  "PARIS I N  THE 
THE SPRING">, 

How can we f u n c t i o n  so +jet: when so much d e t a i l  i s  l o s t ?  Recogn i t i on  o f  sketchy 
drawings can be r a p i d  and e f f o r t l e s s  CHochberg 1978, page 193, c i t i n g  Ryan and 
Schuartz l .  Perhaps, when we look  a t  p i c tu res ,  i n t e r m e d i a t e  r e s u l t s  o f  t h e  
i n t e r p r e t a t i o n  process are s i m i l a r  t o  some i n t e r m e d i a t e  (sketchy)  r e s u l t s  o f  t h e  
processes o f  normal p e r c e p t i o n ?  Perhaps normal p e r c e p t i o n  uses mechanisms w i t h  
b u i l t - i n  c h a r a c t e r i s t i c s  designed t o  cope w i t h  abnormal, s p e c i a l l y  d i f f i c u l t ,  
s i t u a t i o n s ?  Our c e n t r a l  i dea  i s  t h a t  v i s u a l  systems process many d i f f e r e n t  
domains o f  s t r u c t u r e  i n  p a r a l l e l .  So a n a l y s i s  o f  r e l a t i v e l y  "high-level", 
abstract ,  incomplete, representat ions,  sometimes occurs & p a r a l l e l  w i t h  
d e t a i l e d  analyses o f  v i s u a l  data. C*31 Higher  Level  processes would then  be 
d r i v e n  i n  p a r t  by p r i o r  knowledge o f  s p e c i f i c  s o r t s  o f  o b j e c t s  (e.g. g e n e r a i i s e d  
cy l inders,  humanoid f igures) ,  l o w e r s  ma in ly  by ve ry  genera l  ( i m p l i c i t )  
knowledge about 3-D surfaces, L ight ing,  motion, etc. O c c a s i o n a l l y  such h igh-  
l e v e l  processes would reash conc lus ions  which a r e  over tu rned  by more d e t a i l e d  
analys is ,  e.g. t h e  "double take". However the  d i f f e r e n t  processes would 
norma l l y  produce compat ib le r e s u l t s ,  making p o s s i b l e  t h e  m o d u l a r i t y  r e f e r r e d  t o  
above. How? 

A b a s i c  assumption i s  t h a t  t h e  v i s u a l  system has evo lved  t o  work i n  a 
" C o g n i t i v e l y  F r i e n d l y  World", a CFW, (which may be very  u n f r i e n d l y  i n  o t h e r  
respects) .  Here a r e  examples o f  c o g n i t i v e  f r i e n d l i n e s s :  
(A) The o p t i c  a r r a y  i s  r i c h  i n  u s e f u l  i n f o r m a t i o n  about t h e  environment -- as 

noted above. T h i s  i s  due i n  p a r t  t o  t h e  s o r t s  o f  su r faces  o b j e c t s  have, i n  
p a r t  t o  a p l e n t i f u l  supply o f  s h o r t  wave-length r a d i a t i o n  and a t ransparen t  
atmosphere. (N.B. t h e  Last two c o n d i t i o n s  a re  ve ry  va r iab le . )  

(0) The space o f  p h y s i c a l l y  p o s s i b l e  o b j e c t s  and processes i s  sparse ly  
i n s t a n t i a t e d  i n  t h e  a c t u a l  wor ld  ( u n l i k e  sc ience f i c t i o n ) ,  i.e. t h e r e  i s  
L im i ted  independent v a r i a t i o n  o f  f e a t u r e s  and r e l a t i o n s :  t h i s  makes images 
redundant. Th is  i s  i l l u s t r a t e d  by p l a n a r i t y ,  c o n t i n u i t y ,  r i g i d i t y ,  etc. 
(Marr C19791) and the  f a r t  t h a t  no animal  has t h e  ear o f  a zebra and t h e  
body o f  a g i r a f f e .  

( C )  Confdsing coinc idences (e.g a c c i d e n t a l  a l ignments and j u x t a p o s i t i o n s )  a r e  
rare.  Th is  depends bo th  on t h e  k i n d  o f  environment and on t h e  Low 
p r o b a b i l i t y  o f  such v iewpo in ts  f o r  any g iven  scene. 

To make dse o f  (A) a v i s u a l  system needs good d e t e c t o r s  f o r  f e a t u r e s  o f  t h e  
o p t i c  array. Since these depend on Laws o f  phys ics  they  don ' t  va ry  much from 
one p a r t  o f  the  wor ld  t o  another and t a n  be u s e f u l l y  compiled i n t o  hardware. I f  
we have evolved mechanisms t o  t a k e  advantage o f  (A), might  we no t  a l s o  have 
evolved mechanisms t o  take  advantage o f  (B) and (C)? Us ing  ( 6 )  r e q u i r e s  u s i n g  
knowledge o f  what s o r t s  o f  o b j e c t s  a c t u a l l y  occur, e.g. knowing about cy l inders ,  
about r i g i d i t y ,  and about zebras and t h e i r  ears. Some o f  t h i s  (e.g. many 
o b j e c t s  a re  L o c a l l y  r i g i d )  i s  u s e f u l  i n  n e a r l y  a l l  environments, and might  be 
b u i l t  i n t o  g e n e t i c a l l y  determined mechanisms, w h i l s t  some (e.g. uhat  s o r t s  o f  
p lants,  animals, o r  bu i ld ings ,  a re  common) w i l l  va ry  cons iderab ly  and must be 
Le f t  t o  i n d i v i d u a l  learn ing.  Making use o f  (C) i n v o l v e s  hav ing  good process 
o rgan isa t ion ,  t o  f i n d  t h e  ' b e s t '  pe rcep ts  [H in ton  19771. 

A consequence o f  (0) and ( C )  i s  t h a t  u s u a l l y  any good i n t e r p r e t a t i o n  o f  a v i s u a l  
image w i  11 be unique, and t h e r e f o r e  t h e  b e s t o n e .  (0) and ( C )  c o u l d  a l s o  
j u s t i f y  h igher  l e v e l  processes jumping t o  knowledge-guided conc lus ions  on t h e  
b a s i s  o f  p a r t i a l  r e s u l t s  from Lower l e v e l s .  T h i s  c o u l d  enab le  good d e c i s i o n s  t o  
be made i n  poor v iew ing  condi t ions,  and i n  good c o n d i t i o n s  would enable 
d e c i s i o n s  t o  be made f a s t e r .  ( A l l  o f  t h i s  i s  demonstrated i n  a ve ry  s imp le  
world, by t h e  Popeye program C*21.) So, assumption (A) i s  o f  use i n  good v iew ing  
c o n d i t i o n s  where o b j e c t s  are un fami l i a r ,  whi 1 s t  (B) and ( C )  a r e  o f  use where 



condi t ions are bad but objects are f am i l i a r .  A system designed w i th  t h i s  
f l e x i b i l i t y  might acquire a  speed advantage where a l l  o f  (A)  ( 0 )  and (C)  are 
sa t is f ied ,  i f  d i f f e r e n t  sub-systems work i n  p a r a l l e l .  I t  would s t i l l  have t o  be 
bas i ca l l y  data-driven (bottom-up) i f  serious mistakes are t o  be avoided, but i t  
need not be pass-oriented, w i t h  each layer  wa i t ing  f o r  lower l eve l s  t o  
"complete" t h e i r  ana lys is  ( i f  completion has any meaning). 

I f  higher Level systems can operate thus on impoverished data ava i lab le  i n  
adverse conditions, and on incomplete, pa r t i a l ,  r e s u l t s  o f  lower leve ls  i n  good 
condit ions, they should also be able t o  i n t e r p r e t  some h igh l y  impoverished 
a r t i f i c i a l  data, such as we f i n d  i n  pictures.  I f  so, the  i n t e r p r e t a t i o n  of 
p i c tu res  i s  not merely a  c u l t u r a l l y  speci f ic ,  learned, process. I f  ord inary  
percept ion of ob jec ts  and re la t i onsh ips  requires learning, then i n t e r p r e t a t i o n  
o f  p ic tures  o f  the same objects w i l l  not normally requ i re  add i t i ona l  learning, 
on t h i s  view: todd lers  we have observed respond n a t u r a l l y  t o  cartoon drawings of 
f a m i l i a r  s i tuat ions,  without anything Like the s t rugg le  which character ises 
learning t o  read. C C f .  Hochberg and Brooks 1962.1 This i s  not the theory 
c r i t i c i s e d  by Gombrich C19601 and Goodman C19691 t h a t  r e a l i s t i c  pa in t i ngs  and 
drawings produce the same v i sua l  st imulus as the th ings depicted. 

2. Unarticulated, semi-art iculated, a r t i c u l a t e d  representations. 
We have claimed that  v i s i o n  requires f a r  more than e f f i c i e n t  de tec t ion  o f  
features of the op t i c  array, and that  several  d i f f e r e n t  domains o f  s t ruc ture  are 
processed. To exp la in  why, we must ask: what i s  v i s i o n  needed fo r?  An animal, 
o r  robot, uses percept ion t o  make decis ions i n  pu rsu i t  o f  i t s  goals and t o  t e l l  
whether they have been achieved. I t  a lso  needs t o  detect  unexpected dangers and 
opportuni t ies.  A l l  t h i s  requires construct ion o f  representat ions which 
a r t i c u l a t e  the environment i n t o  ob jec ts  w i th  proper t ies  and re la t ionsh ips  o f  
varying sizes and degrees o f  abstractness. Rarely w i l l  the detec t ion  o f  a  
p a r t i c u l a r  fea ture  i n  a  p a r t i c u l a r  Location on the r e t i n a  be very s i gn i f i can t .  
Simi lar ly,  huge data-bases of unar t icu la ted information, l i k e  depth-maps, 
surface colour or t ex tu re  maps, surface o r i en ta t i on  maps, pr imal  sketches CMarr 
19761, can be o f  L i t t l e  use without considerable f u r t he r  processing. They are 
e f f e c t i v e l y  new, enhanced, images, even though they may contain 3-D information. 
Though important f o r  f u r t he r  processing, these una r t i cu la ted  databases are not 
d i r e c t l y  use fu l  f o r  dec is ion  and action: on l y  genera l isa t ions  re la ted  t o  g loba l  
image s t a t i s t i c s  can be learned or  invoked e.g. ' l o t s  o f  green', but not 'plum 
on tree', might be recognised. 

To some extent groupings o f  fragments o f  informat ion i n t o  la rger  wholes can be 
achieved by p a r a l l e l  " local"  computations, e.g. r e l axa t i on  techniques l i n k i n g  
items subject t o  const ra in ts  CHinton 1977, Radig 1978, Fr isby  and Mayhew t h i s  
conference]. I f  the l i n k s  e x i s t  without e x p l i c i t  desc r i p t i on  o f  the proper t ies  
and re la t i ons  o f  the Linked groups, the database i s  semi-articulated. The 
process of grouing such Links may enable some use fu l  gCobal s t a t i s t i c s  t o  be 
collected, but represents objects on l y  i m p l i c i t l y .  Though prov id ing a  use fu l  
intermediate stage, a semi-art iculated database does not e x p l i c i t l y  represent 
one object  as above, inside, between, or  able t o  f i t  into, others. Such 
in format ion  i s  then not ava i lab le  f o r  deciding, planning and learning. (Compare 
Marr's ' p r i n c i p l e  o f  e x p l i c i t  naming' CMarr 19761. The same po in t  was made i n  
Minsky C19611.) 

Further study o f  v i sua l  a r t i c u l a t e d  representat ions requires ana lys is  o f  types 
of act ions performed by d i f f e r e n t  animals. (Some b i r d s  can Learn t o  use a  foo t  
t o  depress one end o f  a  lever, exposing food behind the other end. This 
probably involves a r t i c u l a t i n g  the lever i n t o  parts, e.g. ends, capable o f  
d i f f e r e n t  though causal ly l inked motions.) I t  seems u n l i k e l y  t h a t  a  smal l  number 
o f  mathematically simple s t ruc tures  (e.g. general ised cy l inders)  w i t h  a  small 



number o f  mathemat ica l l y  s imple r e l a t i o n s h i p s  (e.g. equa t ions  l i n k i n g  co- 
o r d i n a t e s )  w i l l  s u f f i c e  f o r  human percept ion.  Besides crumpled newspapers 
(despaired o f  b y  Marr C19791) we see f i e l d s  and f o r e s t s .  S i m i l a r l y ,  c l u t t e r e d  
scenes made even o f  "clean" c y l i n d e r s  w i l l  have messy s t r u c t u r e  a t  Larger 
scales, l i k e  Large s e t s  o f  axioms i n  a  theorem-prover's database. To d i s c e r n  
s i g n i f ' i c a n t  o b j e c t s  and r e l a t i o n s  i n  Large and messy c o l l e c t i o n s  o f  image and 
scene f e a t u r e s  we need a  much r i c h e r  d e s c r i p t i v e  vocabulary than  A 1  v i s i o n  
programs have h i t h e r t o  incorporated.  T h i s  i s  why m u l t i p l e  domains a r e  
important .  

3. M u l t i p l e  domains 
c l o u ~ , ~ n d  Stanton [ I9701 s t ressed  t h a t  v i s u a l  p e r c e p t i o n  and 
p i c t u r e  i n t e r p r e t a t i o n  do not  s imp ly  i n v o l v e  d e s c r i p t i o n  o f  image s t r u c t u r e s .  
They descr ibed "mapping r u l e s "  l i n k i n g  d i f f e r e n t  non-isomorphic domains. A 
domain i s  a  c lass  o f  s t r u c t u r e s  d e f i n e d  by a  "grammar" o r  s e t  o f  axioms (e.g. 
3-D Eucl idean geometry). Scenes have q u i t e  d i f f e r e n t  "grammars" from images. 
Th is  needs t o  be genera l i sed  (as i n  Hearsay and Popeye) t o  a l l o w  many domains, 
w i t h  d i f f e r e n t  though p o s s i b l y  over lapp ing  grammars. Very b r i e f l y ,  t h i s  i s  
because u s i n g  many d i f f e r e n t  domains a l lows:  (a) ' s t r u c t u r e  shar ing '  betueen 
processes o f  recogn is ing  d i f f e r e n t  s o r t s  o f  objects,  (b) i n t e r m e d i a t e  r e s u l t s  o f  
p rocess ing  t o  be r e l a t i v e l y  secure even i f  back- t rack ing  i s  r e q u i r e d  a t  h i g h e r  
levels ,  (c)  h igher  Levels t o  recognise impor tan t  scene f e a t u r e s  b e f o r e  lower 
Level processing i s  complete (see below) (d) h i g h  l e v e l  r e c o g n i t i o n  d e s p i t e  poor  
Low-Level d e t a i l ,  ( e l  da ta  d e r i v e d  from an image t o  be u s e f u l l y  s t r u c t u r e d  
(compare ' S c r i p t s '  and 'Frames'), ( f )  goa l -d i rec ted  a c t i v a t i o n  o r  d e - a c t i v a t i o n  
o f  l a r g e  chunks o f  knowledge (e.g. 'menta l  set ' ) ,  and (g) communication between 
d i f f e r e n t  sensory m o d a l i t i e s .  

A.I. v i s i o n  work has so f a r  focussed on a  sma l l  number o f  mathemat ica l l y  
t r a c t a b l e  s p e c i a l  cases. A  good survey o f  t h e  d i f f e r e n t  domains o f  s t r u c t u r e s  
u s e f u l  i n  v i s u a l  p e r c e p t i o n  i s  s t i l l  Lacking. L i k e l y  r e l e v a n t  domains i n c l u d e  
2-D a r rays  o f  changing c o l o u r  and i n t e n s i t y ,  2-D c o n f i g u r a t i o n s  o f  l i n e s  and 
reg ions  and o f  tex tu re ,  domains i n v o l v i n g  p a t t e r n s  o f  mot ion  i n  b o t h  2-D and 
3-D, over lapp ing  2-D s i l h o u e t t e  shapes [Paul 19761, curved and f l a t  3-D 
surfaces, bo th  2-D and 3-D s t i c k  f i g u r e s  [Palmer, 19751, v a r i o u s  domains 
i n v o l v i n g  fo rces  and a  v a r i e t y  o f  cause-ef fect  r e l a t i o n s ,  i n t e n t i o n a l  a c t i o n s  
etc., p r o p e r t i e s  L i k e  f l e x i b i l i t y ,  r i g i d i t y ,  e l a s t i c i t y ,  hardness, etc .  Besides 
p lane surfaces, edges, v e r t i c e s  and genera l i sed  c y l i n d e r s  f o r  r e p r e s e n t i n g  
shapes, we p robab ly  need genera l i sed  spheres, hemispheres, bags, tubes, s t r i n g s ,  
etc. I n  a d d i t i o n  we need models f o r  s i g n i f i c a n t  p a r t s  o f  such o b j e c t s  and t h e i r  
surfaces, l i k e :  hol lons,  grooves, holes, Lumps, r idges,  openings, rims, etc., 
and models f o r  r e l a t i n g  one t o  another  ( the  groove runs across t h e  hol low).  
Features and r e l a t i o n s  i n v a r i a n t  under n o n - r i g i d  t rans fo rmat  i o n s  a r e  
p a r t i c u l a r l y  impor tan t  i n  our  world. We a l s o  need a  l a r g e  c o l l e c t i o n  o f  schemas 
f o r  types o f  mot ion and ac t ion :  moving towards, moving away from, moving in to,  
f l a t t e n i n g ,  t w i s t i n g ,  f o l d i n g .  Compare Hayes on ' n a i v e  p h y s i c s '  C19791. 
S tud ies  o f  p i c t u r e s  and car toon movies can y i e l d  u s e f u l  i n s i g h t s  i n t o  t h e  
s t r u c t u r e s  deployed i n  p e r c e p t i o n  [Draper 19601. Of course, i t  i s  hard  t o  
s p e c i f y  how such models may be represented, invoked, etc. i n  a  working, system. 
I s  a l l  t h i s  " c o g n i t i o n "  r e l e v a n t  t o  v i s i o n ?  A major f e a t u r e  o f  v i s u a l  l e a r n i n g  
i s  l i n k i n g  new domains i n t o  t h e  v i s u a l  system - e.g. Learning t o  see t h e  
muscular s t r u c t u r e  o f  human bodies, f o r  a r t i s t i c  o r  medicai  purposes, l e a r n i n g  
t o  see when i t  i s  sa fe  t o  cross t h e  road. There i s  no sharp boundary between 
p r a c t i c a l l y  u s e f u l  v i s i o n  and cogn i t i on .  



4. The domain o f  images 
The s t ruc ture  o f  the 2-D image domain i s  important f o r  both p i c t u r e  
i n t e r p r e t a t i o n  and normal v is ion :  uhy? Goodman C1969 p.381, re jec t i ng  the idea 
tha t  p i c tu res  and ob jec ts  produce s im i l a r  v i s u a l  input, accounts f o r  the 
"realism" of some p i c tu res  i n  terms o f  f a m i l i a r i t y .  But t h i s  f a i l s  t o  exp la in  
why even a  two year o l d  c h i l d  can learn  some p i c t o r i a l  styles, wh i l s t  others, 
though mathematically equa l ly  adequate, seem much harder. The human v i s u a l  
system does not work w i t h  a r b i t r a r y  combinations o f  image elements, but, as the 
Gestal t  psychologists noted, i s  Largely constrained t o  use cont inui ty,  
proximity, smoothness, concurrency, symmetry, containment, and other geometric 
and topo log ica l  re lat ionships,  f o r  l i n k i n g  Low-Level features i n t o  cues which 
invoke more abstract  or g loba l  representations, which may themselves be 
s i m i l a r l y  t reated. A grasp o f  such re la t ionsh ips  i s  required f o r  i n t e r p r e t i n g  
p ic tures  also. However, much r i che r  image desc r i p t i on  languages are required 
than ex i s t i ng  A 1  programs can handle: many can on ly  describe the topology, and a  
feu  met r ica l  propert ies,  o f  networks o f  s t ra igh t  l i nes  or  p i c t u r e  regions. 
Others provide a  simple semi-art iculated desc r i p t i on  w i th  no grasp o f  the 
impl ied s t ruc ture  Ce.g. Radig 19781. 

Further, a r t i c u l a t e d  3-D i n te rpre ta t ions ,  required f o r  planning actions, can be 
Linked t o  imase s t ruc tures  t o  f a c i l i t a t e  ~ rocess ing .  For instance, t o  answer the 
question "what i s  Y going t o  hi t?",  " w i l l  I pass near A i f  I go s t ra igh t  towards 
B?" one can " t raverse" the relevant pa r t  o f  the image t o  f i n d  the relevant b i t  
o f  the 3-D i n te rp re ta t i on .  Moreover, our theory impl ies  tha t  i n  v i sua l  
percept ion and i n  p i c t u r e  in terpre ta t ion ,  descr ip t ions  o f  par ts  o f  a  complex 3-D 
scene are b u i l t  up i n  pa ra l l e l .  The l i n k i n g  of incomplete descr ip t ions  o f  
d i f f e r e n t  par ts  of the scene t o  form la rger  structures, w i l l  be f a c i l i t a t e d  i f  
the 3-D s t ruc tures  are c lose ly  re la ted  t o  the network o f  descr ip t ions  o f  2-D 
image s t ruc ture  - the l a t t e r  p rov id ing indexing or addressing routes. C*41. 
This appl ies t o  both r e a l  v i s i on  and i n t e r p r e t a t i o n  o f  p ic tures .  (More on t h i s  
below. 

So, against Goodman ue claim tha t  " f a m i l i a r i t y "  o f  p i c t o r i a l  representat ions i s  
not a  matter o f  frequency, but depends i n  pa r t  on the uay 2-D re la t ionsh ips  are 
used i n  normal v is ion .  O f  course, mere s i m i l a r i t y  o f  domains does not s u f f i c e  
t o  exp la in  f a c i l i t y  w i th  pictures.  Maps a lso  make use o f  2-D s t ruc tures  and 
relat ionships,  ye t  learn ing t o  use a  map t o  f i n d  one's uay around i s  harder than 
i n t e r p r e t i n g  p ic tures .  This i s  p a r t l y  because our stored knouledge o f  ob jec ts  
i s  addressable by means o f  the k inds o f  a r t i c u l a t e d  representat ions produced by 
both r e t i n a l  images and a r t i f i c i a l  p ictures,  whereas our ' cogn i t i ve  maps' o f  
f am i l i a r  surroundings are not normal ly addressable by the  k inds o f  s t ruc tures  
created when ue look a t  maps. Things might be d i f f e r e n t  i f  ue could f l y !  

5. Reasons f o r  using impoverished a r t i c u l a t e d  representat ions 
There are add i t i ona l  reasons uhy impoverished p i c tu re  s t ruc tures  might be 
re la ted  t o  normal v is ion.  We have already given a general reason uhy a  v i sua l  
system needs t o  be able t o  cope w i th  impoverished representations: a r t i c u l a t i o n  
o f  the scene impl ies  reduct ion o f  information. Other reasons concern 
processing, the purposes o f  v i s i o n  and the environment : 

5.1. Some d e t a i l s  may i n te r fe re .  Much o f  the d e t a i l  ava i lab le  t o  the eye 
ar ises x m  v a r i a b F  conditions, inc lud ing Lighting, atmosphere, vieupoint, 
non-r ig id motion, and changing re la t ions .  The use of abstract  schemas impl ies  
less memory space, f as te r  matching, smaller searches among stored spec i f i ca t ions  
and enables recogn i t ion  o f  i nd i v i dua l s  or  types (abst rac t ing  from i n d i v i d u a l  
de ta i l s )  i n  novel circumstances. I t  a lso  provides the basis f o r  forming 
general isat ions.  



5;2. Some d e t a i l s  aren' t  needed i n  a  " cogn i t i ve l y  f r i e n d l y "  world. I t  may be 
oossible t o  d i s t i nqu i sh  ob jec ts  on the bas is  o f  on ly  a  few features. E.g. a  
;olleague once remarked that  he could recognize a  zebra w i t h  j us t  i t s  ear 
v i s i b l e .  I n  a  CFW where the space o f  poss ib le  s t ruc tures  i s  known t o  be 
sparsely i ns tan t i a ted  ( (B) above), inferences can be made from fragmentary 
evidence. 

5.3. De ta i l s  may be missing or  spurious. As already noted, poor v i s i b i l i t y ,  
na tu ra l  or a r t i f i c i a l  camouflage, eye defects, r ap id  motion, o r  the presence o f  
v i sua l  obstacles, can produce degraded images. I n j u r y  can remove stereopsis. 
Op t i ca l  f low i s  not always avai lable.  Stereopsis and o p t i c a l  f low don' t  he lp  
w i t h  d i s tan t  s ta t i ona ry  scenes. Ex t rac t i ng  g loba l  fea tures  (e.g. s i l houe t te  
descr ip t ions)  from such degraded data sometimes enables recogn i t ion  o f  use fu l  
cues t o  overcome the d i f f i c u l t i e s .  Once again, t h i s  depends on f r iend l iness :  
e.g. important objects having d i s t i n c t i v e  ou t l i nes  from most views. This 
requires assumptions (A)  and (B). 

5.4. Shared s t ruc tu re  i n  memory entr ies.  The system may share recogn i t ion  
processes between d i f f e r e n t  ob jec ts  by using a  d i sc r im ina t i on  net. As p a r t i a l  
spec i f i ca t ions  are bui  l t  up, the set o f  remaining p o s s i b i l i t i e s  narrows. [Birch 
1978 describes such an extension t o  Popeye.3 D i f f e ren t  recogn i t ion  processes 
thus share s i g n i f i c a n t  sub-processes, minimising back-tracking or  b read th - f i r s t  
searching. This uses incomplete descriptions, i.e. intermediate nodes i n  the 
d i sc r im ina t i on  net. 

5.5. The need f o r  speed. Even i n  a  CFW, un f r i end l y  circumstances may demand 
rap id  d e c i s i o n s . T h e t  sec t ion  discusses the relevance o f  incomplete data. 

6. Speed and the processing o f  incomplete representat ions 
Complex a r t i cu la ted  representx ions cannot be created instantaneously. Fast 
p a r a l l e l  processing at  low Levels depends on each processor being concerned w i t h  
a  r e l a t i v e l y  small wel l -def ined p o r t i o n  o f  the data, and being able t o  work 
independently or co-operate w i th  a  r e l a t i v e l y  small set o f  neighbours. Thus, 
even data-flow channels can be 'hard-wired'. (Such mechanisms permit ce r ta in  
non-local interact ions,  v i a  in format ion  propagated through the net.) But 
l o c a l i t y  and independence do not character ise the process o f  a r t i c u l a t i n g  a  mass 
o f  data i n t o  ob jec ts  whose cont r ibu tory  regions change from one image t o  
another. Port ions o f  images relevant t o  a  t r i a n g l e  or t i g e r  vary i n  s ize  and 
shape, and may be s p l i t  i n t o  separate regions by in terven ing objects. Hence 
data-flow cannot be pre-determined, and organis ing data from p a r t i c u l a r  images 
w i l l  therefore take a  s i g n i f i c a n t  amount o f  time, compared w i th  l oca l i sed  
p a r a l l e l  computations. Though detectors f o r  a l l  poss ib le  edges may be 'hard 
wired' i n  advance, detectors f o r  a l l  poss ib le  t r i a n g l e  or  t i g e r  shapes could not 
be s i m i l a r l y  pre-determined, p a r t l y  because o f  the explosion o f  connections, 
p a r t l y  because not a l l  environments include them. The task o f  segmenting, 
aggregating, recognising, and b u i l d i n g  use fu l  scene descr ip t ions  i s  there fore  
inherent ly  much slower than low-level  tasks. Thus there are L imi ts  t o  the  
speed-up ava i lab le  from hard-wired paral le l ism, and other mechanisms t o  speed 
th ings up could be useful :  mi l l i seconds may matter when l i f e ,  or food, i s  a t  
stake. 

Cues invoking prev ious ly  computed informat ion can speed th ings up. This o l d  
idea Ce.g. Roberts 19651 i s  now associated wi th  the 'frames' theory [Minsky 
19751. Compare the idea of a  'phrasal  lexicon'  CBecker 19751. But the theory 
leaves many questions unanswered: on encountering a  new scene where should one 
s t a r t  looking f o r  cues i n  the image? A t  which l e v e l  o f  analysis ( i n  which 
domain) w i l l  the most use fu l  cues be found? How can cues be recognised rap id l y?  
The las t  quest ion i s  very d i f f i c u l t ,  and w i l l  not be answered here. Our answer 



t o  the  f i r s t  two i s  t ha t  as f a r  as poss ib le  ana lys is  should proceed 
simultaneously i n  many Locations and a t  many Levels, s ince the Location or 
domain of the most use fu l  cues cannot be predicted. This should be concurrent 
w i t h  general purpose image processing. Analysis o f  h igher- level  domains cannot 
begin u n t i l  a f t e r  some f low o f  data from Lower-levels, but  i t  need not wai t  f o r  
completion. The s t ruc tu re  o f  such a network o f  processes w i l l  vary from image 
t o  image, so t ime and resources may be saved i f  i t s  growth can be constrained, 
e l im inat ing  or suppressing por t ions  which are not required, and g i v i ng  p r i o r i t y  
t o  those y ie ld ing  use fu l  r esu l t s  - e.g. ac t i va t i ng  and deact iva t ing  whole 
domains. This can be achieved i f  h igh- leve l  s t ruc tures  (where the networks are 
r e l a t i v e l y  smal l )  can be recognised wh i l s t  Lower Level networks are s t i l l  
incomplete. Thus const ruc t ion  o f  the network o f  communicating sub-processes 
uhich i n t e r p r e t  the image, may i t s e l f  be con t ro l l ed  by p a r t i a l  in terpre ta t ions .  

If, at  any Level, there i s  a l o t  o f  p a r t i a l l y  processed information, t h i ngs  may 
be speeded up by t r e a t i n g  the p a r t i a l  r e s u l t s  as a new image, i n  which gross 
features provide use fu l  h igher- level  cues: using redundancy i n  a CFW CSloman 
1978, ch 91. A spec i f i c  purpose (e.g. f i n d i n g  a t o o l )  might be achieved using 
t h i s  gross structure, without wa i t i ng  f o r  d e t a i l s  C*51. So, i n  some CFW 
environments, a l lowing many domains o f  s t ruc tu re  t o  be analysed i n  pa ra l l e l ,  
could speed up actions. Even marginal advantages may in f luence b i o l o g i c a l  
evo lu t ion  when resources are scarce, or  predators p l e n t i f u l .  There i s  a k ind  o f  
recursion i n  our argument, and poss ib l y  a lso  i n  b i o l o g i c a l  evolut ion.  Where 
speed i s  important, the pressure towards fu r the r  decomposition i n t o  p a r a l l e l  
sub-systems i s  great, provided images have s u f f i c i e n t  redundancy, i.e. provided 
i t  i s  a CFW. 

We have not claimed tha t  higher Level processes can in f luence lower levels, 
except perhaps by aborting, or re -d i rec t ing  them. But i t  may be use fu l  f o r  
p a r t i a l  r esu l t s  t o  a f f e c t  some thresholds or even the invocat ion  o f  spec i f i c  
forms of analysis, at  Low levels.  A l te rnat ive ly ,  cogn i t i ve  processes may simply 
con t ro l  the d i r e c t i o n  o f  at tent ion,  wi thout modifying the nature o f  the 
processing. Even i f  animal physiology permits no d i r e c t  downward in f luence on 
the processes uhich generate, say, a pr imal  sketch, there might s t i l l  be good 
reasons f o r  designing a r te fac t s  d i f f e r e n t l y .  I t  would be no d i f f e r e n t  i n  
p r i n c i p l e  from making h igh leve ls  in f luence d i r e c t i o n  o f  gaze, d i l a t i o n  o f  
pupils, convergence o f  two eyes, etc. a l l  o f  which a f f e c t  the low-level image. 

7. Some impl ica t ions  
I n  a m ,  mult i - layered processing can improve f l e x i b i l i t y ,  g racefu l  degradation 
and speed. This appl ies t o  any k ind  o f  a c t i v i t y  requ i r i ng  i n t e l l i g e n t  ana lys is  
and i n te rp re ta t i on  o f  a large amount o f  data, based on exper t ise  i n  the  f ie ld ,  
e.g. so lv ing  a complex mathematical problem, debugging a program, etc. One 
consequence i s  tha t  demands on sub-systems are relaxed. For "instance, i f  
processing o f  l eve l  P has t o  be completed before processing at  l eve l  Q can be 
begun, then i t  i s  important t ha t  P terminate. However, i f  Q can get s ta r ted  
early, then i t  does not matter i f  P re f i nes  i t s  analysis i n d e f i n i t e l y !  I n  
vision, input i s  continuous, so Lower l eve l s  cannot " f i n i s h v  t h e i r  analysis. 
Thus higher l eve l s  must i n  any case operate i n  p a r a l l e l  w i t h  them. 

Moreover, i n  a CFU, mistakes a t  lower Levels can be to te ra ted  without disaster.  
The system must be conservative about t r ansm i t t i ng  items t o  higher- level  
domains, i.e. on l y  sending well-supported reports. Then occasional mistaken 
repor ts  w i l l  not combine u s e f u l l y  w i t h  other repor ts  received a t  t ha t  leve l :  
(compare the r o l e  o f  ' impossible fragments' i n  B i r c h  1978). I f  a r e l a t i v e l y  
large object  i s  recognised on the basis o f  several d i f f e r e n t  fragments reaching 
a high Level, then the chances o f  i t  being a mistake w i l l  be small, assuming 
l im i t ed  independent v a r i a t i o n  o f  object  features. So the system need not 



guarantee f i nd ing  the best i n t e r p r e t a t i o n  o f  any image, as i n  Woods C19771, 
since any good one u i l l  normally be unique, as ue noted above. So i t  u i l l  o f t en  
pay t o  accept a high l eve l  decision, abandon lower Level analysis, and re-d i rec t  
a t t en t i on  t o  the next task [*51. 

A L L  t h i s  depends on knouledge enabling fragmentary evidence t o  invoke spec i f i c  
Larger structures, i.e. the p r i n c i p l e  o f  l i m i t e d  independent var ia t ion .  
General-purpose knouledge about 3-D s t ruc tures  and the p r i n c i p l e s  by which they 
map i n t o  2-D images does not constrain the space o f  poss ib le  scene s t ruc tures  so 
as t o  permit the inference that  any good i n te rp re ta t i on  o f  an image i s  probably 
the best one. E.g. i t  does not r u l e  out the existence o f  animals combining 
features i n  b i za r re  ways. Without spec i f i c  knowledge o f  the  world, de tec t ion  o f  
a zebra's ear would not r u l e  out an animal w i th  a trunk, s i x  legs and tuo t a i l s .  
The world would then not bo a CFW. (This i s  l i k e  employing f requent ly  use fu l  
theorems as u e l l  as axioms, t o  con t ro l  search f o r  proofs i n  a theorem-prover.) 
Our arguments are not relevant t o  the design o f  a machine whose v i sua l  system 
w i l l  never need t o  act quickly, uhich u i l l  always have per fec t  v ieu ing 
condi t ions and which w i l l  o f t en  be t ransfer red t o  a t o t a l l y  new environment 
where on ly  the most general and p r i m i t i v e  knouledge o f  3-D structure,  l igh t ing ,  
etc. w i l l  be o f  use t o  i t. 

O f  course, our para l le l ,  schema driven, system w i l l  sometimes make mistakes: but 
people make mistakes and sometimes learn from them. How? Decomposition i n t o  
sub-systems processing d i f f e r e n t  classes o f  s t ruc tures  provides oppor tun i t ies  
fo r  learning about neu ru les  f o r  l i n k i n g  the d i f f e r e n t  domains, and f o r  
i n h i b i t i n g  the invocat ion  of schemas, as u e l l  as de f i n i ng  new types o f  
structures i n  terms o f  p rev ious ly  knoun substructures. 

8. Problems of incompleteness 
This theory raises many unanswered questions. Frank O'Gorman has pointed out i n  
an unpublished manuscript tha t  i n  a pass-oriented system, uhere each l eve l  o f  
analysis i s  completed before the next begins, incompleteness o f  in format ion  at  a 
ce r ta in  Location and l eve l  has a d e f i n i t e  meaning: i.e. i t  represents the 
absence of something i n  the image. We have found i t  important t o  d i s t i ngu i sh  
two sorts of incompleteness. I t  i s  not too d i f f i c u l t  t o  cope w i th  a gap i n  a 
known structure, f o r  instance a hypothesised l e t t e r  "E", f o r  which the louer 
" e l l "  junc t ion  has not yet emerged from lower levels.  We c a l l  t h i s  e x p l i c i t  
incompleteness: a f i l l e r  i s  missing f o r  a s l o t  i n  a frame. Here there are on ly  
tuo candidate l e t t e r s  "EM or "F", and the word-recogniser can decide uhich i s  
correct  on the basis o f  other 1et ters .yh ich  have emerged - even i f  they too are 
ambiguous. This depends on Limited independent v a r i a t i o n  o f  l e t t e r s  i n  the  
domain of possible uords. I m p l i c i t  incompleteness occurs uhen t r y i n g  t o  l i n k  
features together t o  form cues t o  d r i v e  recogn i t ion  -- f o r  instance two 
previously unattached strokes t o  form a stroke- junct ion.  Whether such features 
should be l inked o f t en  depends on uhich other features are present nearby. From 
the absence of neighbours i t  cannot be decided uhether t h i s  i s  because there  i s  
no evidence at lower levels, o r  because processing i n  t h a t  region has not ye t  
f in ished. 

I n  ear ly  versions, every leve l  o f  PopeyeC*21 simply used uhatever in format ion  
had already emerged, and then r e l i e d  on context, o r  l a t e r  bottom-up processing, 
t o  correct  mistakes. Er rors  uere reduced by delaying processing o f  any one Level 
u n t i l  a ce r ta in  amount of in format ion  had been received a t  t ha t  Level, using 
thresholds determined by image s t a t i s t i t c s .  But even t h i s  l e f t  the garbage- 
co l l ec t i on  problem of undoing mistakes and t h e i r  consequences. So higher Levels 
confronted v i t h  t h i s  incompleteness uere allowed t o  ensure t ha t  everything up t o  
tha t  Level, w i t h i n  a r e s t r i c t e d  region o f  the image, had been processed, making 

use of image-related addressing routes. This caused the focus o f  a t t e n t i o n  t o  



jump about, center ing on important image features such as junct ions between 
"bars". A better, more psycho log ica l ly  r e a l i s t i c  solution, might be t o  l e t  each 
l eve l  constant ly recompute i t s  hypotheses on the basis o f  the most recent 
informat ion from other processes. This would be a genera l isa t ion  o f  mechanisms 
using l oca l  co-operative processes, l i k e  relaxat ion.  I t  could be very expensive 
on current computers, and hard t o  control .  

9. Testing the theory exper imental ly 
The fac t  t ha t  very younq ch i ld ren learn t o  i n t e r p r e t  cartoons and other . .  - 
'impoverished' p i c tu res  so e a s i l y  seems t o  support t h i s  theory. More de ta i l ed  
studies o f  what they f i n d  easy might be he lp fu l .  There i s  some add i t i ona l  
evidence f o r  our c la im that  higher l eve l  processing begins before Lower l eve l  
analysis i s  complete. People o f t en  th ink  they've recognised a person or  object, 
then spontaneously rea l i se  tha t  a mistake has been made, even a f t e r  the object  
has passed from view. Informal experiments w i th  messy p i c tu res  o f  overlapping 
cap i t a l  l e t t e r s  forming a word suggest tha t  people o f t e n  see the word before 
seeing a l l  the Letters.  More de ta i l ed  studies could provide clues as t o  domains 
and analyses being processed i n  pa ra l l e l ,  i n  ord inary  v is ion .  Studies o f  b r a i n  
damage might i nd i ca te  uhich domains o f  s t ruc ture  (sec t ion  3) can be se lec t i ve l y  
disabled. Useful  evidence should come from a study o f  visuaL errors.  Our 
theory pred ic ts  tha t  even i n  good v i s i b i l i t y ,  humans and other animals moving 
rap id l y  w i l l  make more mistakes i n  an environment containing unfami l ia r  sor ts  o f  
objects. (Testing t h i s  could be d i f f i c u l t ,  expensive and dangerous! ) 
Experiments could t e s t  whether increasing f a m i l i a r i t y  improves performance (of 
survivors!  1. D i f f e ren t  mixtures o f  f a m i l i a r  and unfami l ia r  features could be 
used, t o  f i n d  out i f  more obvious f a m i l i a r  features lead t o  e r ro rs  concerning 
the other features. Add i t iona l  experiments uould vary Lighting, foggy 
atmosphere, etc. as wel l .  I n  poor viewing conditions, our theory uould p red i c t  
tha t  v isua l  judgements (espec ia l ly  at  speed) uould be more accurate when the 
environment contains f a m i l i a r  objects.  Comparative studies might show that  only 
some animals u i t h  v i sua l  systems possess the a b i l i t y  t o  process a va r i e t y  o f  
d i f f e ren t  domains i n  pa ra l l e l .  
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C*23 Prel iminary repor ts  on POPEYE can be found i n  Sloman and Hardy C19763, 
Sloman et. a l .  C19781, B i r ch  C19781, and chapter 9 o f  Sloman C19787. See a lso  
Owen C19801. Popeye analyses a r t i f i c i a l l y  generated dot p i c tu res  representing 
words made of overlapping cut-out cap i t a l  l e t t e r s .  I t  can recognise words 
wh i l s t  much o f  the lower l e v e l  processing i s  incomplete. De ta i l s  w i l l  be 
reported elsewhere. The 1978 conference paper discusses d i f fe rences between 
Popeye and the Hearsay system CErman and Lesser, Hayes-Roth and Lesser], which 
have much i n  common. I n  par t icu lar ,  both process d i f f e r e n t  domains o f  s t ruc ture  
i n  para l le l ,  though Popeye eschews the 'blackboard' concept. A s im i l a r  
philosophy has been used i n  the 'V is ions '  system (IJCAI-5, pp 642-6471. 

C*31 Marr makes a s i m i l a r  but d i f f e r e n t  c la im i n  j u s t i f y i n g  h i s  theory o f  the 
'pr imal sketch', Ce.g. Marr 19793. He postulates a progression, from image t o  
pr imal  sketch t o  2.5D sketch t o  3D model, uhereas we propose many more domains, 
processed i n  pa ra l l e l .  I n  Popeye, the domains mainly form a hierarchy, but 
there are two main routes from image data t o  Let ter  hypotheses and both feed the 



word recogniser. We suspect t h a t  r e a l  v i sua l  systems requ i re  a f a r  more 
elaborate network o f  routes through domains. 

C*41 I n  Popeye the need f o r  t h i s  ar ises  often, e.g. when two pa r t s  of a Let ter  
are separated because o f  occlusion. The two pa r t s  can sometimes on ly  be re la ted  
by using a combination o f  (a) geometrical r e l a t i onsh ips  and (b) p a r t i a l  
recogn i t ion  o f  the le t te r ,  since there are no image cues f o r  l inking, l i k e  
'back-to-back' tee junct ions.  So having recognised what may be, say, an E o r  an 
F, the program works out roughly where i n  the image evidence o f  a missing bottom 
stroke might be found, and t h i s  constrains searching. 

C*51 I n  Popeye, processing can be aborted when the highest l e v e l  decides i t  has 
recognised the depicted word; lower l eve l  analysis w i l l  o f t en  be incomplete. 
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be  s t r u c t u r a d  t o  f o r m  t h e  i n t e r f a c e  b e t w e e n  a h i e r a r c h y  o f  a c t i o n  
t y p e s  a n d  a  h i e r a r c h y  o f  t y p e s  o f  o b j e c t s .  Wor ld  k n o w l e d g e  f o r m i n g  
t h l s  i n t e r f a c e  i n c l u d e s  n o t  o n l y  t h e  t r a d i t i o n s 1  s t a t e m e n t s  a b o u t  
p r e c o n d i t i o n s  a n d  o u t c o s e s  o f  a c t i o n s ,  b u t  a l s o  t h e  n o r m a l  s t a t e s  o f  
o b j e c t s  p a r t i c i p a t i n g  i n  t h e  a c t i o n s  a n d  n o r m a t i v e  a c t i o n s  a s s o c i a t e d  
w i t n  t h e  o b j e c t s .  C o m s o n - s e n s e  p l a n s  a r e  d e c o m p o s e d  i n t o  
g o a l - d i r e c t e d ,  p r e p a r a t i o n ,  a n d  t n e  n o r m a t i v e  c o m p o n e n t s .  T h i s  h a s  
n e u r i s t i c  v a l u e  a n d  may s e r v e  t o  s i m p l i f y  t h e  p l a n n i n g  a l g o r i t h m .  
Tne a l g o r i t h m  i n v o k e s  w o r l d  K n o w l e d g e  f o r  g o a l  c u s t o m i z a t i o n ,  a c t i o n  
s p e c i f i c a t i o n ,  c o s p u t a t i o n  o f  p r e c o n d i t i o n s  a n d  o u t c o s e s ,  o b j e c t  
s e l e c t i o n ,  a n d  f o r  s e t t i n 3  u p  s u b g o a l s .  

I n  a  r e c e n t  s u r v e y  o f  r e s e a r c h  o n  t a c t i c s  f o r  p r o b l e m  s o l v i n g  
j a c e r d o t i  ( S a c e r a o t i ,  1 9 7 9 )  c o n c l u d e s  t h a t  "... t h e  b e s t  s t r a t e g y  f o r  
a d v a n c i n g  t h e  s t a t e  o f  t h e  a r t  m i g h t  w e l l  b e  t o  f o c u s  o n  i n t e g r a t e d  s y s t e m s  
f o r  p l a n  s e n e r a t i o n ,  e x e c u t i o n  a n d  r e p a i r . '  W h i l e  a g r e e i n g  w i t h  t h i s  
c o n c l u s i o n  we a l s o  n o t e  t h a t  a t t e m p t s  h a v e  b e e n  made t o  d e s i g n  i n t e g r a t e d  
p l a n n i n 2  a n d  e x e c u t i o n  s y s t e m s  a s  f a r  b a c k  a s  1973  ( N i l s s o n ,  1 9 7 3 ) .  
H o w e v e r ,  a s i d e  f r o m  t n e  work  o f  t h e  SRI-A1 g r o u p ,  l i t t l e  r e s e a r c h  i n  t h i s  
a r e a  h a s  g a i n e d  p r o m i n e n c e .  

I m p l i c i t  i n  t h e  q u o t a t i o n  a b o v e  is t h e  s u g g e s t i o n  t h a t  t h e  a g e n t  
e x e c u t i n g  t h e  p l a n  a n d  t h e  a g e n t  g e n e r a t i n g / m o n i t o r i n g  t h e  p l a n  a r e  o n e  a n d  
t n e  s a n e  - a s  i t  w o u l d  be  i n  a n  i n t e g r a t e d  r o b o t  s y s t e m .  I n  t a c k l i n g  t h e  
p r o b l e m  o f  o n e  a g e n t  m o n i t o r i n g  t h e  p l a n  e x e c u t i o n  o f  a n o t h e r  a g e n t ,  
w i t h o u t  e x p l i c i t  a n d  p r i o r  c o m m u n i c a t i o n  o f  t h e  p l a n ,  we r e t a i n  t h e  
c h a l l e n g e  o f  d y n a m i c  p l a n  r e p a i r  a n d  g o a l  r e s e t t i n g .  I n  a d d i t i o n ,  we 
i n v o ~ e  a  r i c n  s e t  o f  LaSKS c o n c e r n e d  w i t h  r e v i s i n g  a s s u m p t i o n s  a b o u t  t h e  
k n o w l e d g e  s t r u c t u r e s  s h a r e d  b y  t h e  two a g e n t s .  

Our r e s e a r c n  o n  t h e  t a s k  o f  p l a n  r e c o g n i t i o n ,  how a n  o b s e r v e r  
i n t e r p r e t s  a n o t h e r ' s  a c t i o n s ,  was  s t a r t e d  i n  1973 .  I n  t h e  i n i t i a l  p e r i o d  
e m p h a s i s  was p l a c e d  o n  t h e  m u c t u r e  o f  m o t i v e s  f o r  e v e r y d a y  a c t i o n s  
( S c h m i d t  L i)' A d d a m i o ,  1 9 7 3 )  a n d  t h e  Q- o f  i n f e r r i n g  a  g o a l  f r o m  a  
 nowl ledge o f  w h a t  m o t i v a t e s  p e o p l e  t o  a c t .  A f t e r  a  b r i e f  a t t e m p t  a t  
e x p l r c a t i n s  t n e  s t r u c t u r e  o f  s o c i a l  ( i n t e r p e r s o n a l )  a c t i o n  ( B r u c e  & 
S c h m i d t ,  1 9 7 4 ) ,  r e c e n t  work  h a s  c o n c a n t r a t e d  o n  a n  o b s e r v e r  p r o c e s s  t h a t  
h y p o t h e s i z e s  a n d  r e v i s e s  p l a n  s t r u c t u r e s  f o r  s i n g l e  a c t o r  p h y s i c a l  a c t i o n  
s e q u e n c e s  ( S c h m i d t ,  S r i d h a r a n  & G o o d s o n ,  1 9 7 8 ) .  



SRIDHARAt&$ P r e v i o u s l y  a t  t h i s  c o n f e r e n c e  , we n a v e  r e p o r t e d  o n  o u r  
r e p r e s e n t a t i o n  o f  n i e r a r c n i c a l  , n o n - l i n e a r  p l a n s  ( S o S m i d t  , S r i d n a r a n  S 
G o o d s o n ,  1 9 7 6 )  t n a t  3) p r o v i d e s  t n e  ~ e n e r a l i t y  n e e d e d  t o  a o n i t o r  a n d  r e v i s e  
p i a n s  a n d  g o s l s ;  a n d  b )  l o g i c a l l y  c o u ? l e s  t h e  r e p r e s e n t a t i o n  t o  t h e  
a t t r i b u t e d  b ? L i e f s ,  K n o w l e d g e  a n d  i n t e n t i o n s  o f  t h e  a c t o r .  

M o s t  r e c e n t l y  ( S r i d n a r a n  & d m i t n ,  1 9 7 8 1 ,  we r e p o r t e . 3  o n  t n e  d e s i g n  o f  
a  p l a n  n y p o t n e s i z e r  t n a t  g e n e r a t e s  p l a n s  e m p h a s i z i n g  t h e  t e l e o l o ; i c ~ L  o r d e r  
a s o n g  t n a  c o m p o n e n t s  o f  a  p l a n .  The  t e m p o r a l  o r d e r i n j  was  r e p r e s e n t e d  Oy a  
s e c  o f  o r d a r i n z  c o n s t r d i n t s  c o s p u t e d  by c r i t i c s  s i m i l a r  t o  t n o s o  o f  
S a c e r d o t i  ( 1 9 1 5 ) .  H o w e v s r ,  ( a )  we p e r m i t t e d  a o r e  t h a n  b i n a r y  ~ o n s t r a i n t s  
( e . g .  x  n o t - b e t w e e n  y  a n 3  z ) ,  a n d  ( b )  we a n p l o y e d  a s  c r i t i c s ,  l o g i c a l  
d e f i n i t i o n s  o f  t h e  c o n s t r a i n t  p r e d i c a t e s .  

I n  t h i s  p a p e r  we s h a r a  w i t h  t h e  r e a d e r s  o u r  r e c e n t  u n d e r s t a n d i n g  o f  
c n e  r o l e  o f  w o r l d  & n o w l e d g e  i n  p l a n n i n 5  i n  3 c o m s o n - s e n s e  d o m a i n .  Tne  
p r o b l e m s  we d i s c u s s  a r e  . l o t  m a n i f e s t  i n  t i d y  d o m a i n s  a n d  t n u s  h a v e  n o t  
a r i s e n  i n  L s a r l i e r  r e s e a r c h  o n  p l a n n i n z .  H o w e v e r ,  we f e e l  t i l e s e  
p r o b l e s s  c an not b e  a v o i d e d  i f  wa r e t a i n  a m b i t i o n s  o f  e x t e n d i n g  
g o a l - d i r e c t e a  p l i n n i n j  t e c h n i q u e s  t o  r e a l  p r o b l e s s  ( R a p h a e l ,  1 9 7 6 ,  ~ 1 5 3 ) .  
i e  i n v i t e  t n e  r e a o e r  t o  c o n s i a e r  a  f e u  o f  t n e  c o o p l i c a t i o n s  a r i s i n g  f r o m  s 
z o s m o n - s e n s e  d o m a i n  a n d  t o  s n a r e  o u r  i d e a s  f o r  d e a l i n g  w i t u  t n e m .  Tne 
c e n t r a l  r o l e  3 f  c o ~ n a o n - s e n s e  r e a s o n i n 3  i n  human t h i n k i n g  m a z e s  i t  a n  
i m p o r t a n t  f o r m  o f  r e a s o n i n g  t o  s t u d y  a n d  descries. 

Tnz p r o o l e m  e n v i r o n n e n t  f o r  a  p rob1e :n  s o l v e r  s u c h  a s  STRIPS o r  NSAH 
c o n s i s t s  o f  a d e s c r i p t i o n  o f  a n  him s ~ L ? / & ~ Q Q  a n d  a s e t  o f  o g g r d t o r a  
f o r  c r a n s f o r m i n g  o n e  s i t u a t i o n  i n t o  a n o t h e r .  A t a s k  f o r  t h e  p r o b l e m  s o l v e r  
i s  s p e c i f i e i l  by a  u l  S a t e m e n L .  Tne p r o b l e m  s o l v e r  a t t e m p t s  t o  p r o d u c e  a  
p l a n  o f  a c t i o n  t n a t  w o u l d  t r a n s f o r s  t n e  i n i t i a l  s i t u a t i o n  i n t o  o n e  i n  w n i c n  
t h a  g o a l  s t a t e m e n t  i s  t r u e .  'Tne p r o b l e m  s o l v e r  u s e s  w o r l d  k n o w l e d g e  
b r o a d l y  c l a s s i f i a ~ l e  i n t o  a c t i o r l  ~ o w l e c l a a  ( o p e r a t o r  d e s c r i p t i o n s )  a n d  
ob.ircF ~ L g u  ( a  c o n j u n c t i o n  o f  s t a t e m e n t s  i n  f i r s t  o r d e r  p r e d i c a t e  
c a l c u l u s ) .  A c t i o n   nowl ledge u s u a l l y  a s s o c i a t e s  w i t n  e a c h  named o p e r a t o r  
i t s  p a r a a e t e r s ,  p r ? c o n d i t i o n s ,  o u t c o m e s  a n 3  a  s o a l  d e s i g n a t i o n .  The 
p l a n n e r ' s  r t n o w l e d g e  o f  Lne s i t u s t i o n  a t  h a n d  c o n t a i n s  
i d e n t i f i c a t i o n  o f  o ~ j e c t s  r e l e v a n t  t o  t n e  s i t u a t i o n ,  t n e  t y p e  o f  o b j e c t s  
t h e y  a r e  a n d  t n e i r  attributes, a n d  r e l a t i o n s h i p s  t h e y  b e a r  t o  o t h e r  o b j e c t s  
i n  t n e  s i t u a t i o n .  T h i s  s p e c i f i c  a n d  c n a n g i n g  K n o w l e d g e  we r e f e r  t o  a s  t n e  
au -4 ( W M ) .  S o m e t i m e s  t h e  Wiq may c o n t a i n  3 e n e r a l  p r o p e r t i e s  o f  
p r e d i c a t e s  o r  g e n e r a l  p h y s i c a l  p c i n c i p l e s  t r u e  i n  a l l  s i t u a t i o n s  a n d  t n e s e  
may b e  u s e d  t o  d e d u c e  o t h e r  f a c t s  i n  t h e  WM. F o r  e x a m p l e ,  a  coamon 
s t a t e m e n t  u s e d  i n  t h e  B L O C K S  w o r l d  i s  

I n  t n e  c o n t e x t  o f  c o m s o n - s e n s e  p l a n n i n g ,  k n o w l e d g e  u s e d  a b o u t  a c t i o n s  
a n d  o b j e c t s  t a ~ e s  o n  a  s u c n  r i c h e r  s t r u c t u r : .  The  o b j e c t s  m e n t i o n e d  i n  t h e  
Ui4 may b e  c i a s s i f i e d  v a r i o u s l y  a c c o r d i n g  t o  o b s e r v a b l e  o r  s t r u c t u r a l  
c h a r a c t e r i s t i c s  s h a p a ,  s i z e ,  c o l o r ,  m a t e r i a l ,  l o c a t i o n ,  c o n t e n t s ,  
c o s p o n e n t s  a n d  s o  o n .  Tne  o b j e c t  t y p e s  a r e  o f t e n  h i e r a r c h i c a l l y  s e t u p  . . . . . . . . . . . . . . . . . . . . . . .  
Our p l a n  g e n e r a t o r  ( V e n k a t a r a m a n ,  1 3 7 9 )  i s  i m p l e m e n t e d  i n  t h e  l a n g u a g e  

A I I ~ D J  ( S r i d h a r a n ,  1 9 7 8 ) .  



p r o v i d i n g  a  v a r i e t y  o f  L u  o f  d e s c r i p t i o n s  a n d  U u  r u l e s  a c r o s s  
t n s s a  l e v e l s .  A c t i o n s  a n d  t n e i r  z a s e  s t r u c t u r e s  a r e  a l s o  t y p e d  a n d  
n i s r a r c n i c a l l y  a r r a n z e d  i n t o  l e v e l s .  The  a z t i o n  h i e r a r c h y  g e t s  i n t e r f a c e d  
t o  t n e  o b j e c t  h i e r a r c h y  b y  a e a n s  o f  t h e  a t t r i b u t e s  o f  t h a  o b j e c t s  a e n t i o n e d  
i n  Lhe p r e c o n d i t i o n s  a n d  o u t c o m e s  o f  t h e  d e s c r i p t i o n s  t h a t  a r e  a s s o c i a t e d  
I L  a n y  l e v e l .  Tne b o d y  o f  w o r l q  m l e o z e  ( W K )  s o  r e l a t i n g  o b j e c t s  
a n d  a c t i o n s  i s  r i c n  a n d  s u b s t a n t i a l .  I t  i s  a d v a n t a g e o u s  t o  v i e w  i t  a p a r t  
f r o s  a n a  a s  a u z s e n t i n g  c n e  w o r l d  m o d e l .  

A p l a n  i m p o s e s  a  f u n c t i o n a l  p o i n t - o f - v i e w  o v e r  o b j e c t s  a n d  p l a c e s ,  
r e n d e r i n s  t n e  n a s e  o f  a n  o b j e c t  o r  p l a c e  t o  b e  o f  l i t t l e  i m p o r t a n c e .  What  
i s  i m p o r t a n t  i s  t n e  r o l e  t h a t  t h e  o b j e c t  o r  p l a c e  p l a y s  w i t h i n  t h e  p l a n .  
P o r  e x a m p l e ,  a n  o b j e c t  is  n e e d e d  t o  c u t  a n o t h e r  o b j e c t ,  o r  a n  o b j e c t  is 
n e e a e d  t o  c o n t a i n  a l i q u i d  o b j e c t ,  a  p l a c e  i s  n e e d e d  o n  u h i c h  t o  c u t  a n  
o b j e c t ,  a n d  s o  o n .  I n  t h i s  u a y ,  a  p l a n  p r o v i d e s  e x p e c t a t i o n s  c o n c e r n i n g  
t n e  p r o p e r t i e s  t n a t  t h e  o b j e c t s  e n t e r i n g  i n t o  t h e  p l a n  w i l l  s a t i s f y .  
H o w e v e r ,  we r a r e l y  i n f e r  t h e  f u n c t i o n a l  c h a r a c t e r i s t i c s  o f  o b j e c t s  f r o m  
t n e i r  o b s e r v a b l e  c n a r a c t e r i s t i c s .  I n  f a c t ,  many o f  t n e s e  f u n c t i o n a l  
c n d r a c t e r i s t i c s  a r e  n o t  r e a d i l y  i n f e r a b l e  b y  v i s u a l  i n s p e c t i o n .  R a t h e r ,  we 
a r e  t a u s h t  t h a t  s o s e  o b j e c t s  a r e  e d i b l e  a n d  o t h e r s  a r e  n o t ,  s o m e  o b j e c t s  
maKe g o o d  c o n t a i n e r s  f o r  s o m e  l i q u i d s  a n d  o t h e r s  a r e  i l l - s u i t e d  a s  
c o n t a i n e r s .  T h i s  i s ,  o f  c o u r s e ,  w h a t  i s  c o s m o n l y  r e f e r r e d  t o  a s  " w o r l d  
& n o w l e d g e  ." 

A s i d e  f r o m  s u c n  g e n e r i c  k n o w l e d g e  a b o u t  o b j e c t s  a n d  p l a c e s ,  o u r  w o r l d  
K n o w l a d g e  a l s o  i n c l u d e s  m o r e  s p e c i f i c  k n o w l e d g e  a b o u t  t h e  n o r m a l  o r  t y p i c a l  
a s p e c t s  o f  o b j e c t s  o r  p l a c e s ,  a b o u t  t h e  n o r m s  t h a t  s p e c i f y  how o b j e c t s  o r  
p i a c e s  3 n o u l d  o e ,  a n d  v a l u e s  t h a t  s p e c i f y  d e s i r a b l e  a s p e c t s  o f  o b j e c t s  a n d  
p l a c e s .  We d i s c u s s  i n  t h e  s u b s e q u e n t  s e c t i o n s  t h e  r e p r e s e n t a t i o n  o f  w o r l d  
K n o w i e d g e  i n  a  f o r m  r e a d i l y  u s e a b l e  f o r  c o m m o n - s e n s e  p l a n n i n g  a n d  d i s c u s s  
t h e  w a y s  i n  w h i c h  t h e  p l a n n i n g  a l g o r i t h m  i n v o k e s  t h i s  k n o w l e d g e .  T h e  
a c t ~ o n  s e q u e n c e  p r e s e n t e d  b e l o w  p r o v i d e s  f o r  t n i s  p a p e r  t h e  c o n t e x t  f r o m  
w h i c h  t h e  m a i n  e x a m p l e s  a r e  d r a w n .  

F r e d  i s  i n  t h e  l i v i n g  r o o m .  
Tne l i g h t s  g o  o u t .  
F r e d  r e a c h e s  i n t o  n i s  p o c k e t .  
F r e d  t a k e s  o u t  a  s a t c h b o o k .  
F r e d  l i g n t s  a  m a t c n .  
F r e d  l i g n t s  a  c a n d l e .  
F r e d  t a k e s  t n e  c a n d l e .  
F r e d  g o e s  t o  t h e  b a s e m e n t .  
F r e d  a p p r o a c n e s  t h e  f u s e b o x .  
F r e d  o p e n s  t n e  P u s e b o x .  
F r e d  f l i p s  t h e  c i r c u i t  b r e a k e r .  
The l i g h t s  c o m e  o n .  
F r e d  c l o s e s  t h e  f u s e b o x .  
F r e d  g o e s  t o  t h e  l i v i n g  r o o m .  
F r e d  p u f f s  o u t  t h e  c a n d l e .  
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I I 

I Assumption About WM I 
i ------------------- i 
I Fred i n  living-room 1  

I I 

) Lights are not shining I 
I 1  
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;------------------------------; 
I Preparation Condition I 
I ..................... I 

I I I I 

I Room is v i s ib le  A A I I 

I I I I  I 

I l l  I--__-_-__------__-------I---I-I 
I 

I 

I I I  I 
I I I  

) Preparation Plan I I I Coal-directed Plan I 

I ---------------- I I I ------------------ I 

I Reach for match book I I I I 

I I I 
I I I I ) Go to basement 
I I Take matchbook I I t  I I 

I I 1  I 
1 1  I I 
I I  I I I I I Approach Fusebox 
I I I Light match I I 1  I I I 

1  I 1  I I 

! I  I I I I I I I Open Fusebox I 

I I I I Light candle I I / I I I 

I 1  I I I 
I I  I I I I I I I I I Flip Circuit-breaker! 
I 1  I I I I 
I 1  I I I 

I I 1  1 1 1 1  
I I 1  1 1 1 1  

I I I I I Produces I I I I I I I 

I o--o--o--o------------- I I o--o--o--o------+ 1  
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I I 

I I I 1  1  
I I 

I--__-------------_---------- I I - I I Produces I 

I I I I I 
I I 

I Maintains I I I I 
I I 

I o-------------------------- I I I I 

I I I I 1  

I I I I 
I I v 

I I  I Lights are Shining I 
I Take candle I I 

I - I I 
;------------------------------;---------------------------------: 
I Normative component I 

I Puff Match I Close Fusebox I 

1  I I 
I I 

I I 
I 1  

f I Puff candle I I Go to  Living-room I 

Figure 1. Components of a common-sense plan. 



SRI DHARAN-5 

A p l a n  c o n s i s t s  o f  c n e  p r i m a r y  g o a l - d i r e c t e d  c o a p o n e n t ,  t h e  
? r e p a r a t o r y  c o s p o n e n t .  a n d  t n e  n o r n a t i v e  c o m p o n e n t  ( F ~ g u r e  1 ) .  The p r i m a r y  
c o m p o n e n t  i s  t n e  p a r t  w n r c h  1s w e l l - u n d e r s t o o u  i n  A 1  a n d  c o n t a i n s  a  g o a l  
a n d  a  s e t  o f  s u b g o a l s  f o r s r n g  a  p a r t i a l  o r d e r .  Tne a c t i o n s  ( p l a n  u n i t s )  
m e n t l o n e a  i n  t n e  p l a n  may d 1 f f e r  i n  t n e  l e . ? e l  o f  d e t a i l  t h e y  c o n v e y .  Tne 
f i n a l  a c t i o n  w i l l  n a v e  a s  ~ o a l  t n e  g o a l  o f  c n e  e n t i r e  p l a n ,  e . 5 .  l i g h t s  
a r e  s n i n i n g  ( s e a  figure). E a c n  s u o g o a l  f o r  w n i c n  n o  a c t i o n  is p l a n n e d  
i n d i c d c e s  t h d t  t n a  a c t o r  b e l i e r e s  t h o s e  s u b g o a l s  w i l l  o b t a i n  a t  t n e  t l m e  o f  
e x e c u t r o n ,  e . g .  c h e  c r r c u i  c - o r e d u e r  s w l i c n  w i l l  b e  o f f .  

I n  t h e  e x a m p l e .  t n e  g o a l - d i r a c c e d  a c t i o n s  r e q u i r e  v i s i b i l i t y  o f  t 3 e  
l o c a l  a r e a  a s  a  p r e c o n d i t i o n  a n a  t n e  p r e p a r a t i o n  p l a n  a c h i e v e s  t h i s  b y  
l i g h t i n s  a  c a n d l e  a n d  t h e n  a d d i n q  o t h e r  a 2 t i o n s  t o  m a i n t a i n  t h i s  
v i s i b i l i t y ,  i . e .  b y  c a r r y i n g  t h e  c a n d l e  t o  t h e  o a s e s e n t .  N o t e  t h a t  t h e  
p r a p a r a t i o n  c o n d i t i o n  i s  n o t  a s u b g o a l  f o r  a n y  p l a n  u n i c  i n  t h e  p r i m a r y  
p i a n  b u t  is a  c o n d i t i o n  t n s t  n e e d s  t o  b e  a z h i e v e d  a n d  m a i n t a i n e d  
t r l r o u $ h o u t .  

The n o r m a t i v e  c o m p o n e n t  i n c l u d e s  3 c t i o n s  w n r c n  d o  n o t  c o n t r i b u t e  t o  
t h e  s a i n  seal b u t  a r e  i n c l u d e a  o u t  o f  c o n s i d e r a t i o n s  s u c h  a s  s a f e t y ,  
e c o n o m y ,  p o l i t e n e s s ,  o r  t h e  r o l e  a s s u s p t l o n s  o f  t a e  p l a n n e r ,  e . 4 .  
c u a t o s e r ,  m a n a g e r ,  s e c u r l t y  s u a r d ,  e t c .  A s s t  o f  n3r:ns a n d  conventions 
i n c l u d i n g  s e t t i n s  a n d  r o l e  i n f o r s a t i o n  i s  r e q u ~ r e d  f o r  c o s s o n - s e n s e  
u n d e r s t a n d i n g  o f  numan a c t i o n s .  

J e  h a v e  r e j e c t e d  t h e  d e s i ~ n  o p t i o n  o f  e x t e n d i n g  e a c h  a c t i o n  w i t h  
p r e p a r a t i o n  c o n d i t i o n s  a n d  n o r s a t i v e  r u l e s  i n  f a v o r  o f  v i e w i n g  t h e  w h o l e  
p l a n  a s  b e i n g  d i s s e c t e d  i n t o  c o m p o n e n t s .  T h i s  c h o i c e  is  s o t i v a t e d  by o u r  
d e s i r e  t o  r e d u c e  t n e  s t r u c t u r s l  c o m p l e x i t y  o f  t n s  o v e r a l l  p l a n  a n 3  t o  
c o n t r o l  t h e  c o s p l e x i t y  o f  t n e  r e a s o n i n g  p r o c e s s e s  i n v o l v e d  i n  p l a n n i n g .  
S i n o e  t h e  same p r e p a r a t i o n  o o n d i t i o n ,  v i s i b i l i t y ,  i s  n e e d e d  f o r  e v e r y  
a c t i o n  i n  t h e  3 o a l - d i r e c t e d  c o m p o n e n t ,  i t  i s  more  e c o n o x i c a l  t o  l e t  t n i s  
c o n d i t i o n  o e  p l a n n e d  f o r  j u s t  o n c e .  The a c t i o n s  i n  t n e  g o a l - d i r e c t e d  
c o m p o n e n t  may f ~ l s i f y  t h e  p r e p a r a t i o n  ( e . g .  g o i n g  t o  t n s  b a s e m e n t )  a n d  we 
a d d  a c t i o n s  n e e d e d  t o  m a i n t a i n  t h e  p r e p a r a t i o n  c o n d i t i o n  ( e . g .  t a k e  t h e  
c a n d l e ) .  F u r t h e r ,  i n  a  p l a n n i n d  s i t u a t i o n  w h e r e  t h e  s e a r c h  t h a t  c o n s t r u c t s  
t n e  g o a l - d i r e c l a d  c o m p o n e n t  r e q u i r e s  b 3 c k t r a c K i n g .  o u r  d e s i g n  s t r a t e g y  p a y s  
o f f .  The p r e p a r a t i o n  a c t i o n s  a r e  n o t  i n v o l v e d  d u r i n g  t h i s  s e a r c h  a n d  
s i m p l i f y  t h e  s e a r c h .  T h i s  s t r a t e s y  i s  a  h e u r i s t i c  o n e  a n d  may f o r c e  a  
p e n a l t y  s n o u l d  i t  t u r n  o u t  s u b s e q u e n t l y  t h a t  t h e  p r e p a r a t i o n  c o n d i t i o n  
c o u l d  n o t  b e  m a i n t a i n e d  t h r o u g h o u t  a  f u l l y  d e v e l o p e d  g o a l - d i r e c t e d  
c o m p o n e n t .  The known f a c t  t n a t  l i g h t s  w e n t  o f f  d r i v e s  t h e  p l a n n i n . 3  
n e c h a n i s m  t o  s e t  u p  " v i s i D i l i t y n  a s  p r e p a r a t i o n  c o n d i t i o n  f o r  a n y  p l a n  i . e .  
a n y  g o a l .  I t  i s  i n t e r e s t i n g  t a a t  t h i s  p r e p a r a t i o n  c o n d i t i o n  i s  u s e d  e v e n  
when t h e  s a i n  g o a l  i s  t o  s e t  t h e  l i g n t s  b a c k  o n !  ( S e e  S e c t i o n  5 .  1 ) .  By 
u s i n g  a  f a c t - d r i v e n  s e t  u p  f o r  p r e ~ a r ~ u ,  r a t h e r  t h a n  a  g o a l - d r i v e n  o n e ,  
we a v o i d  l i s t i n 3  a  l a r g e  number  ( * )  o f  n e e d e d  c o n d i t i o n s  t h a t  w o u l d  
n o r m a l l y  b e  t r u e  i n  t h e  Wd, a n d  w h i c h  w o u l d  n o r s a l l y  b e  i r r e l e v a n t  t o  
s u b g o a l  g e n e r a t i o n .  

Note  t h a t  t h e  a c t i o n s  i n  t h e  n o r m a t i v e  c o m p o n e n t  a r e  t e m p o r a l l y  
c o n s t r a i n e d  o n l y  weaKly  i n  r e l a t i o n  t o  t h e  a c t i o n s  i n  t h e  m a i n  p a r t s  o f  t h e  
p l a n .  The p l a n  m o n i t o r i n g  a l g o r i t h m  c a n  c o m p u t e  t h e  n e e d e d  a d d i t i o n a l  ..................................................... 
( a )  Some a r g u e  t h a t  s u c h  a  l i s t  c a n  n e v e r  b e  c o m p l e t e .  



c o n s t r a i n t s  a n d  t h e s e  a r e  n o t  d i s c u s s e d  n o r e .  

Tne  m e a n i n j  o f  c n ?  v e r o  " t o  l i g a t "  c a p t u r e s  t h o  g e n e r a l  m e a n i n g  o f  a 
d i v e r s e  c o l l e c t i o n  o f  s p e c i a i i z e d  a c t i o n s .  L i ~ h t i n x  a  s s t c n  f r o a  a  
s a t c n o o o x  r e q u i r e s  p r e c o n d i t i o n s  s u c n  a s  t n a t  t h e  a g a n t  s h o u l d  n o l d  a  
m a t c n b o o k ,  t h e  s a t c n b o o k  s h o u l d  h a v e  a n  e x p o s e d  s t r i k i n g  s u r f a c e ,  a n d  s o  
o n ;  w n e r e a s  l i s n t i n j  a  c a n d l e  w i t h  a  m a c a n  r e q u i r e s  p r e c o n d i t i o n s  s u c h  a s  
t n a t  t n a  a g e n t  s n o u l d  h o l d  l i g n t e a  m a t a n ,  t n e  c a n d l e  s n o u l d  b e  a c c e s s i b l e  
a n 3  s o  o n .  Xe r e q u i r e  t h e  a c t i o n  r e p r e s e n t a t i o n  t o  p e r s i t  t h e  s p e c i f i c  
s e a n i n j  ( p r e c o n d i t i o n s .  seal, o u t c o s e s ,  n o r s s  a n d  o t h e r  i n f o r i a a t i o n )  t o  b e  
W U g J .  f o r  t h e  v a r i o u s  a t t r i b u t e s  o f  o b j e c t s  a n d  l o c a t i o n s  
p a r t i a i p a c i n j  i n  t n c  a c t i o n .  

To g i v e  a na.ne f o r  e a a n  a o s s i b l e  : o m b i n a t i o n  o f  a c t i o n  t y ? a  
s 9 a ~ i a l i z z d  b y  p a r a s e t e r  t y p c s  w o u l d  l e a d  t o  s e r i o u s  c o s b i n a t o r i a l  
e x p l o s i o n  a p a r t  f r o s  y i e l d i n g  a  r e p r e s e n t z t i o n  t h a t  i s  s o n e w n s t  u n n a t u r a l .  
P n i s  a p p r o a c u  n a s  b e e n  l d o p t e d  i n  c o n t r o l l e d  t i d y  d o s a i n s  w h e r e  i t  i s  
f e a s i b l e .  T n i s  y i e l d s  a c t s  s u o h  s LIGHT-CANDLE. LIGHT-;4ATCH, 
GO-C ird-CANDLE-IiidAl43 e t c .  ( c f .  PUSH, POSH-BOX,  PUSB-BOX-THRU-DOSR e t c .  
i n  t n a  S T d I P J  w o r l d ) .  ba  n a v e  a n o s e n  t o  r e p r e s e n t  a c t i o n s  a t  a  l e v e l  o f  
j a n e r a l i t y  t n s t  c o r r e s p o 3 3 s  t o  t h ?  B n g l i s h  v s r b s  TAKE, DPEN, LIGHT, GO, GET 
a n d  s o  o n .  d e  c r e a t e  a n  igplidf; s p e c i a l i z a t i o n  n i e r a r o h y  b y  d e f i n i n s  a  
i a n b u a j e  i n  w h i c h  s p e c i a l i z e d  a c t i o n s  s d y  b e  d e s c r i b e d .  S u - h  d e s c r i p t i o n s  
a r e  u s e d  f o r  i n d e x i n g  i n t o  a r u l e  o a s e  f o r  c a l c u l a t i n g  t h e  p r e c o n d i t i o n s .  
o u t 2 o : a e s  a n 3  o t n e r  k n o w i e d ~ e  a s s o c i a t e d  w i t , :  a n y  a c t i o n .  Tne c o n j u n c t i v e  
s e n a n t i a s  ~ i v e n  t o  t n e  d e s c r i p t i o n s  p r o v i d e s  a  s i m p l e  m e c h n n i s m  o f  
i n n e r i t a n c e  down t n s  s p e a i a l i z a t i o n  n i e r a r c n y .  

l ' n e p r o c e s s  o f  a c t i o n  i n a d e l l ~ n g  n 3 s  b e e n  e x t e n d e d  s o  t h a t  t h e  
p r e c o n d i t i o n ,  y o d l ,   id o u t c o s a  ~ a l c u l - i t i c n s  i r e  d o n e  a n d  t h e  a c t  i s  
c u s t o u i z e d  u s i n g  a v a i l a o l e  ~ n o w l e a g e .  I n  p r o s r a m m i n g  t h i s  s e c h a n i s m ,  we 
n a v i  c a r e f u l l y  Y e p a r a t e a  t n e  m a c n a n i s m  f r o m  t h e  c o l l e c t i o n  o f  s t a t e m e n t s  
a o o u t  o b j e c t s  a n 3  a c t i o n s  t n a c  a r e  a c c e s s e a  b y  t t i e  s e c h a n i s m .  T n i s  p e r f l i t s  
u s  t o  a x a m r n e  how v a r y i n g  a t a i l a b l e   nowl ledge i n f l u e n c e s  t h e  p l a n  
a y p o t n - s r z e r  a n 3  p l a n  r e c o g n i t i o n  p r o g r a m s .  

3. 1 r l e c n a n i s m  F o r  A c t  C u s t o m i z a c i o n  

Tne  m e d n i n j  o f  t h e  a c t  i s  c o s p u t e d  b y  r e t r i e v i n g  a  s e t  o f  r u l e s  w h o s e  
l e f t  s i d e s  a r e  p a t t e r n s  t h a t  t e s t  a t t r i b u t e s  o f  t n e  i n s t a n c e s  ( o b j e c t s ,  
l o c a t i o n s ,  a n d  p e r s o n s )  m e n t i o n e d  i n  t h e  c a s e  r e l a t i o n s  ( a r g u m e n t s )  o f  t h e  
a c t i o n .  Tne  r i g n t  s i d e s  ( a f c e r  a p p r o p r i a t e  s u b s t i t u t i o n  f o r  v a r i 3 b l e s )  
y i e l d  t h e  s e t  o f  p r a c o n d i t i o n s .  C o n s i d e r  a s  a n  e x a m p l e  o u r  s p e c i f i c a t i o n  
o f  t h e  p r e c o n d r t l o n s  f o r  t n a  a c t i o n  LIGHT. S i m i l a r  r u l e s  a r e  s t a t e d  t o  
d e s c r i b e  t n e  G o a l  a n d  d u t c o m e s .  



C a s e  i i e l a t i o n s :  LTGHTing o f  a n  3 B J i C T  
w i t h  a n  i3BJSCT 
a t  a  LOCATION 
Dy s n  a & e n t  PZHS9N. 

P r e c o n d i t i o n  r u l e s :  
I .  (LLGHT o f  (OBJECT d t y p e  MATCd 

i n  (OaJZCT B  t y p e  MATCHBOOK)) 
b y  (PSHSJN P )  

m >  ( P  J O ~ ~ S  6 )  

2 .  (LIGHT o f  (OBJECT G t y p e  CANDLE) 
w i t h  (3BJECT 14 t y p e  HATCH) 
b y  ( P L R S O N  2 ) )  

= >  ( P  n o l d s  (OaJECT d 3 t 3 c u s  L I T )  
h a s - a c c e s s t o  C) 

3 .  ( L L O I ~ T  o f  ( O 6 J Z i T  J s y p e  P I P E )  
b y  (PZRJON P I )  

= >  ( P  h o l d s  (OdJECT O ( c o n t a i n s  (SUBSTANCE t y p e  TOBACCO))) 

R u l e s  a r e  p r e s e n t e d  a b o v e  i n  a  s i m p l i f i e d  s y n t a x ,  w i t n  l o w e r  c a s e  
w o r d s  g i v i n g  t h e  r e l a t i o n s .  C o n s i d e r  t n e  f i r s t  p r s c o n d i t i o n  f o r  LIGHT. I t  
n a s  M,B a n d  P  f o r  v a r i a b l e s  w h i c h  w i l l  b e  b o u n d  d u r i n g  m a t c h i n g .  I n  
a a t o n l n g  a g i v e n  a c t i o n ,  H a n d  P  w i l l  b e  b o u n d  f r o m  t h e  c a s e  r e l a t i o n s  o f  
t h e  a c t i o n .  Tne  o b j e c t  b o u n d  t o  M i 3  t e s t e d  f u r t h e r  i n  t h e  WM y i e l d i n g  a 
b i n d i n g  f o r  t h e  v a r i a b l e  B. I f  a  g i v e n  a c t i o n  s a t c h e s  t h e  l e f t  s i d e ,  a  
p r e c o n d i t i o n  ( P  n o l d s  B) w i l l  b e  i n c l u d e d  a f t e r  s u b s t i t u t i o n  f o r  t h e  
v a r i a b l e s .  N o t e  t h d t  a s  a r e s u l t  o f  u s i n g  n e s t e d  d e s c r i p t i o n s  o n  t h e  l e f t  
s i d e  4 p r e ~ o n d i t i o n  i s  i n t r o d u c e d  a b o u t  B  w h i c h  is n o t  a n  o b j e c t  d i r e c t l y  
i n v o l v e d  i n  a  c a s e  r e l a t i o n .  Tne  s e c o n d  p r e c o n d i t i o n  r u l e  e x h i b i t s  a  
n e s t e d  d e s c r l p t l o n  o n  t h e  r i g n t  s i d e  w n i c h  is t r e a t e d  a s  a  c o n j u n c t i o n .  

A d d i t i o n a l  e x a m p l e :  

C a s e  H e l a t i o n s :  P3UHing  by a n  a g e n t  PZRSON 
f r o m  a n  OBJECT 
t o  a n  OBJdCT 
c f  a  SUBSTANCZ. 

P r e c o n d i t i o n  R u l e s :  
I .  ( POUR o y  (PZHSON P )  

f r o m  (OBJECT 0 1 )  
= >  ( P  n o l d s  0 )  

2 .  (POUR b y  (PZRSON P )  
t o  (OBJECT C ) )  

= >  ( P  n a s - a c c e s s t o  C) 

3.  (POOR f r o s  (OBJECT 0  t y p e  COVERED-CONTAINEH)) 
= >  ( 0  s t a t u s  OPEN) 

4 .  (POUR t o  (OBJECT C  t y p e  (AMONG SLASJ C U P ) ) )  
= >  ( C  o n  (OBJECT T  t y p e  (AMONS TABLE COUNTER))) 

5 .  (POUH f r o m  (OBJECT 0 )  o f  (SUBSTANCE S ) )  



Tne w o r l d  m o d e l  i s  a l w a y s  a  p a r t i a l  s p e c i f i c a t i o n  o f  t h e  p l a n n e r ' s  
c u r r e n t  b e l i e f s  a b o u t  t h e  s t a t e  o f  t h s  w o r l d .  Th? p l a n n e r  a u g m e n t s  t h i s  
w i t h  h i s  e x p e c t a c i o n  o f  w h a t  t h e  " n o r m a l "  v a l u e s  o f  a t t r i b u t e s  a r e .  A 
p r e c o n d i t i o n  s a y  b e  n e i t h e r  t r u e  n o r  f a l s e  i n  t h e  w o r l d  m o d e l ,  i . e .  i t  is 
unknown i n  t h e  W M .  K n o w l e d g e  o f  n o r m a l  s t a t e s  c a n  b e  u s e d  t o  d e c i d e  
w h e t h e r  t o  p l a n  f o r  a c n i e v i n ;  t h e  p r e c o n d i t i o n  a s  a s u b s o a l .  F o r  e x a s p l e ,  
i n  a  p l a n  t o  d r i n ~  w a t e r  n e  s a y  a s s u m e  t n s r s  a r e  g l a s e s  i n  t h e  c a b i n e t ,  h e  
s a y  a s s u m e  t n e y  a r e  c l e a n  a n d  t h u s  n o t  p l a n  f o r  t h e s e  two p r o p o s i t i o n s ,  y e t  
h e  m u s t  a s s u m e  t n a t  c a b i n e t s  a r e  n o r s a l l y  c l o s e d  a n 3  a d d  a  p l a n  u n i t  f o r  
o p e n i n g  t h e  c a b i n e t  d o o r .  T n u s ,  i t  s h o u l d  b e  e v i d e n t  t n a t  k n o w l e d g e  o f  
n o r t n a l  s t a t e s  determines s r e a t l y  t h e  n o n t c n t s  o f  3 c o m s o n - s e n s e  p l a n .  
W n e r e a s  t n ? s e  a s s u c i p t i o n s  d o  c o n t r  i b u t e  t o  t h e  f a l l i b i l i t y  o f  t h e  p l a n ,  
t h e r e  a r e  -5 we f o l l o w  t o  h e l p  p r o m o t e  r e l i a b i l i t y  o f  s u c h  a s s u s p t i o n s .  
T n s r e  a r e  a v e r y  r i c h  s e t  o f  n o r m s  i n c l u d i n g  s i n c e r e t y ,  h o n e s t y ,  p o l i t e n e s s  
f o r  i n t e r p a r s o n a l  a c t i o n s ;  h o w e v e r ,  i n  t h e  r e s t r i c t e d  c a s e  o f  a  s i n g l e  
p a r s o n  c a r r y i n j  o u t  a  s e q u e n c e  o f  e v e r y d a y  p h y s i c a l  a c t i o n s ,  many o f  t h e  
n o r m a t i v e  a c t i o n s  z a n  b e  e x p l a i n e d  by o n e  n o r m :  r e s t o r e  o b j e c t s  t o  t h s i r  
n o r m a l  s t a t e  i f  a n  a c t i o n  i n  t h e  p l a n  w i l l  a l t e r  t h e m .  Some o f  t h e  common 
i n j u n c t i o n s  a  p l a n n e r  f o l l o v s  a r e :  i f  y o u  t u r n  i t  o n ,  t u r n  i t  o f f ;  i f  you  
p l u s  i t  i n ,  u n p l u g  i t ;  i f  y o u  o p e n  i t ,  c l o s e  i t ;  a n d  s o  o n .  The  r o l e  o f  
whac i s  n o r s a l  i n  t h e  w o r l d  i s  s s s e n t i a l  t o  t h i s  form o f  r e a s o n i n 3 .  

5 .9  PLANNING TACTiCS A N D  ALGORITHM 

Ene p l a n n i n z  a l g o r i t h m  we u s e  w o r k s  o n  t h e  s a n e  b r o a d  p r i n c i p l e s  a s  
t h d t  o f  S d c e r a o t i  ( 1 9 7 5 1 .  Tne g i v e n  g o a l  i s  u s e d  t o  s e l e c t  a  p l a n  
e x p a n s i o n  a n d  c n e  e x p a n , i i n g  p l a n  f o r s s  3 n e t w o r k  o f  a c t i o n s .  The 
s t r u c t u r a l  c o n n e c c i o n s  o f  t h e  n e t w o r k  i n d i c a t e ,  i n  o u r  c a s e ,  w h i c h  a c t i o n  
s e r v e s  t o  a c c o s p l i s h  w n i c n  s u b g o a l  o f  o t h e r  a c t i o n s .  The t e m p o r a l  
c o n s t r a i n t s  a r e  c o n p u t e d  a f t e r  e a c h  r o u n d  o f  e x p a n s i o n  and  a r e  m a i n t a i n e d  
a s  a l i s c  o f  c o n s t r a i n t  a s s e r t i o n s .  The z r i t i c s  we u s e  a r e  p r i m a r i l y  t h e  
" R e s o l v e  c o n f l i c t s "  a n d  t h e  " d r d u n d a n t  s u b g o a l "  c r i t i c s  w h i c h  c o m p u t e  
o r d e r i n 3  c o n s t r a i n t s .  T h e s e  a r e  s t a t e d  u s i n g  a s s e r t i o n s  o f  t h e  f o r m  "P n o t  
n e x t  t o  p" a n 3  " P  n o t  o e t w e e n  Q a n d  H". We h a v e  f o u n d  t h a t  t h e  "Use  
e x i s t i n g  o b j e c t s w  c r i t i c  l e a d s  t o  p r e m a t u r e  a n d  u n w a r r a n t e d  o p t i m i z a t i o n  o f  
c n e  p l a n  f o r  s o n i t o r i n g  p u r p o s e s  a n 3  t n u s  we d o  n o t  u s e  i t .  Most  
o p t l s i z a c i o n  d e c i s i o n s  a r e  l s f t  t o  t h e  a l q o r i t n m  t h a t  u s e s  t h e  p l a n  f o r  
s o n i t o r i n 3  o b s e r r e d  a c t i o n s .  

The d i s c u s s i o n  b e l o w  l v o i d s  c e r t a i n  i m p o r t a n t  a s p e c t s  o f  t h e  p l a n n i n g  
d l g o r i t n s ,  i . e .  t n e  i n t e r a c t i o n  b e t w e e n  t h e  p l a n  h y p o t h e s i z e r ,  t h e  a c t i o n  
a o n i t o r  and  t n e  h y p o t h ~ s i s  r e v i s i o n  m e c h a n i s m .  T h e s e  w i l l  b e  d i s c u s s e d  
e l s e w n e r e ;  .Ens f o c u s  h e r e  i s  o n  ways i n  w n i c n  a d d i t i o n a l  w o r l d  k n o w l e d g e  
i s  i n v o ~ a d  by c u e  p l a n n ~ n 3  a l g o r i t h m  a n d  t n e  i n f l u e n c e  t h i s  h a s  o n  t h e  
p l a n n i n 3  a l d o r i t h n .  



5. 1 Goal Cus tomiza t ion  i tules  And Action S p e c i f i c a t i o n  

Tne g o a l  s t a t e m e n t s  a d s i t t e d  i n  t h e  r e p r e s e s n t a t i o n  o f  common-sense 
p l a n s  nave t h e  same g e n e r a l i t y  and l o o s e n e s s  o f  meaning a s  t h a t  a s s o c i a t e d  
# i t n  a c t i o n s  ( d i s c u s s e d  above ,  S e c t i o n  2 . 0 ) .  Act ion s p e c i f i c a t i o n  is  t h e  
f a m i l i a r  t e c h n i q u e  o f  s e l e c t i n g  t h e  a c t i o n  t o  be used t o  a c h i e v e  a  
p a r t i c u l a r  g o a l  and i s  done u s i n g  r u l e s  s t a t e d  i n  t h e  form s i m i l a r  t o  t h o s e  
above f o r  p r e c o n d i t i o n s  e t c .  Some g o a l  p r o p o s i t i o n s  r e q u i r e  f u r t h e r  
c u s t o m i z a t i o n  i n  o r d e r  t o  g e n e r a t e  a n  a c t i o n  s p e c i f i c a t i o n .  For e x a s p l e ,  
t o  a c h i e v e  t n e  g o a l  "(OBJECT A) n e a r  (OBJECT BIm one may a o v e  A t o  where B 
i s ,  o r  s o v e  6 t o  where A i s ,  o r  even nove A and B t o  some new l o c a t i o n .  
Tne c n o i c e  depends  on c n a r a c t e r i s t i c s  o f  t h e  o b j e c t s  A and B and t h e  
l o c a t i o n s  o f  A and B. Tne more e a s i l y  moveable o b j e c t  w i l l  be moved. I f  
t n e r e  i s  n o t  enougn room t o  pu t  one o b j e c t  n e x t  t o  t h e  o t h e r ,  bo th  may be  
moved t o  a  s u i t a b l e  t h i r d  l o c a t i o n .  Wnen bo th  o b j e c t s  a r e  e a s i l y  moveable,  
aonvent ron  (norm) may d i c t a t e  which should  be moved. Let  u s  s a y  B i s  t o  be 
tnoved t o  L A ,  t h e  l o c a t i o n  o f  A .  We s a k e  t h e  a c t i o n  s p e c i f i c a t i o n  i n  two 
d e c i s i o n  s t e p s :  ( g o a l  c u s t o m i z s t i o n )  (B l o c  L A )  and then  ( a c t  
s p e c i f i c a t i o n )  ( M O V E  o b j e c t  B d e s t  LA) .  Goal c u s t o m i z a t i o n  i s  done th rough  
a  r u l e  s e t  t h a t  a a k e s  c h o i c e s  by examining t h e  c h a r a c t e r i s t i c s  o f  t h e  
o b j e c t s  mentioned i n  t n e  g o a l  p r o p o s i t i o n  and t h e  c u r r e n t  s t a t e  o f  t h e  
world model. I t  p r o v i d e s  a  s p e c i a l i z e d  g o a l  p r o p o s i t i o n  t h a t  is  c o n s i d e r e d  
a p p r o p r i a t e  t o  t h e  s i t u a t i o n  a t  hand. Tne cus tomized  p r o p o s i t i o n  is then  
used f o r  a c t i o n  s e l e c t i o n .  

Using g o a l  c u s t o m i z a t i o n  h a s  a  n o t a b l e  consequence .  In common-sense 
p l a n s ,  i t  is p o s s i b l e  t o  a d s i t  c i r c u l a r  s u b g o a l s ,  i . e .  a  g o a l  G is 
ach ieved  by means u f  a n  a c t i o n  sequence  S one o f  whose s u b g o a l s  is  a l s o  
s t a t e d  t o  be G .  In t r a d i t i o n a l  p lann ing  a l g o r i t h m s ,  d e t e c t i o n  o f  
c i r c u l a r i t y  prompts  f a i l u r e  o f  t h e  l a s t  s e l e c t i o n  made. He do n o t  permi t  
f a i l u r e  so  r e a d i l y .  For example.  t o  a t t a i n  t h e  g o a l  " v i s i b i l i t y "  one may 
choose t o  l i g h t  a  c a n d l e ;  y e t  t o  l i g h t  t h e  c a n d l e  one may have a  g e n e r a l  
s t a t e m e n t  a b o a t  t h e  v i s i b i l i t y  o f  t h e  room a s  a  s u b g o a l .  (Formula t ing  t h e  
a c t i o n s  t o  avo id  c i r c u l a r i t y  i s  p o s s i b l e  and would be u n i n t e r e s t i n g  a s  a  
s o l u t i o n ) .  We a d s i t  t h z  c i r c u l a r i t y  b u t  r e q u i r e  t h a t  t h e  s u b g o a l ,  on i t s  
second o c c u r r e n c e ,  be customized t o  s more narrow p r o p o s i t i o n .  L i g h t i n g  a  
match g i v e s  enougn v i s i b i l i t y  t o  s a t i s f y  t h e  subgoa l  s e t  up by l i g h t i n g  t h e  
c a n d l e ,  which g i v e s  enough v i s i b i l i t y  t o  s a t i s f y  t h e  subgoa l  s e t  up f o r  
t u r n i n g  t h e  l i s n t s  back on. 

5 . 2  J b j e c t  S e l e c t i o n  Rules  

Tne a c t i o n  s e l e c t e d  from t h e  cus tomized  g o a l  p r o p o s i t i o n  i s  o f t e n  a  
p a r t i a l l y  s p e c i f i e d  a c t i o n ,  f o r  e x a s p l e  " L i g h t  a  candle ' ' .  The c h o i c e  o f  
wnicn c a n d l e  t o  l i g h t  d o e s  n o t  i n v o l v e  world knowledge b u t  i s  based on t h e  
h e u r i s t i c  o f  p i c k i n g  one t h a t  is a v a i l a b l e  o r  r e a d i l y  a c c e s s i b l e .  World 
 nowl ledge is used t o  s e l e c t  a  match o r  l i g h t e r  a s  t h e  c a n d i d a t e  o b j e c t  
c l a s s e s  f o r  t n e  i n s t r u m e n t  t o  be used i n  " L i g h t  a  c a n d l e m .  An example r u l e  
i s  g i v e n  below. Objec t  s e l e c t i o n  r u l e s  c a n n o t  mention ( b y  name) any 
s p e c i f i c  i n s t a n c e  o f  a n  o b j e c t  i n  t h e  world model ,  b u t  r e f e r  t o  o b j e c t s  i n  
t h e  world s o d e l  by d e s c r i p t i o n s .  These d e s c r i p t i o n s  a r e  t a k e n  a s  
s p e c i f i c a t i o n s  f o r  f i n d i n g  an o b j e c t  and t h e  h e u r i s t i c  o f  u s i n g  a n  
a v a i l a b l e  one then  i s  a p p l i e d  t o  p i c k  an i n s t a n c e .  



[(LIGHT o f  (OaJtiCT C t y p e  CANDLE)) 
( c o n v e n t i o n  

(LIGiiT w i t h  (OBJECT L  t y p e  LI3HTEti s t s t u s  L I T ) )  
(LIGHT w i t h  (OBJdCT L  t y p e  HATCd s t a t u s  L I T ) ) ) ]  

C(oa1NK o f  (OaJSCT L  t y p e  LIOUID s t a t u s  H J ~ ) )  
( c l e a n l i n e s s  

( D H I N K  f r o s  (OBJdCI  C t y p e  COP s t a t u s  C L Z J ' U ) ) ) ]  

t h e  a l t e r n a t i v e s  a v a i l a b i e  a r e  g r o u ? e d  a n 3  t a z g e d  w i t h  t n e  norm t h a t  
g o v e r n s  t n a  s e l e c t i o n .  P r e s e n t l y  n o r m s  a r e  n o t  t a k e n  i n t o  a c c o u n t  b y  o u r  
p r o g r a l ;  i f  a v a i l a b l e  t n e y  a r e  u s e d  o n l y  t o  o f f e r  a n  e x p l a n a t i o n  f o r  t h e  
c h o i c e  o f  t n c  o b j e c t .  A f o r t n c o s i n g  e x t e n s i o n  o f  t h e  p r o g r a m  w i l l  p l a n  
u n d e r  d i f f e r e n t  s e t t i n s s  o f  c n e  n o r s s  s u c n  a s  e c o n o s y ,  s a f e t y ,  c l e a n l i n e s s  
e t a .  t h a t  a a y  g o v e r n  t n e  f o r m a t i o n  o f  o n e - p e r s a n  p h y s i c a l  a c t i o n  p l a n s .  

Cornson-sense  p l a n n i n g  d e n a n d s  a  r i c n  v a r i e t y  o f  w o r l d  k n o w l e d g e .  We 
ti3va e x a s i n e d  h Y r e  t h e  v i z w  t n a t  w o r l d  k n o w l e d g e  c a n  b e  s t r u c t u r e d  t o  f o r s  
c n e  i n t e r f a c e  b e t w a e n  a  n i a r a r c n y  o f  a c t i o n  t y p e s  a n 3  a  h i e r a r c h y  o f  t y p e s  
o f  o b j e c c s .  Wor ld   nowl ledge f o r a i n g  c n i s  i n t e r f a c e  i n c l u d e s  n o t  o n l y  t h e  
t r a 3 i t i o n a l  s t a t e s e n t s  a b o u t  p r e c o n d i t i o n s  a n d  o u t c o a e s  o f  a c t i o n s ,  b u t  
a l s o  t h e  n o r m n l  s t a t e s  o f  o b j e c t s  p a r t i c i p a t i n g  i n  t h e  a c t i o n s  a n d  
n o r i n a t i v z  a c t i o n s  a s s o o i a t e d  w i t h  t h e  o b j e c t s .  Cominon-sense p l a n s  a r e  
d e c o s p o s e d  i n t o  g o a l - d i r e c t e d ,  p r e p a r a t i o n ,  a n d  t h e  n o r m a t i v e  c o s p o n e n t s .  
T i i i s  n a s  n e u r i s t i c  v a l u e  a n d  s a y  s e r v e  t o  s i a p l i f y  t h e  p l a n n i n g  a l g o r i t n a .  
Tne a l g o r i t n s  i n v o x e s  w o r l d   nowl ledge f o r  g o a l  c u s t o s i z a t i o n ,  a c t i o n  
s p e c i f i c a t i o n ,  c o i n p u t a t i o n  o f  p r e c o n d i t i o n s  a n d  o u t c o s e s ,  o b j e c t  s e l e c t i o n ,  
a n d  f o r  s e i t i n 3  u 3  s u i ~ ~ o a l s .  

3 ~ r  r e p r z s e n t a c i o n  o f  w o r l d  k n o w l e d g e  i s  t a i l o r e d  t o  t h e  p l a n n i n z  
a i g o r r t h s  y:t i s  s e p a r a t e  f r s n  i t  ( s f .  F a n l a i r i ,  1 9 7 4 1 .  O t h s r  researchers 
n & c o  d e s c r l o e d  representations s u i t a b l e  f o r  g a r i o u s  c o m p r e h a n s i o n  
( C ~ r b o n e l l ,  1379; C n a r n i a k ,  13 78) a n d  r e c o g n i t i o n  ( X c C a r t y  h S r i d h a r a n ,  
1 3 d 3 )  t a s k s .  

#? n o t e  t n a t  c u r r e n t l y  wa p a r m i t  f u n o t i o n a l  ~ t t r i b u t e s  o f  o b j e c t s  s u c h  
a s  " a d i b l e " ,  " f o o d  c o a t n i n e r " ,  " r 'usebox" .  2nd s o  o n  t o  be  i n t r o d u c e d  i n t o  
t n r  ut4. T n z s  t n e  f u n c t i o n 3 1  a t t r i b u t e s  r e q z i r c d  by t n e  p l a n  a r e  t e s t e d  
. l i r e - t l y  a g a i n s t  tn.2 dM.  Ue a r e  now e n d e a v o r i n 3  t o  r e s t r i c t  t h e  Wf4 t o  
z o n t a i n  o n i y  s t r i c t l y  o b s e r v a b l e  o r  s t r u - t u r a l  a t t r i b u t e s  a n d  t o  r e q u i r e  
i h e  3 c  t i o n  s o n i t o r i n 3  a n d  nypo t n e s i s  r e <  i s i o n  p r o c e s s e s  t o  p r o v i d e  a n  
i n f e r d n t i 3 1  b r i d g e  b e t w e e n  t h %  o b s e r v a o l e  a n d  f u n c t i o n i l  a t t r i b u t e s .  

&&&~t&&a+~t: i)ur worrc o n  p l a n  g e n e r d t i o n  h a s  b e n e f i t e d  d i r e c t l y  
f r o s  t h e  participation o f  Don S s i t n  a n d  K . N .  V e n ~ a t a r a s a n .  T n i s  r e s e a r c h  
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"The fundamental aim i n  the  l i n s u i s t i c  ana lys i s  o f  a language L is  to  - - 
separa te  the graunnatical sequences which a r e  the  sentences of  L from the  
ungrammatical sequences which a r e  not  sentences o f  L and to study the  
s t r u c t u r e  of the  arammatical seauences. The arammar o f  L w i l l  thus be 
a device t h a t  generates all o f  the gramnatical sequences of  L and none of 
the  ungrarmatical ones." (Chomsky, 19571 

1. Introduction 
Transformational Gramar (TG) proposes t h a t  t he  grammatical constructions 
o f  a language a r e  those which can be generated by a base grammar of  context- 
f r e e  phrase s t ruc tu re  ru l e s ,  augmented by a s e t  of transformations. Trans- 
formations a r e  r u l e s  which map the  sentence-structures generated by the  
base onto o the r  s t ruc tu res ,  and ul t imate ly  onto surface  grammatical s t ruc-  
t u r e s  of t he  language i n  question. For example the  following sentences 
a r e  regarded by t ransformat ional is ts  a s  being derived v i a  d i f f e r e n t  trans- 
formations from a s ing le  canonical deep s t ruc tu re  generated according to  
the  base grammar. 
(1) a. I w i l l  marry her. b. W i l l  I marry her? c. Her I w i l l  marry: 

The suggestion has a considerable appeal. The canonical deep s t ruc tu re ,  
which is  r a t h e r  s imi l a r  t o  the surface  s t ruc tu re  of ( l a ) ,  can be thought 
of  a s  d i r e c t l y  r e l a t e d  t o  the  proposi t ional  content  which a l l  of these  
sentences share,  and which they respect ively  a s s e r t ,  ques t ion and con- 
t r a s t i v e l y  emphasise the  object  of. Quite a p a r t  from purely formal j u s t i f -  
i ca t ions  f o r  such rules ,  i t  is tempting t o  iden t i fy  the  idea of the  trans- 
formation which produces ( l b f ,  f o r  example, wi th  the  process of  r e l a t i n g  
such a question t o  the  proposit ion which must be ve r i f i ed  by a hearer i f  
they a r e  t o  answer the  question. 

However, a s  the  Rans fonoa t iona l i s t s  themselves were the f i r s t  t o  po in t  out, 
such an ana lys i s  r a i s e s  a s  many questions a s  it answers. I f  t he re  a r e  
transformations i n  the  gramnar of  English which produce the  sentences of 
(I),  why a r e  there  not transformations which generate ( fo r  example) the  
following constructions? 
(2)  a. %ill per  I marry. b.. *Will marry he r  I. c. *Marry w i l l  her I. 

A transformation is a r u l e  which can map any s t ruc tu re  i n t o  any other.  I t  
follows t h a t  there  is nothing to prevent such a r u l e  being devised to 
perform 3 of  the  twenty-four poss ible  arrangements of  these  four elements. 
Yet nobody could ser iously  propose t h a t  t h e  f i v e  o r  s o  gramnatical arrange- 
ments a r e  a random se lec t ion  from among the twenty four. The non- 
g r a m a t i c a l i t y  of  such non-sentences a s  the above therefore  remains unex- 
plained by the bas i c  Transformational theory o f  g r a m a t i c a l i t y .  

Because o f  t he  non-existence of a l l  bu t  a t i ny  f r ac t ion  of the  poss ible  
transformations, and because of  o the r  considerations,  such a s  the complexity 
o f  the  task  of acquiring a Transformational Grammar, and c e r t a i n  unexplained 
cons t r a in t s  upon the  appl ica t ion of the transformations t h a t  occur i n  
English, such a s  Rela t iv isa t ion,  Transformationalists have produced a wide 
va r i e ty  of  genera l isa t ions  about cons t r a in t s  upon the  form and appl ica t ion 
of transforn~ations.  Such general isa t ions  cons t i tu t e ,  i n  pa r t ,  the  data  upon 
which the  present  study r e s t s .  However, u n t i l  they a r e  shown t o  emerge a s  



i nev i t ab le  consequences of a p a r t i c u l a r  device o r  mechanism, the  job of 
explaining the  f a c t s  of  grammaticality remains unfinished. I n  the  present  
paper, we s h a l l  l a rge ly  confine ourselves t o  the  question o f  pars ing English 
main c lauses ,  although we bel ieve  t h a t  our account has impl ica t ions  f o r  the  
ana lys i s  o f  complex sentences, f o r  models of  production, and f o r  languages 
o the r  than English. In  pa r t i cu la r ,  w e  confine ourselves t o  roughly t h a t  
c l a s s  of  constructions which Emonds (1976) has character ised a s  being derived 
v ia  "root" transformations. We believe,  l i k e  Bresnan (1976) and other  
adherents o f  t he  Base-generation hypothesis, that many o f  the  remaining 
constructions,  sueh a s  pass ive  and "tough movement", should be d i r e c t l y  
handled i n  the  base rules.  However, unlike the Base-generativists,  we 
concur with the standard n; account i n  viewing sentences such a s  (1) a s  
being i n  a sense rearrangements o f  one another. We s h a l l  show t h a t  dis- 
placed const i tuents  can be res tored to t h e i r  canonical r e l a t ionsh ips  using 
nothing more powerful than a c e r t a i n  kind of  l e f t  to r i g h t  pars ing algorithm, 
operating upon a s ing le  push-down s t o r e ,  o r  stack. 

2. The Stacking Constraint 
I t  is unanimously agreed t h a t  whatever e l se  may character ise  it, the  human 
parsing mechanism works from " l e f t "  t o  "r ight"  - t h a t  is, from the e a r l i e s t  
p a r t s  of  t he  sentence t o  the  l a t e s t .  There a r e  a number of ways of  parsing 
sentences l e f t  to r i g h t  according t o  g ramars  of  Context Free Power - f o r  
example, the recurs ive  t r ans i t i on  network parser  which is the  bas i s  of  the 
ATN. But how could such a parser  be augmented i n  order t o  allow it t o  
parse the  const ruct ions  involving displaced const i tuents ,  which motivated 
the in t roduct ion of transformations? One simple way would be t o  provide 
the parser  with a s t o r e  i n  which t o  keep const i tuents  which a r e  displaced. 
When i n  i ts  l e f t - to - r igh t  t raverse  of t he  sentence it encountered a con- 
s t i t u e n t  not  i n  the canonical posi t ion defined by the CF grarmnar, the  parser  
could put  it i n t o  t h i s  s to re .  When, l a t e r  on i n  the sentence, it f a i l e d  
t o  f ind t h a t  const i tuent  i n  i ts  canonical posi t ion,  it could r e t r i eve  it 
from the  s to re ,  

I f  the  main c lause  const ruct ions  o f  English a r e  examined i n  the  l i g h t  of  
such a model, two s t r i k i n g  general isa t ions  emerge. Consider f o r  example 
the f ive  grammatical ar rhgements  of  a subject ,  an aux i l l i a ry ,  a t r a n s i t i v e  
verb and an object.  
(3) a. I w i l l  marry he r  d. her I w i l l  marry + 

b. w i u m a r r y  her?  e. whom wiI+P1arry' 

c .  (marry her) I w i l l  + 

~ l l  of these  const ruct ions  can be res tored t o  canonical form with such a 
parser.  That is t o  say, they a l l  involve what a Transformationalist  
would c a l l  "leftward movement" o f  the displaced item, which is  exactly the  
kind of displacement t h a t  such a parser  can handle. The r e s to ra t ion  of 
the  displaced const i tuents  t o  canonical posi t ion i s  indicated by a conven- 
t i o n  i n  which an arrow represents  the t r ans fe r  of the const i tuent  to the 
temporary s t o r e  and i t s  re-emergence i n t o  canonical posi t ion.  I t  is  a l s o  
s t r i k i n g  t h a t  i n  the  case of sentence (3e ) ,  the order i n  which the  displaced 
ob jec t  whom and a u x i l l i a r y  will e n t e r  the s t o r e  is the  reverse of the  order 
i n  which they a r e  r e t r i eved  i n t o  canonical posit ion. The l a s t  i n  is the  
f i r s t  out, a s  can be seen from the  f a c t  t h a t  the arrows do n o t  cross. 

Both of these  observations tu rn  ou t  t o  be qu i t e  general. That i s  t o  say 
t h a t  a l l  English main c lause  const ruct ions  can be explained i n  terms of 
"leftward movement", which is what would be expected i f  they had to be 
parsed by such a mechanism a s  the  one under discussion. What is more, 



it is always the case that ,  wh2n more than one constituent i s  displaced, 
the l a s t  i t e m  t o  enter the temporary s to re  is the  f i r s t  t o  be retrieved. 
No rearrangement o f  the elements of (3) which violates  these constraints  
is  grammatical. For example, 

c. *Marry w j l l  

And a l l  of the remaining s ingle  clause constructions characterised by 
Ernonds (1976) a s  root-transformed appear to obey the constraint.  

b. (Far more serious) was the hole i n  the roof + 

c. Seldom ha e I eard a more revolting suggestion 
t-.i&& 

d. (Leaning against the bedpost wifs a policeman 9 t 
Even the non-standard poet ic  o r  archaic constructions of English seem to be 
subiect t o  the same constraint.  as  fo r  exam~le: 
(6) ( In Xanadu] d4d Kubla Khan+(a s t a t e l y  pleasure dome1 decree + 1. 
Such a constraint  is  of course exactly what would be expected i f  the 
part icular  s to re  i n  question were a push-down store,  o r  stack. 

The mechanism t h a t  we have j u s t  described is  a generalisation of the way i n  
which the ATN handles another leftward movement transformation, namely 
relat ivisat ion,  and i s  i n  keeping with cer tain suggestions of Woods (1973) 
However, although parsers of this kind w i l l  parse all the main clause con- 
s t ruct ions of English, it is  not the case t h a t  they w i l l  parse * those 
constructions. For example, they w i l l  allow the following sentence. 
(71 * I  mafry w i l l f  her 

There a r e  good reasons to suppose tha t  no language w i l l  ever be found t o  
require the kind of rearrangement t h a t  such a construction would involve. 
It is c lear  tha t  t h i s  type of mechanism is s t i l l  too unconstrained. 

It  is, of course, the case t h a t  a parser f o r  a recursive context f ree  
grammar a l so  requires a stack, s o  the machine t h a t  we have described above 
has =s tacks ,  one for  parsing and another fo r  s tor ing displaced constituents. 
In the next section we present a l e f t  t o  r igh t  parser tha t  only uses 2 
stack for  the two purposes of s tor ing displaced constituents and accomplishing 
context-free parsing, and uses no other  store. The additional constraints 
t h a t  explain the ungrammaticality of sentences l i k e  (7) emerge a s  a 
corollary of  this dual function of a s ingle  stack. 

3. The Model 
Five ru les  f o r  the combination of morphemes, words and constituents w i l l  be 
presented i n  the following pages. The ru les  a r e  of a predominantly 
"bottom-up" nature, ra ther  than tog-down and predictive a s  the ATN is, and a re  
a variant  of a " s h i f t  and reduce" parser using a Categorial Grammar. A 
Categorial Grammar has the same power a s  a CFPS grammar, and takes the form 
of a s e r i e s  of l ex ica l  en t r ies  specifying the syntact ic  role  of each 
morpheme i n  the language. The en t r ies  w i l l  be given i n  the following form: 
(8) <morpheme> : x/!? 
Svch an expression means t h a t  the morpheme is  the "leftmost edge" of a 
constituent of type X, and w i l l  combine with the constituent Y. For example, 
t rans i t ive  verbs bear the category VP/NP. For cer tain primitive categories, 
Y ray be null:  the category of a noun is  simply M. 

A category X/Y is t o  be thought of a s  a function. For example, the category 
W/NP iden t i f i es  a t rans i t ive  verb a s  a function which maps NPs onto VPs. 
Each item, whether it is  a primitive item l i k e  a verb, o r  a compound 



category l i k e  a W ,  has such a category associated with it. Each item 
is a l s o  to be tlmught of a s  being associated with a meaning representation. 
The nature  of  such meaning representa t ions  is no t  our immediate concern: 
they may be thought o f  a s  deep s t ruc tu res ,  o r  procedures, o r  anything e lse .  
I t  w i l l  become c l e a r  l a t e r  t h a t  we have i n  mind a semantically in terpre ted 
meaning representation, r a the r  than an autonomous syntact ic  s t ructure .  

Since the  only s t o r e  the  machine has is  the  stack, the  most bas ic  r u l e  is 
one which introduces the  next word of  the  sentence to the  top of the  stack. 
(9) Rule 1: The Input Rule 

Place the  next word on t h e  Top of  the  Stack. 

The second r u l e  is the  bas ic  r u l e  f o r  combining stacked items. 
(10) Rule 2: The Forward Combination Rule 

I f  the topmost item on the  stack is  a Y, and the  item 
beneath is  an X/Y, ("an X lacking a Y") , then combine the  
two t o  y i e l d  an X ,  and r e tu rn  it t o  the  Top of the  Stack. 

Rule 2 can be represented p i c to ra l ly  as:  

(11) [-q=>Tl 
Consider f o r  example the  following fragment of a ca t egor i a l  lexicon: 
(12) her : NP 

marry : VP/NP 
In parsing the  phrase marry her,  t he  words marry and a r e  put  onto the 
s tack i n  order,  by successive operations of  Rule 1. A t  t h i s  point,  the  
condition f o r  the  Forward Combination Rule 2 appl ies :  ( the  semantic in t e r -  
p re t a t ion  o f )  a W is constructed from ( the  semantic in t e rp re t a t ions  o f )  
the  words marry and her, and is  replaced on top  of  the  s tack,  a s  i n  the  
following diagram: 

"" r-q=>pq 
Rule 2 is a general-purpose r u l e  f o r  combining ob jec t s  of a l l  ca tegor ies  
and t h e i r  associa ted  semantic representa t ions ,  r a the r  than an expansion of 
a pa r t i cu la r  category, l i k e  a rewri te  ru le .  It is the  words and the  con- 
s t i t u e n t s  themselves t h a t  determine the category of the  r e su l t .  

The category of the tensed verb  is s l i g h t l y  more complex. It i n h e r i t s  
t h e  category from a combination of the  category of the  verb stem and t h a t  
of  tense i t s e l f ,  of course,  but  i n  t h e  present paper we s h a l l  ignore t h i s  
p a r t  of t he  process. The category t h a t  r e s u l t s  is the following: 
(14) - W i l l  + present  : (S/W)/tiP 
Such a category def ines  tensed will as  a function from (subject )  NPs onto 
a function from VP's onto sentences. ( In  shor t ,  it is  something t h a t  
combines a subject  and a verbphrase, i n  t h a t  order ,  to give  a sentence.) 

I f  the  sentence ['ill I marry her is subjected t o  the r u l e s  given above, they 
can parse it i n  the  following sequence of operations, F i r s t  the words 
w i l l  and I m u s t  be put onto the s tack i n  succession t o  y i e ld  a configuration - 
t o  which Rule 2 can apply, t o  y ie ld  a sentence lacking a verb phrase. 

(15 151=> w 
Next, the  words marry and her can be pu t  on the  s tack by r u l e  1, and can 
combine a s  before t o  y i e ld  a VP, leaving the s tack i n  the  following s t a t e ,  
i n  which r u l e  2 can again be applied to y ie ld  a complete S. 



(16) = ,PI 
We have deferred a l l  discussion of the  algorithm t h a t  app l i e s  these ru les .  
flowever the re  is only one order i n  which they can apply i n  t h i s  example, 
and only one r e s u l t  t h a t  they can yie ld .  

The subject  may precede the  tensed verb, a s  well  a s  succeed it. I n  f a c t ,  
there  is  a widespread tendency f o r  c e r t a i n  combinations to occur both i n  
l e f t - r igh t  and r i g h t - l e f t  order. (Compare 3a and c ,  f o r  example). I t  
follows t h a t  t he re  is a need f o r  a second combination ru l e ,  where a function 
combines with an argument which i s  beneath it i n  the  stack. The appropr ia te  
combination can be ef fected by the  following rule :  
(17) Rule 3: The preposed Constituent Rule 

I f  the  topmost item on t h e  s tack is a S/X, ("an S lacking 
an Xu), and the  item beneath it is an X ,  then combine 
the  two t o  y i e ld  an S, and r e tu rn  it t o  the  Top of the  Stack. 

The r u l e  can be represented with the  usual s o r t  of diagram: 

(18) r] = , 

It is r e s t r i c t e d  t o  sentences, unl ike  Rule 2 ,  s ince  nothing e l s e  appears i n  
English to be ab le  t o  take i ts  arguments from beneath - t h a t  is, t o  have 
them preposed. Noun phrases l i k e  f rog the a r e  not  well  formed, and nor 
a r e  verb-phrases l i k e  t h e  f rog ea t .  

Rule 3 can be made t o  handle & c a s e s  of preposing i f  Rule 2 i s  generalised 
i n  a c e r t a i n  way. The form of Rule 2 given above implies t h a t ,  f o r  a 
right-branching s t r u c t u r e  such a s  a verb-phrase,,no combination can occur 
u n t i l  t he  riqhtmost lowest word has been entered t o  the  top  of the s tack,  
a s  i n  the  preceding ana lys i s  of W i l l  I marry her. However consider the  
Topicalised ob jec t  i n  
(19) Her I w i l l  marry 
I f  such a preposed object ,  once stacked, were separated from the verb by an 
a r b i t r a r i l y  long sequence of cons t i tuen t s ,  it could only be recovered by a 
device capable of looking a r b i t r a r i l y  f a r  down t h e  s tack,  and extract ing 
the object  NP. Hence, s ince  the s tack is  the  only s torage space avai lable  - - 

to the mechanism, the re  is  no a l t e r n a t i v e  t o  making I w i l l  marry, I might 
have married, I might have been marrying, and s o  on, be s ingle  e n t i t i e s  of 
the  type S/NP - t h a t  is, functions from (obiect )  NPs onto sentences. Such - - 
objects  can be constructed with the  following general isa t ion of the  Forward 
Combination Rule: 
(20) Rule 2 : The Forward Combination Rule 

I f  the topmost item on the s tack is  a Y 

("a Y, possibly lacking a Z " ) ,  and the I t e g  beneath it 
is an X/Y ("an X lacking a Y"), then combine the  two t o  
y i e ld  a ~ [ / g I ( " a n  X ,  possibly lacking a Z " ) ,  and r e tu rn  

it t o  theb'&p' of the  Stack. 

This can be p i c t o r i a l l y  represented as :  - 1  = > p5-J 
+ +----I I 

Such a ruIe  subsumes th-e e a r l i e r  version, a s  a spec ia l  case where Y is 
complete - t h a t  is, where / Z  is nul l .  Like the  e a r l i e r  ru l e ,  it i s  t o  be 
thought of a s  combining the  semantic representa t ions  associated with the 



two items to which it app l i e s  i n t o  a s ingle  semantic representation. In  
the  most general terms, what the r u l e  does i s  t o  compose the  two functions 
X/Y and Y/Z i n t o  a s ing le  function X/Z. 

The claim t h a t  t he re  is an  iden t i f i ab le  s t age  i n  the  parsing when a semantic 
representa t ion is b u i l t  f o r  the  incomplete sentence John w i l l  have should 
not be mistaken f o r  a claim t h a t  such an ob jec t  corresponds t o  a const i tuent .  
A parser  of t h i s  kind could be made t o  bui ld  the  famil iar  kind of  syn tac t i c  
s t ruc tu re ,  with a l l  the  usual consti tuency re la t ions .  The claim would then 
be simply t h a t  t he re  a r e  s tages  i n  parsing where incanple te  const i tuents  
a r e  assembled. 

Such a const ruct  may f ind  i ts  ob jec t  immediately above it on the  stack, and 
may combine with it by the  Forward combination Rule 2. On the  other  hand, 
the ob jec t  may be underneath it, a s  i n  (19) i n  which case  it may combine by 
Rule 3. However, Rule 3 is unl ike  Rule 2 i n  t h a t  it does not general ise  
to the  case where the  preposed i t e m  is incomplete. This r e s t r i c t i o n  is 
necessary t o  prevent the  mechanism accepting such anomalous sentences a s  
(22) m a r r y  I w i l l  her,  
where such incomplete ca tegor ies  a s  VP/W a r e  preposed. 

Two fu r the r  r u l e s  a r e  required to  complete the  main c lause  parser.  We 
s h a l l  no t  d iscuss  these w l e s  i n  any d e t a i l  here,  and r e f e r  the  reader 
elsewhere f o r  a complete presenta t ion (Ades and Steedman, 1979). F i r s t ,  a 
r u l e  is required which w i l l  achieve the  aforementioned combination of a 
verb stem with an  a f f i x ,  such a s  Tense, o r  the  p a r t i c i p i a l  a f f i x e s  -en and 
-i% (Such a r u l e  was taken f o r  granted i n  the  e a r l i e r  ana lys i s  o f x x ,  
where its category (S/VP)/W was assumed t o  der ive  from t h e  appl ica t ion of  
such an a f f i x  combining r u l e  t o  Tense and the  modal stem). Second, it is  
notorious i n  t h e  Transformational l i t e r a t u r e  t h a t  there  i s  something specia l  
about noun-phrases w i t h  respect  t o  so ca l l ed  movement. By and large ,  you 
cannot move th ings  o u t  of nounphrases (Bach & Horn, 1976). So, although 
you can ( i n  the terms of  TG) move an ob jec t  NP ou t  of a verbphrase - a s  i n  
(231 Her I w i l l  (marry*) 

- you cannot move a noun o u t  of the  corresponding posi t ion i n  a nounphrase 
(24) * F ~ o g  I w i l l  e a t  (thet) 

Our explanation of these phenomena is t h a t  verbs a r e  i n  f a c t  functions from 
nounphrase r e f e r e n t s  onto verbphrases. The a r t i c l e  the, on the  other  hand, 
is  categorised a s  a function which maps nouns onto nounphrase senses, wri t ten  
(25) the  : NPS/N 
Since a sense is a d i f f e r e n t  kind of object  from a r e fe ren t ,  and WS is not  
the  same symbol a s  NP, Rule 2 can only apply once the  nounphrase sense is 
complete, s o  t h a t  t he  r e f e r e n t  can be found and replaced on the  s tack a s  an 
object  of category NP.  Then and only then can a verb combine with it. 
The conversion of a complete nounphrase sense i n t o  a r e fe ren t  is  accomplished 
by a f i f t h  r u l e ,  which assumes an account of reference s imi l a r  t o  t h a t  
pioneered by Winograd (1972). The r u l e  renders impossible 3 so-called 
movement o u t  of  noun phrases, such a s  those producing the anomalies which have 
p~ovoked Transformationalists to  introduce a number of cons t r a in t s  
on transformations,  such a s  the Complex NP Constraint of  Ross (1967). Again 
we must r e f e r  the  reader t o  the  f u l l e r  account of the  model. 

The f i v e  r u l e s  a r e  i n s t r i n s i c a l l y  unordered. Since i n  t h i s  paper we a re  
so le ly  concerned with questions of grammaticality and not with questions of 
resolut ion of loca l  ambiguity during parsing, we can assume the  t r i v i a l  
nondeterministic algorithm "apply any r u l e  you can, u n t i l  no fu r the r  r u l e  
can apply". (However, a more e f f i c i e n t  algorithm does e x i s t ,  and has been 
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programed).  We cannot emphasise too s t rongly  t h a t  questions of l oca l  
ambiguity a r e  log ica l ly  q u i t e  separa te  from questions of grannnaticality, 
and i n  concentrating on t h e  l a t t e r ,  and excluding the  former, t he  present  
model is  t o  be contras ted  with such accounts a s  Marcus (1978) and Frazier  
& Fodor (1978) which a r e  predominantly concerned with loca l  ambiguity. It 
is q u i t e  simply neu t ra l  a s  to which among mechanisms such a s  "backtracking" 
o r  "waiting and seeing" a r e  the  more appropriate.  

4. Basic Sentence Pat terns  
The simple model out l ined i n  t h e  previous sec t ion  w i l l ,  given appropriate 
and on t h e  whole uncontentious l e x i c a l  ca tegor isa t ions ,  accept a wide 
va r i e ty  of  grammatical English main c lause  constructions.  More important, 
it w i l l  re fuse  t o  accept  v i r t u a l l y  a l l  o f  the  =-grammatical rearrangements 
of t he  same elements. A s  an example, we s h a l l  consider exhaustively the  
arrangements of  a simple c lause  including subject ,  a u x i l l i a r y  and t r a n s i t i v e  
verb  phrase. 

In  Section 2, some time was devoted t o  considering why c e r t a i n  arrangements 
of t h e  words I, w i l l ,  marry, and her a r e  allowed i n  English, while o the r s  
a r e  not. I n  order  to demonstrate the  model advanced i n  Section 3, it w i l l  
be useful  to consider i n  d e t a i l  the  workings of t h e  algorithm on all of the  
twenty-four poss ible  orderings of  these four words. The categor ies  o f  I 
and her a r e  assumed t o  be NP, t h a t  of marry t o  be VP/NP, and t h a t  of  tensed 
w i l l  t o  be (by the  Affix Cancelling r u l e )  (S/VP)/NP. - 
In  the  following examples, t h e  working of the algorithm w i l l  be i l l u s t r a t e d  
using the  convention t h a t ,  where two items a r e  combined under a given r u l e  
t o  y i e ld  a given r e s u l t ,  then those items w i l l  be underlined. The r e s u l t  
of the combination w i l l  be wr i t t en  beneath the l i n e ,  which w i l l  a l so  be 
indexed with the  number of t h e  r u l e  i n  question. Of course,  the r e s u l t  
may i t s e l f  be combined with something e l s e  by a fu r the r  appl ica t ion of a 
r u l e ,  indicated by the  same underlining convention. Thus, the  successive 
underlinings down the  page represent  successive s tages  of  the parsing. 
Since the  o r ig ina l  words a r e  pu t  on top of the  s tack i n  s t r i c t  l e f t - to - r igh t  
order ,  t h e  operation of the Input Rule 1 is not  indicated i n  these  examples, 
and nor is the  opera t ion of a f f i x  Cancelling. Consider f i r s t  t he  "canonical" 
form of the  sentence 
(27) a. w i l l  marry her 

NP cs/vp)/NP3 
S/VP 

The NP I is f i r s t  placed on the  Top of the  Stack (Tcs) by Rule 1. In  t h i s  
s i t u a t i o n  the  only ru l e  t h a t  can apply i s  again Rule 1, so w i l l  is entered 
on TOS. Now the  condition f o r  Rule 3 appl ies :  t he re  i s  a preposed NP, which 
is  absorbed i n t o  the S-node a s  speci f ied  i n  t h e  ru l e ,  leaving S/VP on TOS. 
The only r u l e  t h a t  can now apply is  Rule 1; s o  marry is entered t o  TOS: 
(27) a ' .  I w i l l  m a r r y  he r  

s/VP VP/NP 

s/NP 
2 

The conditions fo r  Rule 2 a r e  now met and the  p a r t i a l  combination with marry 
is performed, leaving S/NP on MS. The only r u l e  t h a t  can apply next is 
Rule 1, which places  her on TOS, so  t h a t  the  f i n a l  combination can be made, 
under Rule 2. 

- 
(27) a". I w i l l  marry her - 

s/NP 
NP 2 - 

The analys is  of the  question form is very s imi lar .  



(27) b. W i l l  - I marry - her ? 
(S/vp)/NP NP2 VP/NP NP 

s/Vp 
s/NP 

2 

s 2 

The process is  jus t  t he  same a s  f o r  (27a) except t h a t  and I a r e  
combined by Rule 2 (Forward Combination) r a the r  tlmn by Rule 3 (P repsed  
Const i tuents) .  Indeed, it is c l e a r  t h a t  the  Subject and the  Tensed verb  
may occur i n  e i t h e r  order,  a s  long a s  they a r e  adjacent.  
(27) c. Her I w i l l  marry -d. ~ h o j m )  w i l l  I, marry 

NP S/VP - vp/rlp2 NP S/VP vp/rrp2 
S/NP 

3 S / W  
s s 

( A s  it stands,  of course, the  model does not  explain why (27d) is only 
poss ible  with a WH-element, a s  opposed t o  ?Her w i l l  I marry, which is com- 
prehensible,  but archaic .  Neither does it explain why the  subjects  of  
(27e), and indeed of (27c) must be "given" anaphors such a s  pronouns, 
ra ther  than "new" NPs. Such questions a r e  i n  t h e  domain of thematics, 
r a the r  than syntax) .  The parser  handles t h e  remaining standard construction, 
Verbphrase preposing, a s  follows: 
(27) e.  Marry her I w i l l  

VP/NP NP NP (s/VP)/m3 
VP s/vp 

s 
The model allows j u s t  one fu r the r  construction, and no more. Although it 
is not standard i n  modern English, t h e  following is  accepted. 

s 
I t  should be obvious t h a t  no model of  t h i s  kind which w i l l  accept (27d, e )  - 
t h a t  i s  which w i l l  allow VP preposing and the Object Llh-question constructior.  
- w i l l  r u l e  ou t  (27f 1. We suggest t h a t  the  unacceptabi l i ty  of  the  above is 
d i r e c t l y  p a r a l l e l  t o  the  "unacceptabili ty" of ?Her w i l l  I marry. That i s ,  
whatever thematic f a c t  it is t h a t  makes construction (27d) be a Wh-question 
has the  same e f f e c t  on (27f) .  kIowever, s ince  there  is no Wh-pronoun fo r  a 
VP, the re  is no grammatical const ruct ion of t h i s  form i n  standard English. 

Not one of the  remaining eighteen permutations of  the  four words i s  accepted 
by the  algorithm. The reason is t h a t  the  form of  the  r u l e s  imposes very 
powerful cons t r a in t s  on poss ible  rearrangements, which appear t o  correspond 
d i r e c t l y  t o  the  grammatical p o s s i b i l i t i e s .  The most imrortant const ra in t ,  
which immediately e l iminates  most of t h e  eighteen ur.grammatica1 construc- 
t i ons ,  is a d i r e c t  consequence o r  co ro l l a ry  of  the  f a c t  t : a t  Loth of t he  
combination r u l e s  operate only upon the  two adjacent topnost items on the  
stack, and t h a t  t he  same stack is used both fo r  movement and f o r  building 
const i tuents .  It is  the  followina: 
(28) The Adjacency Corollary 

The r u l e s  w i l l  be unable t o  combine two items which a r e  s e ~ a r a t e d  
on the s tack by a th i rd ,  unless t h a t  intervening item can f i r s t  
be combined with one o r  the  o ther  of them. 

( I t  is t o  be s t r e s sed  t h a t  t h i s  is a corol lary  of the  model, not an addi t ional  
assumption). Because a l l  tensed verl;s have a category of the  form (s/x)/NP, 
(where X is the  category t h a t  t he  verb requires  a s  i t s  complement),once 
tense and verb have combined under the  Affix Cancelling Rule, the next item 
t o  combine with the  S node must be the subiect  NP. But because the model 
imposes the  above general const ra in t ,  it follows t h a t  i f  any item intervenes 
between Subject and Tense, ne i the r  r u l e  2 nor r u l e  3 w i l l  be able t o  combine 
them and the  ana lys i s  w i l l  block. (We a r e  ignoring adverbia ls  such a s  - 
frequently,  merely f o r  the sake of s impl i f ica t ion) .  



Among the  eighteen remaining permutations, t he  following a r e  predicted t o  
be ungrammatical f o r  j u s t  t h i s  reason: some i t e m  is interposed between 
Subject and Tense. ( In  severa l  cases there  a r e  o ther  reasons a s  wel l ) .  
(29) g. *I marry her w i l l  m. *Will her marry I 

h. * I  narry w i l l  her  n. *Her I marry w i l l  
i. *I her w i l l  marry o. *Her w i l l  marry I 
j. *I her marry w i l l  p. *Will marry I her 
k. qiill marry her I q. *Marry w i l l  her I 
I. *Will her I marry r. *Marry I her w i l l  

Another consequence of the Adjacency Corollary and of the  form of the  r u l e s  
and categor ies  is the  following: Any complement of a verb,  such a s  an 
object  NP, must follow the  verb  immediately, unless the verb  is already 
absorbed i n t o  the S-node and the  complement i s  t op ica l i s ed ,  a s  i n  Wh- 
Question and Topical isa t ion (27c & d ) .  This i s  because marry her i n  i so l a -  
t i on  must be parsed bv the Forward Combination r u l e  2, since: (a)  the  
Preposed Constituent Rule 3 app l i e s  only t o  S/X, 
(30) s. *Her marry I w i l l  u. *I w i l l  her marry 

t. *Her marrv w i l l  I v. *Will I her marry 
and (b) Rule 3 w i l l  only allcw complete const i tuents  t o  be preposed. 
(31) w. *= I  w i l l  her x. *Marry w i l l  I  her --- 

w/NP s/VP NP VP/NP S/VP NP 

5. Conclusion 
The ru l e s  together with the  given l e x i c a l  ca tegor ies ,  p red ic t  exact ly  which 
of the 24 s t r i n g s  a r e  grammatical and which a re  not. We show elsewhere 
(Ades & Steedman, 1979) t h a t  a s imi lar  r e s u l t  can be obtained fo r  the permu- 
t a t ions  of the o ther  main clause constructions.  With some minor exceptions, 
the ru l e s  accept a l l  and only the  grammatical constructions.  

Some of these exceptions show t h a t  the model has room f o r  improvement. I n  
pa r t i cu la r ,  the  system's acceptance of 
(32) a. l S l e p t J o h n ?  b. ?What e a t  they? 
shows t h a t  our treatment of tense,  a f f i x e s  and a u x i l l i a r i e s  is  imperfect, 
and its acceptance of 
(33) a.  ?Her w i l l  I  marry. b. *This book her I gave. 
indicates  fu r the r  questions concerning the  meaning of such thematic construc- 
t i ons  a s  top ica l i s a t ion .  And it i s  c l e a r  t ha t ,  although the  model general- 
i s e s  r ead i ly  t o  some const ruct ions  involving subordinate clauses,  a number 
of fur ther  problems remain t o  be solved. (For example, although a l l  main 
clause constructions can be described a s  a r i s i n g  from "leftward movement", 
c e r t a i n  complex sehtences have been' ascribed by t r ans fo rna t iona l i s t s  t o  
"rightward movement". I t  remains t o  be shown t h a t  the mechanism t h a t  we 
have described w i l l  handle such movements.) Nevertheless, it is perhaps 
worth pointing out  how straightforward sone extensions,  a t  l e a s t ,  a re .  The 
"movement" of r e l a t i v i s e d  const i tuents  i n  r e l a t i v e  c lauses  can be handled 
with no extensions a t  a l l  t o  the r u l e s  a s  presented. I t  has already been 
pointed out t h a t  the acceptance of these constructions w i l l  be l imi ted  t o  the  
ones allowed by such const ra in ts  a s  the  Complex NP const ra in t .  The same 
apparatus w i l l  a l s o  handle the "unbounded" ext ract ion of const i tuents  from 
embedded sen ten t i a l  complements. For example, on the  plaus ible  assumption 
t h a t  the  category of the  tensed verb bel ieves  i s  S/S/NP (a  function which 
combines a subject  and a complement S i n  t h a t  order t o  y i e l d  a sentence),  
it w i l l  accept the  following 
(34) A. John she believes Mary w i l l  marry 

NP NP S / S / N P ~  NP s/w/w3 VP/NP 
s /S s/w 

s /VP 
S/NP 

2 

s 



I n t e r e s t i n g l y ,  it w i l l  c o r r e c t l y  not a c c e p t  t h e  e x t r a c t i o n  of t h e  tensed 
v e r b  from such complements, a s  i n  
(35) % i l l  s h e  b e l i e v e s 3  John marry 

NP VP 
'-Y2 

I t  i s  a h i t h e r t o  unexplained c o n s t r a i n t  upon movement t h e o r i e s  o f  t h e s e  
c o n s t r u c t i o n s  t h a t  t h e  movement of t ensed  a u x i l l i a r i e s  is, u n l i k e  t h e  o t h e r s  
we have been cons ide r ing ,  "bounded" t o  a s i n g l e  c lause .  
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The XPRT-system has been designed as a basis for implementing knowledge-based expert systems. This 
paper introduces the description types that are currently available for communicating with this 
system. 

PREFACE 

The XPRT-system is a collection of LISP-programs designed to serve as a basis for implementing 
knowledge-based expert systems. The system is fully documented in Steels (1979a). It contains 
mechanisms forbuilding up constraint networks, for performing reasoning over these networks in 
order to solve particular problems and for communicating with a potential user. Two kinds of inter- 
actions are possible. The user can supply new information by giving general properties of objects 
or by describing specific problem situations. We will call these interactions predications. Or he 
can ask questions: (i) informative, or wh-questions, (ii) non-informative, or yes/no questions, 
and (iii) questions for justification. Predications cause the formation or expansion of constraint 
networks used to represent knowledge inside the system. Questions cause queries, expansions of the 
network based on consequent reasoning, etc. What these networks look like and how they are formed 
will not be discussed here. Instead we will concentrate on the communication language itself. An 
important feature of this language is that it is natural language like. 

The introduction of natural language like const-ructs has become an important feature of recent 
knowledge representation languages. The prime reason for incorporating such constructs is to make 
the language easier to use. It is hoped that the linguistic intuitions of the user will help him to 
learn the language, think in terms of it, understand or remember more easily what is being expressed, 
etc. Once this position is adopted there are two ways to proceed. The ideal, of course, is to use 
a parser that takes genuine natural language expressions and a producer that is able to report back 
in natural language. But although this seems theoretically feasible, the required cost in manpower, 
resources and time which is required to construct such systems exceeds at present the resources and 
time limits in expert-systems research. There remain two options. Either we can use keyword 
parsers which can be very crude like the one used by Davis (1977) or more sophisticated as the Yale- 
systems. Or we can gradually incorporate natural language like constructs like articles, case 
mechanisms, etc. in an artificial language. This path has been explored by Bobrow and Winograd 
(1977), Hewitt, Attardi and Lieberman (1979) and has also been adopted in the present system. 

The reason is as follows. Although the unrestricted natural language input is achievable with key- 
word parsers, they are not 100% reliable (at best they yield an educated guess). This is intoler- 
able in real world applications. Using artificial languages with natural language like constructs 
we can approximate natural communication but the communication remains at all times accurate. There 
are also certain dangers with this approach. A user may have other intuitions about the workings 
of a particular natural language, or out of the range of meanings a certain word can have, only one 
particular meaning might be used in the artificial language. That is why it is important to give 
clear descriptions of the semantics of each construct that is being incorporated. 

There is another point. The introduction of natural language like features is a powerful way to 
study the semantics of natural languages. Indeed by learning how to incorporate the communication 
tools used in natural language we gradually obtain a better understanding of natural language itself 
(and this will help us to deal with unrestricted natural language later). The important thing is 
not so much that the syntax is similar but that the underlying semantic mechanisms are the same. A 
similar position is taken by logicians such as Montague (1971) or Creswell (1973) who try to treat 
portions of natural language as a formal language. 

The rest of the paper is organized as follows. First I will discuss frames and how descriptions 
are related to them. Then I will discuss some important properties of frames that are the basis 
for heuristics in fi~ding the referent of a description. Finally I will discuss various types of 
descriptions and conventions for each type and conclu4e with a hrief comuarison to medicate 
calculus and other AI-systems. 



INTRODUCTION 

le communication language of the XPRT-system is a frame-based language. A frame is a set of 
lportant questions about a certain subject matter. This subject matter can be anything that is 
.ewed as a conceptual unit: an object, an action, a relation. a situation, etc. The questions of 
frame are called its aspects. The aspects can be such things as parts, arguments, important 
-operties, or related entities. Thus a frame for RESISTOR could have aspects for a resistance and 
io terminals. A frame for SUM could have aspects for the addend, augend and result. A frame for 
le action of putting a block on another one could have aspects for an actor, object, begin-situa- 
on, end-situation, old-support and new-support. Each frame has also a self-aspect which is the 
tuation (object, relation, ...) covered by the frame. In the case of a ROOM-frame the filler of 
le self aspect could be the room itself, in the case of a PUT-ON frame the PUT-ON action itself, 
.C. 

be structure of a frame is denoted as follows 
:RAME <name-of-frame> 

(WITH <aspect-name-l> ) ... (WITH <aspect-name-n>)) 
; in 
: M E  PUT-ON 

(WITH SELF) 
(WITH ACTOR) 
(WITH BEGIN-SITUATION) 
(WITH END-SITUATION) . . .) 

re next question is what kind of things can function as answers to the various questions posed by 
frame. In other words what kind of entities can "fill" an aspect of a frame. We will employ two 
lnds of entities: individuals and prototypes. Individuals are members of the domain of discourse. 
)wever the individuals we will use here differ from those used in logic because they lack the 
~iqueness property. So each individual is a member of the universe of discourse but at any time 
: may turn out that it is equal to other individuals. The individuals will therefore sometimes be 
llled "anonymous objects". A prototype is an abstraction that functions as stand-in for a whole 
lass of entities which inherit properties from this prototype. The union of all individuals and 
11 prototypes constitutes the domain of objects of the representation system. 

particular frame determines a set of n-tuples from all possible sets of n-tuples formed with 
ljects from this domain. The tuples determined by a frame with n aspects are n-tuples. For 
rample, the set of tuples of a frame for FATHER with aspects for the self and the child consists of 
xirs of objects which are in the father-child relation. Each tuple in this set specifies a set of 
~jects that are in the relation the frame is about and because the tuple is ordered what role each 
~ject plays in the relation. The set of tuples of a frame is furthermore divided into two subsets: 
lose which contain only anonymous objects (further called instantiations) and those which contain 
t least one prototype (further called specializations). Each of the latter type of tuples stands 
:tually for a (possibly infinite) set of tuples. 

ESCRIPTIONS 

description is a construct used to refer to an object by saying that it fills a certain position 
I a tuple of a frame. The aspect associated with this position is called the view. So a descrip- 
ion has two functions: (i) it picks out one n-tuple of the set of n-tuples of a frame and (ii) it 
icks out one element of this n-tuple. 

ippose for example that the set of tuples for FATHER includes (JOHN, JAMES), then there could be a 
escription that picks out this pair. Suppose furthermore that the view of the description is self 
hen this description would further pick out JOHN. If on the other hand the view is child, the 
escription would pick out JAMES. 

estrictions on fillers can be provided to helppck out what tuple is intended. The restrictions 
re expressed by supplying descriptions of those fillers. For example the child aspect of a tuple 
F the FATHER frame could be further specified by saying that ;t is described as JAMES. Then only 
airs of the form (?,JAMES) are potential candidates for the tuple referred to by this description. 



The syn tac t i c  s t r u c t u r e  of  a  desc r ip t ion  i s :  
<descr ip t ion  > := ( d i r s t - a r t i c l e  > cview> OF oecond-a r t i c le  > drame-name > 

(WITH caspect-name-l> <descript ion>) . . . 
(WITH <aspect-name-n> <descript ion>))  

a s  i n  
(THE FATHER OF A FAMILY (WITH CHILD JAMES)) 

FAMILY i s  t h e  name of  the  frame, FATHER is t h e  aspect which funct ions a s  view and JAMES i s  a  f u r t h e r  
r e s t r i c t i o n  on t h e  f i l l e r  o f  the  c h i l d  aspect  of  the  n- tuple  re fe r red  t o  by t h e  descript ion.  In 
t h e  present  paper t h e  < f i r s t - a r t i c l e >  w i l l  always be THE. Moreover i f  t h e  view i s  s e l f ,  we w i l l  
leave out  THE SELF OF. For example we w i l l  wr i t e  

(A FATHER (WITH CHILD JAMES)) 
instead of  

(THE SELF OF A FATHER (WITH CHILD JAlblES)) 

In another paper CSteels, 1979bII w i l l  show how we can use p repos i t ions ,  verbs and ad jec t ives  t o  g e t  
more condensed (and more na tu ra l  language l i k e )  desc r ip t ions ,  so t h a t  we ge t  expressions l i k e  

JOHN SELLS (A CAR) TO JONES FOR (30 DOLLARS) 
instead of  

JOHN IS (THE AGENT OF A POSSESSION-TRANSFER 
(WITH OBJECT (A CAR)) 
(WITH RECIPIENT JONES) 
(WITH TRANSFER-OBJECT (30 DOLLARS))) 

2. ASPECT SPECIFICATIONS 

There a r e  a  number of  p roper t i e s  of frames t h a t  a r e  important f o r  deal ing with desc r ip t ions  based 
on these  frames. These p roper t i e s  wi l l  be shown t o  i n t e r a c t  with c e r t a i n  a r t i c l e s  i n  order  t o  
determine the  meaning of  a  c e r t a i n  desc r ip t ion .  

PROJECTIVITY 

F i r s t  of a l l  we observe t h a t  it i s  usual ly poss ib le  t o  d iv ide  t h e  s e t  of  i n s t a n t i a t i o n s  of  a  frame 
i n t o  groups, termed instant iat ion-groups.  Each i n s t a n t i a t i o n  in such a  group has a c e r t a i n  s e t  o f  
aspects  i n  common. 

Here i s  an example. Consider a  frame f o r  family with aspec t s  f o r  t h e  mother, t h e  f a t h e r  and a  
ch i ld .  Because every family has only one mother and one fa the r ,bu t  possibly many ch i ld ren ,  it makes 
sense t o  divide t h e  i n s t a n t i a t i o n - s e t  o f  the  family frame i n t o  groups where each group corresponds 
t o  one family. All i n s t a n t i a t i o n s  i n  t h i s  group have t h e  same f a t h e r  and t h e  same mother. They 
d i f f e r  i n  t h a t  the  c h i l d - s l o t  could be f i l l e d  by a  d i f f e r e n t  individual .  We w i l l  c a l l  t h e  aspec t s  
t h a t  have the  same f i l l e r  in  a  given ins tan t i a t ion-group  pro jec t ive  aspects .  The o ther  aspects  a r e  
c a l l e d  non-projective. I t  i s  important f o r  the  reasoner t o  know t h i s  because a s  soon a s  i t  knows 
one instance o f  an instance-group i t  can i n f e r  the  s l o t - f i l l e r s  o f  the  p ro jec t ive  aspects  of a l l  
members of  t h a t  group. I t  turns out t h a t  t h i s  knowledge i s  c r u c i a l  f o r  two reasons: ( i )  it i s  an 
important a i d  i n  determining whether a  desc r ip t ion  i s  d e f i n i t e  and in consequently f inding the  
re fe ren t  of t h e  desc r ip t ion ,  and ( i i )  it i s  one of the  t o o l s  with which two ob jec t s  can be shown 
t o  be i d e n t i c a l .  

For example, i f  a  c e r t a i n  person i s  described a s  
(THE MOTHER OF A FAMILY (WITH FATHER JOHN)) 

and a  l i t t l e  while l a t e r  t h i s  same person i s  described a s  
(THE MOTHER OF A FAMILY (WITH FATHER MR-JONES)) 

then we know t h a t  John and Mr-Jones a r e  r e f e r r i n g  t o  the  same person because t h e  f a t h e r  aspect o f  
a  family frame i s  p ro jec t ive .  This means t h a t  e i t h e r  i f  Mr-Jones was already known t o  be a  c e r t a i n  
ob jec t  and John was already known t o  be a  c e r t a i n  d i f f e r e n t  ob jec t ,  then from now these  ob jec t s  
should be considered i d e n t i c a l .  We say i n  such a  case t h a t  the  two ob jec t s  a r e  merged. O r  i f  
Mr-Jones was not yet  known, then the  desc r ip t ion  Mr-Jones should be predicated f o r  John o r  vice- 
versa.  



In the present paper I will assume that all aspects are projective, In a separate paper devoted 
to sets, their representation and use, I will discuss nonprojectivity. 

CRITERIALITY 

Now how does the reasoner know under what circumstances two instances belong to the same instan- 
tiation group? In other words, how do we specify what the criteria for dividing the set of instan- ' 

tiations into groups is? Another property of aspects takes care of this. Often a certain aspect 
can only once be filled by a certain individual. Somebody can only be the mother in one family for 
example. We say in such a case that this aspect is criterial. But sometimes more than one aspect 
has to co-operate in order to find what instantiation-group is intended. In a frame of LINE-SEGMENT . 
like (FRAME LINE-SEGMENT 

(WITH SELF) 
(WITH BEGIN) 
(WITH END) 
(WITH LENGTH) ) , 

begin and end are criterial because there are no two line-segments with the same begin and the same 
end. Moreover there might be different collections of "criterial aspects". In the same frame the 
self aspect is also criterial. But the begin aspect on its own is not criterial, because there can 
be many lines with the same begin. 

The importance of knowing what collections of aspects are criterial is that they provide essential 
information for finding the instantiation group of a description. 
Take for example the following description: 
(A LINE-SEGMENT (WITH BEGIN POINTl)(WITH END POINTZ)) 
In order to find out what line-segment is referred to, the reasoner looks at a series of aspects 
that are criterial and for which the description contains specific information. In the example' 
given here the reasoner knows that begin and end are criterial, it can therefore look whether the 
objects point1 and point2 are described already as the begin and end of a line-segment. If that is 
so it knows already about this particular instance of the line-segnient frame and can infer the other 
individuals in this instantiation. 

Criteriality is also the prime mechanism to know whether two descriptions have to be merged or not. 
Two descriptions are merged if they refer to the same individual. For example, when a particular 
object is described as 

(A LINE-SEGMENT (WITH BEGIN POINTI) (WITH END POINTZ)) 
and later it is described as 

(A LINE-SEGMENT (WITH LENGTH 3-CM)) 
then we know that each time we are talking about the same line-segment. We know this because the 
SELF-slot of line-segment is criterial and therefore the object can only once be described as a 
line-segment . 
In contrast, 

(A FATHER (WITH CHILD GEORGE)) 
and 

(A FATHER (WITH CHILD JOHN)) 
cannot be merged because somebody can be the father of more than one child. 

UNIQUENESS 

A strong from of criteriality is when it is not only the case that an individual can only once fill 
a certain aspect in an instance but that there is only one individual in any domain or world that 
can ever fill this aspect. In such a case we say that this aspect is individuality. We will call 
a frame whose self-aspect is individuating an individuating frame. Descriptions based on such a 
frame function as rigid designators. 

The importance of knowing whether an aspect is individuating is that it tells the reasoner which 
descriptions refer to a unique individual. The reasoner builds up a list of individuals which are 
accessible by way of these individual descriptions, so that the referent can be retrieved when the 
description is encountered. 



Properties like projectivity, criteriality and uniqueness are called the properties of a frame. 
They are defined when the frame itself is being defined by adding specifications of the form 

(<type-of-specification> <range-of-application>) 
after the list of aspects. The<range-of-applicatior(rindicatedthe aspects (or lists of aspects) 
having a specification of that type. The type-specification is 
CRITERIAL if the range-of-application indicates series of aspects which are criterial. 
NON-PROJECTIVE if the range-of-application indicates non-projective aspects. 
INDIVIDUATING if the range-of-application indicates individuating aspects. 

The default for projectivity is projective. The default for uniqueness is non-individuating and 
the default for criteriality is non-criterial. Here is an example 
(FRAME MOTHER (WITH SELF) (WITH CHILD) (CRITERIAL (CHILD))) 

3. DESCRIPTIONS 

We adopt the subject-predicate structure familiar from natural language for expressing predications 
or questions. Thus for predications we write 

<subject> IS <complement> 
for non-informative questions we write 

IS <subject> <complement> 
and for informative questions we write 

<question-word> IS <complement> 
Question-words include WHO and WHAT. 
An important property of the system is that predications may themselves act as objects in the 
system. This capability will however not be discussed in this paper. A <subject> and a <complement> 
are both descriptions. In this section we discuss the various types of descriptionscurrently in 
use. 

First we make a distinction between referential and predicative descriptions. Referential descrip- 
tions are used to refer to a particular entity (which could be an individual or a prototype). Predi- 
cative descriptions are used to say t h ~ t  some object is an instance of some other object. 

Subjects of a predication are alwyas referential. For example in 
JOHN IS A PERSOI! 

John is used referentially. Or in 
EVERY PERSON IS MORTAL 

"Every person" is used to refer to the prototype of person. When the complement of the predicate 
has a particular object as its referent then it is referential, otherwise predicative. For example 
if we say 
JOHN IS A PERSON 

"a person" is a predicative description. John is said to be an instance of person. On the other 
hand if we say 
JOHN IS THE FATHER OF GEORGE 

the complement refers to a specific individual (George has only one father) and is therefore 
referential. In this case we do not say that John is an instance of "the father of George" but 
rather that JOHN IS the father of George. 

Note that descriptions that are "attached" to the aspects of another description are actually 
complements. Thus in 

(A FATHER (WITH CHILD (A GIRL))) 
"(a girl)" is used predicatively. The description is viewed as a shorter form for 

(A FATHER (WHOSE CHILD IS (A GIRL))) 
Some descriptions are always referential whereas the function of others depends on the environment. 
First we discuss referential descriptions. 

3.1. REFERENTIAL DESCRIPTIONS 

PROPER NAMES 

The simplest class of descriptions are the proper names. Proper names are descriptions whose 
underlying frame is individuating. Proper names are written without articles. 



Thus we simply write JOHN 
based on the frame 
(FRAME JOHN 

(WITH SELF) 
(INDIVIDUATING SELF) 

Proper names always have a particular individual in the model as referent. Note that being an 
individual does not imply existence, existence is considered to be a predicate. 

GENERIC DESCRIPTIONS 

Let us call a frame-name together with a set of restrictions on the fillers of some or all of its 
aspects a description-structure. With every description-structure ever used there corresponds a 
unique tuple of prototypes which is called the prototypical tuple of that description-structure. 

Thus assuming a frame for FATHER with a self and a child aspect then for the description with no 
restrictions there is a pair containing a prototype for every father and a prototype for the child 
of a father. Or if we have a description-structure based on the father frame with the restriction 
that the child is a girl, there would be a prototypical pair containing a prototype for "every 
father whose child is a girl" and a prototype for the child of such a father. If the restriction 
on an aspect in a description-structure is an individual that aspect is not filled by a prototype 
but by that particular individual itself. 

There are clearly two ways in which a description-structure can be used: to refer to the proto- 
typical tuple or to refer to a specialization or instance. Descriptions of the first type are 
called generic descriptions. A generic description is a description whose tuple is the proto- 
typical tuple of its description-structure. Generic descriptions will be represented with the 
article EVERY. 

Thus the description 
(EVERY FATHER) 

picks out the prototypical tuple corresponding to a description-structure with no restrictions 
attached, and picks out the filler of the self aspect in this tuple. 

(THE CHILD OF EVERY FATHER) 
picks out the filler of the child aspect of the same tuple. 

There is no distinction in behavior between a generic description used predicatively or referen- 
tially. Thus assuming a frame for LOVER with aspects for the self and the loved-one, we can say 

(EVERY WOMAN) IS (A LOVER (WITH LOVED-ONE (EVERY MAN))) 
to express that every woman loves every man. The filler of the loved-one aspect is the filler of 
the self-aspect in the prototypical tuple of man. The referent of "(every woman)" is the filler of 
the self aspect in the prototypical tuple of WOMAN. 

English also uses THE, A or AN, ALL and plurals to indicate generic descriptions. Such descriptions 
have to be paraphrased here. For example, 

The president has lived in the White House since 1800 
has to be paraphrased as 

Every president has lived in the White House since 1800. 
And 
A bird is an animal 

or 
(A1 I ) birds are animals 

have to be paraphrased as 
Every bird is an animal. 

DEFINITE DESCRIPTIONS 

A definite description is a description that contains fillers for each member of one set of crite- 
rials as restrictions on its aspects. For example, the child in a frame for father is criteria1 
because a child can have only one father. If we therefore have a description where a specific child 
is attached, this description is definite because the instantiation can be identified. So the 
following description is definite: 
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[A FATHER (WITH CHILD JAMES) I 

Definite descriptions are written with A or AN (and the reasoner will check whether the description 
is definite or not) but in order to improve readability, the user is also allowed to use THE instead 
of A with definite descriptions, as in 
[THE FATHER [WITH CHILD JAMES)) 

or 
(THE LENGTH OF THE LINE-SEGMENT (WITH BEGIN POINT-l)(WITH EM) POINT-2)) 

'he latter description is definite because begin and end form a criteria1 set and this enables us to 
identify which line-segment is intended. It must be noted however that the use of THE is not taken 
into consideration by the system, i.e. it is syntactic sugar. 

INDEFINITE DESCRIPTIONS 

An indefinite description is a description whose tuple is an instance of its underlying tuple. But 
the tuple cannot be recognized uniquely (and therefore "anonymous" individuals have to be postulate4 
Indefinite descriptions are written with the article SOME. 

For example if we want to say that there is a person which is the agent of a buy-event, we can say 
(SOME PERSON) IS (THE AGENT OF A BW-EVENT) 

'he referent of (SOME PERSON) is an anonymous object which is a person. Similarly we can express 
that there is a particular man which is the loved-one of every woman by saying: 

(EVERY WOMAN) IS (A LOVER (WITH LOVED-ONE (SOME MAN))) 
The filler of the loved-one aspect in this case is a particular anonymous individual which is the 
loved-one of every woman. In other words every woman loves this same man. 

3.2. PREDICATIVE DESCRIPTIONS I 
As said before, a predicative description expresses that the subject of the predication fills an 
aspect in an instance of the prototypical tuple underlying the description structure of thedescrip- 
tion. The aspect it fills is the view of the predicative description. A predicative description 
is written with the article A or AN, as in 

JOHN IS (A PERSON) 
which expresses that John is a filler of the self-slot in an instance of the prototypical tuple of 
PERSON. Similarly in 
X-1 IS [A LINE-SEGMENT (WITH BEGIN [A POINT))) 

the begin of the line is described as an instance of the prototypical point. 

A final example will make the various distinctions clear. Suppose we abbreviate 
IS (A LOVER (wIni LOVED-ONE . . . ) I  

as LOVES (the mechanisms for doing that will be fully explained in Steels [1979b)),then we can say 
(EVERY WOMAN) LOVES (A MAN) 

to express that for every woman there is a man such that she loves him. It does not follow that 
this man is the same one for every woman. The description only predicates of the loved-one that he 
is a man. Compare this with 
(EVERY WOMAN) LOVES (EVERY MAN) 

which expresses that every woman loves every man, and 
(EVERY WOMAN) LOVES (SOME MAN) 

which expresses that every woman loves the same particular man. 

3.3 ANAPHORIC DESCRIPTIONS 

A final class of descriptions contains those which correspond to indefinite pronouns in natural 
language. These anaphoric descriptions refer to objects which were mentioned somewhere else in the 
text. Natural language has no good solution to the pronoun-problem. Instead it relies on the 
intelligence of the reader to see that referent is intended. Obviously a different solution is 
required here. 

We introduce two types of anaphoric descriptions: Anaphoric descriptions based on the frames in 
which the object plays a role and anaphoric descriptions based on unique-names introduced elsewhere 
in the text. In principle using anaphoric descriptions based on unique-names constitutes a general 
method that will work in all cases. The first type is introduced to improve readability. 



VAPHORIC DESCRIPTIONS BASED ON FRAMES 

ye structure of a frame-based anaphoric description is 
(THE < NAME-OF-ASPECT> OF THE <NAME-OF-FRAME> ) 

?ere <name-of-frame> is the name of a frame used somewhere in a certain text i.e. a sequence of 
nteractions, and cname-of-aspect> is the name of an aspect. When the <name-of-aspect> is SELF 
a simply write 
(THE <NAME-OF-FRAME> ) .  

he referent of an anaphoric description is the object that is filling the aspect indicated by the 
name-of-aspect> in the latest description that used the frame with name <name-of-frame>. 
hen there has been no description that used the frame in an anaphoric description, the description 
ill be considered to be indefinite. 

D if we have the following conversation: 
> X-1 IS (A RESISTOR) 
> (THE VOLTAGE OF THE TERMINAL 

(WHICH IS (THE TERMINAL1 OF THE RESISTOR))) IS 0.0 
hen the referent of (THE TERMINAL1 OF THE RESISTOR) is the terminal1 of X-1 because the only 
esistor mentioned so far is X-1. Or if we say 
(EVERY FATHER) IS (A PARENT (WITH CHILD (THE CHILD OF THE FATHER))) 

hen 
(THE CHILD OF THE FATHER) 

s an anaphoric description which refers to the filler of the child aspect in the prototypical 
ather-tuple invoked earlier. The predication expresses that the child aspect of the father- 
pecialization is co-referential with the child aspect of the parent-specialization. 
inally in 
(EVERY GRANDFATHER) 

IS (A FATHER 
(WITH PARENT 

(A PARENT 
(WITH CHILD (THE GRANDCHILD OF THE GRANDFATHER))))) 

he anaphoric description 
(THE GRANDCHILD OF THE GRANDFATHER) 

efers to the filler of the grandchild-aspect in the grandfather tuple invoked by 
(EVERY GRANDFATHER) 

NAPHORIC DESCRIPTIONS BASED ON A UNIQUE-NAME 

f the same frame occurs more than once in a text, one can assign a name which is unique within 
hat piece of text to the tuple we want to refer to later. This is done by writing a string after 
he frame-name used to introduce the tuple. The syntax for referring to this tuple later is 
(THE <NAME-OF-ASPECT> OF <UNIQUE-NAME>) 

ihich will pick out the element filling the aspect with name <name-of-aspect> in the tuple assigned 
o <unique-name>. If the aspect is the self aspect we write only the unique-name. For example, 
sing the more elaborate language of Steels (1979b) we can say 
> (EVERY OBJECT 

(WHICH IS 
(MOVED TO (A LOCATION B) 

(AT [A TIME T))))) 
IS (IN B (AT T)) 

3 and T are anaphoric descriptions based on unique names. 

I. CONCLUSION 

[n this paper I have introduced the description types that are currently being used in the XPRT- 
system. Of course I only discussed one part of the story. The other part is concerned with the 
napping into the network representation and the behavior of these various constructs in the reason- 
ing system. This matter will not be taken up in this paper. 



\ fairly straightforward mapping can be constructed to translate expressions from predicate calculus 
.nto the present language and back. Universal quantifiers translate into generic descriptions, 
!xistential quantifiers into a predicative description if governed by a universal quantifier, other- 
rise into an indefinite description. Definite description correspond to functions and proper names 
:orrespond to constants. 

he most striking difference with classical predicate calculus is that we have adopted a new ontol- 
~gy. In predicate calculus only individuals of the domain of discourse are allowed as referents of 
ems. The present system operates on the basis of "anonymous" individuals and prototypes. The 
doption of a different ontology allows us to remain syntactically closer to natural language. How- 
ver more important than these syntactic issues is the importance of this new ontology for reason- 
ng. Whereas axiomatic proof theories (such as Gentzen's natural deduction system) are a natural 
hoice for mechanizingpredicate calculus based formalizations, the ontology presented here has lead 
owards systems based on model theoretic proof theories. This will be discussed more extensively 
n other papers. 

he language discussed here builds further on object-oriented representation systems such as Simula 
Dahl, 1970) and Smalltalk (Goldberg and Kay, 1976) and frame-based knowledge representation efforts 
cf. Minsky (1974), Bobrow and Winograd (1976), Martin (1979), a.0.). Detailed comparisons are 
owever beyond the scope of this paper. 

any shades of meaning used in natural language articles are not present in their usages here. For 
xample EVERY has the connotation of referring to the collective - as opposed to EACH which stresses 
ndividuality. Nevertheless I believe that the shades of meaning that were incorporated have been 
dentified and used properly. Another paper is in preparation that discusses other articles, such 
s definite numbers (like 3) and indefinite ones (like "a few"). This can only be done within the 
Dntext of representation and reasoning mechanisms that deal with sets. Still another paper will 
eal with negation leading to articles like NO. There it will be shown how we can deal with this 
n an object-oriented system by postulating "negative inheritance links". 
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Computer Aided E v o l u t i o n a r y  Design f o r  D i g i t a l  I n t e g r a t e d  Systems 

Gerald Jay Sussman, Jack Holloway and Thomas F. Knight, J r .  
Massachusets I n s t i t u t e  o f  Technology 

A r t i f i c i a l  I n t e l l i g e n c e  Labora to ry  

Abs t rac t :  

We propose t o  develop a  computer a ided  design t o o l  which can h e l p  an 
engineer dea l  w i t h  system e v o l u t i o n  from t h e  i n i t i a l  phases o f  des ign  
r i g h t  through the  t e s t i n g  and maintenance phases. We imagine a  design 
system which can f u n c t i o n  as a  j u n i o r  a s s i s t a n t .  I t  p rov ides  a  t o t a l  
conversa t iona l  and g r a p h i c a l  environment. I t  remembers t h e  reasons f o r  
design choices and can r e t r i e v e  and do s imple deduct ions w i t h  them. Such 
a  system can p r o v i d e  a  designer  w i t h  i n f o r m a t i o n  r e l e v a n t  t o  a  proposed 
m o d i f i c a t i o n  and can h e l p  him understand the  consequences o f  s imple 
m o d i f i c a t i o n s  by p o i n t i n g  ou t  t h e  s t r u c t u r e s  and f u n c t i o n s  which w i l l  be 
a f f e c t e d  by t h e  m o d i f i c a t i o n s .  The des igner ' s  a s s i s t a n t  w i l l  m a i n t a i n  a  
vast  amount o f  such anno ta t ion  on t h e  s t r u c t u r e  and f u n c t i o n  o f  t h e  sys- 
tem being evolved and w i l l  be a b l e  t o  r e t r i e v e  t h e  a p p r o p r i a t e  annota- 
t i o n  and remind t h e  designer  about t h e  f e a t u r e s  u h i c h  he i n s t a l l e d  t o o  
Long ago t o  remember, o r  which were i n s t a l l e d  b y  o t h e r  designers who 
work w i t h  him. We w i l l  develop t h e  fundamental p r i n c i p l e s  behind such a  
des igner ' s  a s s i s t a n t  and we w i l l  cons t ruc t  a  p r o t o t y p e  system which 
meets many o f  these des idera ta .  . 

Keywords: Computer-aided design, i n t e g r a t e d  c i r c u i t s ,  VLSI, dependen- 
cies, cons t ra in ts ,  eng ineer ing  problem solving, Layout. 

Th is  r e p o r t  desc r ibes  research done a t  the  A r t i f i c i a l  I n t e l l i g e n c e  
Labora to ry  o f  t h e  Massachusetts I n s t i t u t e  o f  Technology. Support f o r  t h e  
l a b o r a t o r y ' s  A r t i f i c i a l  I n t e l l i g e n c e  research i s  p rov ided  i n  p a r t  by t h e  
Advanced Research P r o j e c t s  Agency o f  t h e  Department o f  Defence under 
O f f i c e  o f  Naval Research c o n t r a c t  N00014-75-C-0643. T h i s  work was sup- 
p o r t e d  i n  p a r t  by t h e  N a t i o n a l  Science Foundation under Grant 
MCS77-04828, and i n  p a r t  by A i r  Force O f f i c e  o f  S c i e n t i f i c  Research 
Grant AFOSR-78-3593. 

The Problem -- 
The i n t e g r a t e d  c i r c u i t  r e v o l u t i o n  has l e d  t o  a  vas t  inc rease  i n  t h e  

complexi ty  o f  t h e  e l e c t r i c a l  a r t i f a c t s  u h i c h  can be cons t ruc ted  monol- 
i t h i c a l l y .  I n  t h e  des ign  o f  hardware systems, we a re  r a p i d l y  approach- 
i n g  t h e  comp lex i t y  b a r r i e r  which has f o r  long been apparent i n  t h e  
design o f  so f tware  systems. The turn-around t i m e  f o r  r e a l i z a t i o n  o f  a  
new design, from conception, th rough  syn thes is  and debugging has become 
excessive; hence we a re  no t  developing new designs a t  a  reasonable ra te .  
Th is  i s  not  p a r t i c u l a r l y  a  problem o f  i n t e g r a t e d  c i r c u i t s ,  o r  o f  pro-  
gramming systems, b u t  r a t h e r  a  fundamental problem u h i c h  can best  be 
viewed i n  a  l a r g e r  con tex t .  There a re  i n h e r e n t  l i m i t a t i o n s  t o  t h e  com- 
p l e x i t y  t h a t  t h e  unaided designer  can c o n t r o l  i n  any eng ineer ing  s i t u a -  
t i o n  - from a  complex e l e c t r i c a l  system t o  a  space v e h i c l e  o r  a  nuc lear  
power p l a n t .  The t h r u s t  o f  ou r  p roposa l  must be viewed as a t t a c k i n g  the  
problems assoc ia ted  w i t h  i n t e g r a t e d  systems from t h i s  l a r g e r  context .  
-a - 
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The e v o l u t i o n a r y  n a t u r e  o f  l a r g e  engineered systems i s  a  c r u c i a l  
f e a t u r e  o f  t h e i r  complexity. The s p e c i f i c a t i o n s  change, t h e  des ign  
changes, and as bugs a r e  discovered, t h e  implementat ion changes t o  
c o r r e c t  them. The changes a re  r e q u i r e d  because i t  i s  n o t  p o s s i b l e  f o r  
the  designers, o r  t h e  p o t e n t i a l  users  o f  a  system, t o  fo resee  a l l  o f  t h e  
o p p o r t u n i t i e s  f o r  us ing  t h e  system. Also, t h e  environment i n  which t h e  
system w i l l  operate i s  i t s e l f  sub jec t  t o  change. Besides t h i s  e x t e r n a l  
reason f o r  t h e  e v o l u t i o n a r y  n a t u r e  o f  l a r g e  systems, t h e r e  i s  a l s o  an 
i n t e r n a l  reason. I f  a l l  o f  t h e  r e l e v a n t  c o n s t r a i n t s  were considered a t  
once i n  o rder  t o  a r r i v e  a t  a  p e r f e c t  s o l u t i o n  i n  t h e  f i r s t  place, t h e  
d e t a i l s  would overwhelm t h e  des igner ' s  c o g n i t i v e  a b i l i t i e s .  A  more 
e f f e c t i v e  s t r a t e g y  i s  t o  s t a r t  u i t h  a  s o l u t i o n  which i s  reasonably c l o s e  
t o  c o r r e c t  and modi fy  i t  repea ted ly  u n t i l  an acceptable s o l u t i o n  i s  
reached. C21 

What i s  needed i s  a  computer a ided design t o o l  u h i c h  can h e l p  an 
engineer dea l  u i t h  system e v o l u t i o n  from t h e  i n i t i a l  phases o f  des ign  
r i g h t  through t h e  t e s t i n g  and maintenance phases. We imagine a  design 
system uh ich  can f u n c t i o n  as a  j u n i o r  a s s i s t a n t .  I t  p rov ides  a  t o t a l  
conversa t iona l  and g r a p h i c a l  environment. I t  remembers t h e  reasons f o r  
design choices and can r e t r i e v e  and do s imple deduc t ions  u i t h  them. Such 
a  system can p r o v i d e  a  designer  w i t h  i n f o r m a t i o n  r e l e v a n t  t o  a  proposed 
m o d i f i c a t i o n  and can he lp  him understand t h e  consequences o f  s imple 
m o d i f i c a t i o n s  by p o i n t i n g  out  t h e  s t r u c t u r e s  and f u n c t i o n s  u h i c h  w i l l  be 
a f f e c t e d  by t h e  m o d i f i c a t i o n s .  The d e s i g n e r ' s  a s s i s t a n t  w i l l  m a i n t a i n  a  
vast amount o f  such anno ta t ion  on t h e  s t r u c t u r e  and f u n c t i o n  o f  t h e  sys- 
tem be ing  evolved and w i l l  be a b l e  t o  r e t r i e v e  t h e  a p p r o p r i a t e  annota- 
t i o n  and remind the  designer  about the  fea tu res  u h i c h  he i n s t a l l e d  t o o  
Long ago t o  remember, o r  which were i n s t a l l e d  by o t h e r  designers who 
work w i t h  him. We w i l l  develop t h e  fundamental p r i n c i p l e s  beh ind  such a  
des igner ' s  a s s i s t a n t  and we w i l l  cons t ruc t  a  p r o t o t y p e  system which 
meets many o f  these des idera ta .  

Engineer ing Problem s o l v i n g  

One necessary subgoal o f  ou r  i n t e g r a t e d  system research program i s  
t o  f u r t h e r  develop our  theory  o f  how s k i l L e d  people (such as engineers 
and t e c h n i c i a n s )  understand d e l i b e r a t e l y  cons t ruc ted  t e c h n o l o g i c a l  a r t i -  
facts .  I n  most eng ineer ing  d i s c i p l i n e s  t h e r e  i s  a l r e a d y  an ex tens ive  
theory  o f  how the  physicaL p r i n c i p l e s  uh ich  u n d e r l i e  t h e  o p e r a t i o n  o f  
the a r t i f a c t s  a re  a p p l i e d  i n  any p a r t i c u l a r  design. I n  f a c t  most o f  t h e  
formal  knowledge taught  i n  eng ineer ing  c lasses i s  a  (mathemat ica l )  
theory  o f  how the  a r t i f a c t s  work -- how t h e i r  behav io r  may be d e r i v e d  
from fundamental p h y s i c a l  p r i n c i p l e s .  But an engineer  knows much more 
than j u s t  the p h y s i c a l  p r i n c i p l e s  and t h e i r  consequences. He has a  g rea t  
dea l  o f  " t a c i t  knowledge" which a l lows him t o  app ly  h i s  p h y s i c a l  
knowledge e f f i c i e n t l y  t o  so lve  problems o f  design, syn thes is  and 
ana lys is .  Th is  t a c i t  knowledge i s  no t  taught  e x p l i c i t l y  i n  eng ineer ing  
c lasses nor i s  i t  w r i t t e n  i n  eng ineer ing  t e x t s .  I t  i s  u s u a l l y  considered 
i n f o r m a l  and unteachable, except by a c t u a l  experience. 

There i s  almost no f o r m a l i z e d  theory  o f  how t h e  engineer  h i m s e l f  
operates -- how he must proceed i n  e v o l v i n g  a  des ign  when g iven  a  se t  o f  
requi rements o r  even how he must proceed i n  understanding an e x i s t i n g  
design. There i s  a  "competence theory "  o f  t h e  engineered s t r u c t u r e s  b u t  
the re  i s  no "performance theory"  of  t h e  engineering process C31.  hi's 1s 
not  s u r p r i s i n g .  The performance theory  i s  fundamenta l l y  imperat ive,  b u t  



before people began t o  study algor i thms as a subject there  uere no fo r -  
mal Languages i n  which i t  was convenient t o  express such a theory. I n  
fact, before t h i s  t ime i t  was not even rea l ized tha t  such languages uere 
necessary. The advent o f  programmable computing machines placed great 
emphasis on the development o f  convenient and expressive formalisms f o r  
descr ib ing procedures. We have developed performance theor ies  f o r  some 
aspects o f  engineering. Such a theory i s  a set o f  ru les  which guide the 
behavior o f  engineers. We t e s t  our theor ies  by implementing computer 
programs based on these ru les  which model the behavior o f  engineers. 
Successful theor ies  are d i r e c t l y  o f  p r a c t i c a l  value because they auto- 
mate newly understood pa r t s  o f  the engineering process and can thus be 
turned i n t o  engineering tools.  

The development o f  a theory o f  engineering performance knowledge i s  
o f  considerable s igni f icance. 

1. Understanding t h i s  cu r ren t l y  t a c i t  knowledge u i  11 
resu l t  i n  the const ruc t ion  o f  powerfu 1 computer-aided 
systems f o r  automating the rout ine  aspects o f  design, 
construction, testing, and maintenance o f  complex sys- 
tems. Such aids cease being luxur ies  and qu i ck l y  become 
essent ia l  as the complexity o f  systems increases. We are 
already beginning t o  h i t  the complexity b a r r i e r  i n  the 
long turn-around t ime f o r  design o f  in tegra ted c i r c u i t s .  
We have Long been on the wrong side o f  t h i s  b a r r i e r  i n  
the design o f  Large software systems. . 

2. Making the t a c i t  knowledge o f  engineers more e x p l i c i t  
w i l l  r esu l t  i n  the development o f  more e f f e c t i v e  design 
methodologies. We are now i n  the desc r i p t i ve  phase o f  
development o f  our theor ies.  P red i c t i ve  r e s u l t s  w i l l  
improve both computer dr iven and human performance i n  
developing complex systems. 

3. Making the t a c i t  knouledge o f  engineers more e x p l i c i t  
w i l l  improve our a b i l i t y  t o  describe, explain, and teach 
the process o f  engineering. 

4. Engineering design i s  an almost i d e a l  domain i n  which 
t o  Learn about how experts reason, and how students 
Learn t o  be experts. Much o f  the ac tua l  competence 
knouledge i s  already formalized. Answers produced by a 
performance theory are thus testable.  Much o f  the struc- 
t u re  of, and the mot iva t ion  f o r  the performance theory 
i s  already i n  place as engineers have an extensive voca- 
bu lary  o f  informal descr ip t ions  o f  what they are doing. 

5. Results obtained i n  the study o f  design methodology 
f o r  d i g i t a l  in tegra ted systems may be appl icable i n  
other ~ r o b l e m  domains. 
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Why We Need A Sophist icated Theory o f  Design 

The basic s t ra tegy o f  coping w i th  a  complex problem i s  t o  f i n d  or  
impose s t ruc ture  on the problem which allows breaking i t  up i n t o  manage- 
able pieces. Each piece can then be worked on separately. This must be 
done so that  a  so lu t i on  t o  the  whole can be composed from the so lu t i on  
t o  the pa r t s  o f  the  problem. Often a  system can be p a r t i t i o n e d  i n t o  
pieces which are more or  Less d i s j o i n t  and which together cover the  
e n t i r e  system. The t o t a l  system can be understood by combining our 
understanding o f  the pieces and our understanding o f  the composition by 
uhich the pieces cons t i t u te  the  system. Simi lar ly,  each piece may be 
fu ther  par t i t ioned.  I n  t h i s  way we der ive  a  s ing le  t r ee - l i ke  decomposi- 
t i o n  o f  the system -- a hierarchy. 

This observat ion has resu l ted  i n  a  p le thora  o f  shallow methodolo- 
gies which are c o l l e c t i v e l y  ca l l ed  "s t ruc tured design".C41 I n  s t ruc tured 
design the system under development i s  conceptualized as a  s ing le  
hierarchy where the system i s  recurs ive ly  broken i n t o  parts, each of 
uhich represents a  p a r t i c u l a r  segment o f  i t s  u l t ima te  structure.  These 
theor ies provide considerable power i n  organiz ing the thoughts of 
designers and i n  s t ruc tu r i ng  computer-aided design systems, but they 
must u l t i m a t e l y  break doun i n  s u f f i c i e n t l y  complex rea l  designs. 

The problem i s  that, i n  s u f f i c i e n t l y  complex systems, at  any stage 
there i s  usua l ly  more than one way o f  u s e f u l l y  p a r t i t i o n i n g  a  segment. 
I f  t h i s  i s  so, then a  s ing le  hierarchy does not s u f f i c e  t o  i nd i ca te  a l l  
o f  the conceptual pieces o f  i n t e r e s t  i n  the system. Pieces whose sub- 
pieces are Localized by one decomposition w i l l  have those sub-pieces 
widely dispersed throughout another. Addi t ional ly,  a  s ing le  sub-piece 
may p lay  several ro les  i n  each decomposition i t  appears in .  C51 

For example, when designing a  simple microprocessor, one way t o  
proceed i s  t o  t h i nk  i n  terms o f  a  state-machine con t ro l l e r  uhich i s  used 
t o  cont ro l  a  set o f  r eg i s te rs  and data paths. The s ta te  machine may be 
implemented as combinational l og i c  and a  s ta te  reg is ter .  I n  some techno- 
logies, e-g., two-phase clock dynamic NOS, a  reg i s te r  may be expanded as 
a  pa i r  of linked, clocked i nve r te rs  and a  p o r t i o n  o f  the combinational 
Logic may be done on each phase o f  the  clock. Thus, i n  t h i s  technology 
there may be no s ing le  phys ica l  r e a l i z a t i o n  o f  the s ta te  reg i s te r  loca l -  
ized on the chip. 

Suppose, fur ther,  tha t  we want the reg i s te r  which are con t ro l l ed  by 
our s ta te  machine t o  be bussed together. The bus i s  a  r e a l  conceptual 
e n t i t y  about which the data paths are organized. We must have a  descrip- 
t i o n  of the reg i s te r  array i n  which the bus i s  a  Localized concept so 
tha t  we can say spec i f i c  th ings  about i t .  For example, we may want t o  
make assert ions which const ra in  the communications conventions. Houever, 
i n  a  s t r u c t u r a l  h ierarchy there i s  no p a r t i c u l a r  Locale f o r  the bus 
because the bus i s  s t r u c t u r a l l y  d i s t r i b u t e d  throughout the reg i s te r  
array. 

Even worse, consider the high l eve l  b lock labe l led  " i ns t ruc t i on  
decoding" i n  a  h ie ra rch i ca l  descr ip t ion .  Not on ly  i s  the Logic f o r  t h i s  
box o h ~ s i c a l l ~  d i s t r i bu ted .  but i t  i s  also imolemented wi th  techniaues 
uhich over lap other aspects o f  the decomposition. A good example is4bhe 
se lec t ive  gat ing o f  c lock s ignals over1 pp i  g a t c l  ck i s t r i  u  i o n  
func t ion  w i th  a decoding function: Other %eco!?ng may ge inqegarakei as 
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par t  o f  other func t iona l  modules i n  the system. The decoding o f  the 
ar i thmet ic  func t ion  f ie ld ,  f o r  instance, may be an i n t e g r a l  pa r t  o f  the 
s t ruc ture  o f  the ar i thmet ic  l og i c  un i t .  

Thus one aspect o f  developing a more powerful  theory o f  the design 
process than "s t ruc tured design" i s  the development o f  desc r i p t i ve  
mechanisms uhich capture the pouer o f  the  decomposition s t ra tegy without 
the r e s t r i c t i o n s  on uhat can a c t u a l l y  be expressed imposed by a simple 
h ie ra rch i ca l  development. These problems u i t h  s t ruc tured design 
theor ies  are not i n  any uay r e s t r i c t e d  t o  the u o r l d  o f  d i g i t a l  
in tegra ted systems. Engineers i n  any d i s c i p l i n e  need t o  examine the sys- 
tems they are designing from many po in t s  o f  view. An e l e c t r i c a l  c i r c u i t  
designer i s  o f t en  in teres ted i n  the b ias  model o f  a c i r c u i t ,  the incre- 
mental model, the low frequency model o f  the incremental model, and the 
high frequency model o f  the incremental model, the noise model and the 
pouer d i s t r i b u t i o n  model. Each o f  these vieupoints imposes i t s  own 
decomposition o f  the system under examination, and each provided struc- 
t u re  and in format ion  t o  processes working from other vieupoints. 

Our Developing Theory - 
We are developing a performance theory o f  engineering design, t ha t  

is, a set o f  r u l es  uhich charac ter ize  the uay i n  which engineers behave 
uhen confronted u i t h  a design problem. I n  order t o  express t h i s  theory 
we are developing a methodology adequate t o  capture these rules.  We c a l l  
t h i s  the Design Procedure System because ue u i l l  use i t  t o  express the 
~ rocedu res  uhich an enaineer u i l l  ao throuah i n  the rout ine  develooment 
of a design. The design languag; has fuo components: the design 
procedure language and the design p lan Language. The design procedure 
language i s  a very high l eve l  language f o r  expressing design procedures 
-- the sequences o f  act ions a designer goes through i n  evolv ing a 
design. The design p lan language provides special  data s t ruc tures  f o r  
representing the s ta te  o f  a design. These are used f o r  representing the 
data on uhich the design procedures operate. 

The design p lan  i s  essen t i a l l y  a data s t ruc tu re  uhich describes the 
object  being designed at many l eve l s  o f  d e t a i l  and uhich captures the 
var ious models uhich are appl ied t o  i t . The design p lan  provides Locales 
t o  hang in format ion  such as why a p a r t i c u l a r  goal, say a mult ip lexer,  
uas implemented i n  a p a r t i c u l a r y  uay, ra ther  than using a l t e rna t i ve  
approaches. The design p lan contains ac t ive  data structures, ca l l ed  
const ra in t  boxes, uhich autonomously check and c r i t i c i z e  ce r ta in  aspects 
o f  the e v m g  design and which compute some proper t ies  o f  the design 
as consequences o f  others by a process ue c a l l  propagation. C61 

The language o f  design plans i s  c ruc ia l  t o  the success o f  t h i s  pro- 
jec t .  I t  must be r i c h  enough t o  a l l o u  the desc r i p t i on  o f  complex en t i -  
t i e s  uhich are not e n t i r e l y  h ierarch ica l .  I t  must be poss ib le  t o  capture 
the various decompositions o f  a system tha t  a designer uants t o  t h i nk  
about. An e n t i t y  may be described i n  terms o f  several a l t e rna te  decom- 
pos i t ions  i n t o  parts.  I n  f ac t  i t  may have d i f f e r e n t  names from d i f f e r e n t  
vieupoints. Addi t ional ly,  we must be able t o  spec i fy  t ha t  a s t ruc tu re  i s  
an instance o f  a prototype uh ich  i s  an element o f  a prev ious ly  def ined 
class from uhich i t  i n h e r i t s  structure, appropr iate procedures, and 
decompositions, and that  classes may themselves be subclasses o f  other 
classes. C71 We already have considerable experience u i t h  the develop- 
ment of a Language o f  design plans i n  t uo  domains which are re la ted t o  
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i n t e g r a t e d  systems - e l e c t r i c a l  c i r c u i t s  and LISP programs t h a t  manipu- 
l a t e  da ta  bases. 

The design procedure language i s  concerned w i t h  f o r m a l i z i n g  t h e  
p a r t i c u l a r  tasks t h a t  must be performed when a t tempt ing  t o  develop a 
design p lan.  These t a s k s  a re  descr ibed  i n  terms o f  rules.The language 
p rov ides  design procedure p r i m i t i v e s  and means o f  combining s imp le  
design procedures t o  make compound ones. I t  a l s o  p r o v i d e s  a b s t r a c t i o n  
mechanisms u h i c h  a l l o u  one t o  u rap  up and g e n e r a l i z e  a p a r t i c u l a r  des ign  
procedure developed i n  a p a r t i c u l a r  design. Some o f  t h e  r u l e s  t h a t  must 
be expressed a r e  syn thes is  r u l e s  u h i c h  t e l l  how p a r t i c u l a r  goa ls  may be 
implemented. Other  r u l e s  a re  f o r  i n f o r m a t i o n  ga ther ing .  These per fo rm 
a n a l y s i s  on p a r t i a l l y  i n s t a n t i a t e d  s t r u c t u r e s .  Other  r u l e s  impose con- 
s t r a i n t s  o r  c r i t i c s .  A c r i t i c  watches f o r  and complains about v i o l a t i o n s  
o f  r a t i o n a l  form o r  v i o l a t i o n s  o f  c o n s t r a i n t s  t h a t  must be enforced. 
Other c o n s t r a i n t s  a r e  used t o  deduce some design parameters from o t h e r s  
by p ropoga t ion  o f  c o n s t r a i n t s .  

Every deduc t ion  made by any design procedure o r  c o n s t r a i n t  must be 
annotated by t h e  name o f  t h e  procedure u h i c h  made t h e  deduc t ion  and the  
data which went i n t o  t h a t  p a r t i c u l a r  deduct ion.  We b e l i e v e  t h a t  i t  i s  
e s s e n t i a l  t h a t  t h e  design system which ue are e n v i s i o n i n g  be thorough ly  
respons ib le  f o r  i t s  behavior .  T h i s  i s  e s s e n t i a l  t o  t h e  debugging o f  t h e  
design procedures and a l s o  i t  i s  e s s e n t i a l  t o  the  c o n t r o l  o f  t h e  deduc- 
t i v e  system so t h a t  we can r e t r a c t  any assumption and a l l  o f  i t s  conse- 
quences. I t  i s  c r i t i c a l  i n  the  con tex t  o f  e v o l u t i o n a r y  design. These 
dependencies a re  a l s o  ve ry  u s e f u l  t o  a user  uho wants t o  d iscover  uhy 
t h e  system b e l i e v e s  t h a t  i t  does about h i s  des ign  -- e s p e c i a l l y  i f  i t  IS 

reminding him o f  some d e t a i l  which we has f o r g o t t e n .  We have had consid- 
e r a b l e  exper ience now w i t h  dependency-contro l led da ta  bases. 

The language o f  design must be p o w e r f u l  enough t o  cap tu re  such sub- 
t l e  n o t i o n s  as a methodology. For example, t h e  s i n g l e  l e v e l  p o l y s i l i c o n  
NMOS process p laces  enough r e s t r i c t i o n s  on r e l a t i o n s h i p s  between w i r e  
l e v e l s  t h a t  we can q u i c k l y  develop an idea  o f  a "reasonable" geometr ic  
methodology. The ground and VDD w i r e s  c a r r y  power, and except perhaps a t  
t h e i r  deepest branches, a re  required, f o r  reasonable v o l t a g e  drops, t o  
be run i n  Lou r e s i s t a n c e  metal. The d i r e c t i o n  o f  these ground and VDD 
l i n e s  d e f i n e s  a Local coord ina te  ax is .  Other meta l  l i n e s  must be rou ted  
p a r a l l e l  t o  t h e  power wir ing,  t o  avo id  c r o s s i n g  i t .  We need a set  o f  
w i res  u h i c h  can l o c a l l y  t r a v e l  a t  r i g h t  angles t o  t h e  metal  w i r i n g .  
E i t h e r  p o l y s i l i c o n  o r  d i f f u s i o n  would serve t h e  purpose. But, i n  t h e  
s i l i c o n  gate technology, t r a n s i s t o r s  are formed wherever t h e r e  i s  
p o l y s i l i c o n  over d i f f u s i o n .  I f  b o t h  p o l y  and d i f f u s i o n  a re  t o  be used 
as wires, t h e i r  predominant axes must be p a r a l l e l ,  l e s t  unwanted 
t r a n s i s t o r s  w i l l  be formed a t  t h e i r  crossovers.  

Lead bonding c o n s t r a i n t s  l o c a t i o n s  o f  I 1 0  pads t o  t h e  p e r i p h e r y  o f  
the  chip.  Long s tand ing  convent ion d e f i n e s  t h e  l o c a t i o n  o f  c e r t a i n  
pads, such as power, ground, and c locks.  

Wi th a few s imple cons t ra in ts ,  we have a r r i v e d  a t  a ve ry  c l e a r  p i c -  
t u r e  o f  what t h e  major w i r e  o r i e n t a t i o n  o f  almost any l a r g e  NMOS c i r c u i t  
i s  L i k e l y  t o  be. We w i l l  develop a way t o  express such geometr ic  con- 
ventions, i n  the  same way we descr ibe  a methodology f o r  Logic design. I n  
the  NMOS design s i t u a t i o n ,  t h e  cho ice  a v a i l a b l e  i n  t h i s  methodology i s  
ve ry  small .  Wi th m u l t i - l e v e l  meta l  o r  a d i f f e r e n t  process, t h e  des igner  
may independent ly  be ab le  t o  s p e c i f y  a process, a geometric des ign  
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methodology, and a l og i c  design methodology. 

Our Design System - 

Our computer-aided design system i s  t o  be b u i l t  around the design 
procedure system and an appropr iate l i b r a r y  o f  design procedures and 
design plans. We expect t ha t  designers using our system w i l l  develop 
add i t i ona l  plans and procedures which w i l l  be added t o  the L ibrary  and 
thus shared wi th  other members o f  the  design community. A designer may 
a t  any time e i t h e r  general ize o r  spec ia l ize  a procedure or  p lan  f o r  h i s  
immediate use. Each element o f  the l i b r a r y  w i l l  be indexed f o r  easy 
reference, and w i l l  be annotated by in format ion  descr ib ing  how i t  was 
derived, by the app l i ca t i on  o f  procedures t o  other design plans and pro- 
cedures. 

The design plan/procedure languages form an ex tens ib le  base upon 
which the designer bu i l ds  a vocabulary o f  c l i ches -- a new Language 
which he then uses t o  describe h i s  system. This i s  not j u s t  a harduare 
desc r i p t i on  language, though i t  i s  c e r t a i n l y  powerful  enough t o  describe 
hardware structures.  I n  f ac t  i t  i s  a language i n  which one describes 
methods o f  design. The designer tunes the methodology t o  meet the arch i -  
tec ture  being implemented. Part o f  the design spec i f i ca t i on  i s  generated 
automat ica l ly  by i n s t a n t i a t i n g  customized abstract ions.  These fragments 
can be the basis o f  a l i b r a r y  o f  commonly used funct ions and procedures. 

One way o f  p rov id ing f l e x i b i l i t y  i n  e i t he r  layout or l o g i c a l  s t ruc-  
tu re  i s  by associat ing design procedures w i th  generic design p lan  frag- 
ments. The design languages al low one t o  w r i t e  custom design procedures 
that  are l oca l  t o  a fragment. I n  t h i s  way i t  i s  poss ib le  t o  c r a f t  very 
general abstract ions.  Simple methods may i n  f ac t  be j us t  the instan- 
t i a t i n g  and interconnect ing prev ious ly  def ined chunks o f  hardware. One 
may def ine  more advanced methods such as "the method o f  running a power 
wire through a p a r t i c u l a r  k ind  o f  r eg i s te r  c e l l "  or "the method o f  com- 
put ing the pul l -up r a t i o  f o r  d r i v i n g  a p a r t i c u l a r  capac i t i ve  load". 

This i s  pre ferab le  t o  having a macrocell l i b r a r y  consist ing o f  a 
p le thora  o f  minor var ia t ions  on one theme. The design procedure language 
provides expressive constructs f o r  developing appropr ia te ly  t a i l o r e d  
i ns tan t i a t i ons  of the general concept. I t  has cont ro l  structure, a sub- 
par t  naming mechanism and a vocabulary o f  methods f o r  synthesis and 
modif icat ion.  A design procedure may e i t he r  construct an expansion or 
modify a prototype according t o  the parameters o f  the ca l l .  For example, 
the generic concept "mult ip lexor" should s u f f i c e  t o  implement instances 
that  vary i n  the number o f  b i t s ,  con t ro l  buf fer ing,  or select  decoding 
method. There should also be f l e x i b i l i t y  i n  the layout t o  accommodate 
d i f f e r e n t  spacing i n  the array o f  input  Lines. 

The design p lan language i s  used t o  represent the s ta te  o f  a 
design. We envis ion the designer as using design procedures t o  manipu- 
l a t e  the current design plan. He may r e f i n e  it, modify it, extend it, 
study it, analyze par ts  of it, and use i t  t o  help debug and tes t  
harduare described by the plan. The design s ta te  o f  a f unc t i ona l  block 
i s  a mixture o f  the i n s t a n t i a t i o n  s ta te  o f  the fragment, associated mask 
layout, const ra in ts  r e l a t i v e  t o  other s t ruc tures  design decisions, 
annotations, and v io la t ions .  Some pa r t s  o f  the des:gn may be completely 
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speci f ied,  b u t  o t h e r s  may o n l y  e x i s t  as u n i n s t a n t i a t e d  o r  even unspeci -  
f i e d  fragments. A group o f  elements can be represented b y  an a b s t r a c t i o n  
t h a t  captures t h e  impor tan t  e x t e r n a l  shape and connections, o r  by an 
a b s t r a c t i o n  u h i c h  captures t h e  e s s e n t i a l  f u n c t i o n a l i t y ,  b u t  suppresses 
t h e  i n t e r n a l  d e t a i l .  Deductions such as rough es t imates  o f  p ropoga t ion  
de lay  o r  c h i p  area can be made i n  t h e  face  o f  incomplete in fo rmat ion .  
T h i s  a l lows  t h e  des igner  t o  use a  top-down approach t o  a  complex des ign  
problem when t h i s  i s  appropr ia te .  

I n  o rder  t o  a l l o w  genera l  des ign  procedures t h e r e  must be a  u n i f o r m  
naming mechanism by which a  conceptual  e n t i t y  may be re fe renced  r e l a t i v e  
t o  t h e  some c u r r e n t  focus o f  a t t e n t i o n .  To t h i s  end every conceptual  
en t i t y ,  be i t  a  p h y s i c a l  o b j e c t  o r  Location, o r  a  f u n c t i o n a l  object ,  has 
an e x p l i c i t  da ta  s t r u c t u r e  u h i c h  designates it. T h i s  d a t a  s t r u c t u r e  may 
have severa l  names, b u t  i t  has a t  Least one name by which i t  may be 
referenced i n  a  u n i f o r m  manner by any design procedure. Thus t h e r e  a re  
no "hidden v a r i a b l e s "  o r  i m p l i c i t  re fe rences  i n  t h e  system. Th is  a l lows  
us t o  a t t a c h  in fo rna t i r i r r  (asser t ions,  p roper t ies ,  c o n s t r a i n t s )  t o  any 
object ,  f a c i l i t a t i n g  complete documentation o f  t h e  des ign  p lan.  

Any f a c t  o r  va lue known by t h e  system has a  j u s t i f i c a t i o n  u h i c h  
descr ibes  why t h e  system b e l i e v e s  i t . These j u s t i f i c a t i o n s  must be 
e i t h e r  t h a t  t h e  f a c t  was tendered by a  user o r  t h a t  i t  was d e r i v e d  by 
some design procedure ( o r  cot : t r a i n t )  from o t h e r  known f a c t s .  These jus -  
t i f i c a t i o n s  make i t  p o s s i b l e  9 r  a  user  o r  des ign  procedure t o  consider  
o r  make inc rementa l  m o d i f i ~ a t i o n s  t o  a  design, w i thou t  d i s t u r b i n g  
f e a t u r e s  o f  t h e  design which a re  not  dependent upon t h e  inc rementa l  
m o d i f i c a t i o n .  They a l l o w  t h e  user, i n  an e v o l u t i o n a r y  se t t i ng ,  t o  con- 
s i d e r  consequences o f  minor m o d i f i c a t i o n s .  They a l s o  a l l o w  a  user  o r  a  
design procedure t o  determine what assumptions any f a c t  depends upon, 
and how. 

The system a l lows  m u l t i p l e  a l t e r n a t e  r e p r e s e n t a t i o n s  o f  t h e  same 
e n t i t y ,  and i t  a l lows these represen ta t ions  t o  communicate. I n  many 
cases some o f  t h e  represen ta t ions  a re  t h e  r e s u l t  o f  a p p l y i n g  des ign  p ro -  
cedures t o  o t h e r  represen ta t ions .  For example t h e  maze r o u t e r  may be 
a p p l i e d  t o  a  p a r t i a l l y  s p e c i f i e d  layou t  o f  a  c i r c u i t  segment t o  produce 
a  f u r t h e r  s p e c i f i e d  Layout o f  t h a t  segment. Each o f  these representa-  
t i o n s  is, however, i ndzpenden t l y  manipulable by f u r t h e r  design pro-  
cedures ( o r  by t h e  user c a l l i n g  t h e  design procedure p r i m i t i v e s ) .  So i f  
the  engineer r e a l l y  doesn' t  want a  p a r t i c u l a r  w i r e  r o u t e d  by t h e  r o u t e r  
t o  go where i t  p u t  it, he can change i t  i n  t h e  r e p r e s e n t a t i o n  which was 
the  output  o f  the  r o u t e r .  T h i s  d i l l  have t h e  e f f e c t  o f  upda t ing  t h e  jus-  
t i f i c a t i o n s  i n  the connect ions between the  two r e p r e s e n t a t i o n s  so t h a t  
the  new r e p r e s e n t a t i o n  w i l l  be thought  o f  descending from the  o l d  
r e p r e s e n t a t i o n  through the  maze r o u t e  except t h a t  t h e  p a r t i c u l a r  w i r e  
was changed. 

An Example o f  Design 

l e  now d i s p l a y  an example o f  t h e  t ype  o f  behav io r  t h a t  we expect 
from our  proposed computer a ided design system. Whi le we a re  n o t  
e n t i r e l y  sure o f  t h e  d e t a i l e d  implementat ion o f  t h e  c a p a b i l i t i e s  u h i c h  
we ind ica te ,  we f e e l  con f iden t  t h a t  they  a re  f e a s i b l e .  
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Consider the problem o f  designing a p a r a l l e l  mult ip l ier-accumulator 
which might be a component o f  a s igna l  processing chip. The designer 
f i r s t  produces a rough data path diagram (see below) showing the i n t e r -  
connection o f  instances o f  fragments such as registers,  adders, and mul- 
t i p l i e r s .  This captures one decomposition tha t  seems t o  be func t i ona l l y  
appropr iate and which perhaps w i l l  r e f l e c t  the  phys ica l  Layout o f  the  
device as u e l l .  However, ce r ta in  informat ion i s  missing or  incompletely 
speci f ied.  

Some deductions can already be made t o  f i l l  i n  some o f  the missing 
information. For example, consider the adder i n  the middle o f  the block 
diagram. I t  i s  shown t o  have a 35 b i t  input and a 32 b i t  input.  The 
adder fragment type can immediately i n f e r  the length o f  the adder chain 
and thus estimate the maximum time delay, the approximate area that  the 
adder w i l l  take up, the power t ha t  w i l l  be needed t o  f u e l  the adder, 
etc. These approximate deductions can be made without f u r t he r  examjna- 
t i o n  o f  the d e t a i l s  o f  the adder chain because o f  de fau l t  assumptions 
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s t o r e d  w i t h  t h e  adder fragment. S i m i l a r  deduc t ions  can be made about 
o t h e r  b l o c k s  i n  t h e  b l o c k  diagram. T h i s  i n f o r m a t i o n  can be combined t o  
g i v e  es t imates  o f  t o t a l  delay, power consumed, and area needed - - a l l  
w i thou t  f u r t h e r  ref inement .  I n  fac t ,  ue  can s i m u l a t e  t h e  c i r c u i t  a t  t h i s  
l e v e l  o f  d e t a i l  enough t o  determine t h a t  t h e  proposed design a c t u a l l y  
has a  chance o f  working. 

Simple q u a l i t a t i v e  a n a l y s i s  o f  t h e  c i r c u i t  a t  t h i s  l e v e l  o f  d e t a i l  
can p o i n t  out  p o t e n t i a l  problems and s i t u a t i o n s  which w i l l  have t o  be 
at tended t o  l a t e r .  For example, c r i t i c s  assoc ia ted  w i t h  t h e  adder f rag -  
ment u i l l  n o t i c e  t h a t  t h e  ins tance  shown does no t  have t h e  same number 
o f  b i t s  on b o t h  inpu ts .  Th is  e i t h e r  i s  an e r r o r  o r  w i l l  r e q u i r e  t h a t  
the  designer  decide how t o  r e c t i f y  t h e  anomaly. The system w i l l  n o t i f y  
t h e  designer  o f  t h e  problem and add i t  t o  t h e  queue o f  pending problems 
uh ich  must be so lved  b e f o r e  t h e  device i s  considered ready f o r  cooking. 

Next t h e  designer  d i r e c t s  t h e  system;% focus t o  a  p a r t i c u l a r  p a r t  
o f  the  design. Norma l l y  t h i s  i s  what he t h i n k s  w i l l  be t h e  most con- 
s t r a i n i n g  segment. For exampie, one common des ign  goa l  i n  consruc t ing  
c i r c u i t s  i s  t o  compose r e g u l a r  a r r a y s  o f  l o g i c  by a b u t t i n g  them. ih . is  
r e q u i r e s  t h a t  a  common p i t c h  be Sound. The designer  i s  nou going t o  t r y  
t o  t h i n k  about h i s  s t r u c t u r e  i n  terms o f  t h e  p i t c h  o f  t h e  r e g u i a r  sub- 
s t r u c t u r e s  u h i c h  he w i l l  have t o  come up u i t h .  T h i s  i s  a  d i f f e r e n t  
deconpos i t i an  o f  t h e  problem from t h e  o r ~ g ' i n a l  one, and w i l C  impcse d i f -  
f e r e n t  submoduke boundar ies on t h e  o v e r a l i  device.  The f i r s t  stage i s  t o  
examine the  p i t c h  o f  the  d e f a u l t  Layouts o f  t h e  fragments which e x i s t  i n  
the  o r i g i n a l  concept ion o f  t h e  problem. 

We now e n t e r  geometr ic  Layout space where we a re  g i v e n  a  bunch of  
p ieces  u h i c h  are t h e  e x t e r n a l  boundar ies of t h e  d e f a u l t  l a y o u t s  w i t h  t h e  
assoc ia ted  p i t c h  i n d i c a t e d .  We p l a c e  the  p ieces  i n  such a  way as t o  t r y  
t o  L i m i t  t h e  problem o f  i n t e r c o n n e c t i o n .  A good f i r s t  i dea  (which i s  a  
d e f a u l t  Layout t h a t  t h e  system s t a r t s  u s  up w i t h )  i s  t h e  layou t  i m p l i e d  
by t h e  b lock  diagram. We now abut t h e  p ieces  and t r y  t o  a d j u s t  t h e  p i t c h  
o f  t h e  a b u t t i n g  p ieces  so t h a t  they match. We do t h i s  by communicating 
the  c o n s t r a i n t  imposed by t h e  u n i t  w i t h  t h e  l a r g e s t  p i t c h  t o  t h e  o t h e r  
fragments, which w i l l  perhaps modi fy  t h e i r  d e f a u l t  c e l l  layouts.  T h i s  
c o n s t r a i n t  i s  noted so t h a t  any l a t e r  changes t o  one o f  t h e  f ragments 
w i l l  t r i g g e r  a  check f o r  v i o l a t i o n s  o f  t h e  p i t c h  correspondence. 

A fragment has a  choice o f  techniques by u h i c h  t o  respond t o  a  
request  t o  a d j u s t  i t s  p i t c h .  There may be a  genera l  exper t  t h a t  can 
s t r e t c h  s imple c e l l s ,  p r e s e r v i n g  t h e i r  f u n c t i o n a l i t y .  F a i l i n g  that ,  t h e  
fragment may c o n t a i n  a  s p e c i f i c  design procedure t h a t  can modi fy  t h e  
placement o f  some p a r t s  i n  the  l a y o u t  p r o t o t y p e  i n  o rder  t o  produce a  
new Layout w i t h  the  needed p i t c h .  Or the  designer  may have s p e c i f i e d  
i n t e r n a l  seams i n  t h e  s p e c i f i c a t i o n  o f  the  c e l l  where i t  may be 
s t r e t c h e d  w i thou t  i n t e r f e r i n g  w i t h  t h e  f u n c t i o n a l i t y ,  and uhere w i r e s  
t h a t  pass through the  c e l l  may be added. O r  i t  may choose among a  se t  o f  
p rede f ined  c e l l  l ayou ts  t h a t  t h e  community o f  des igners  arranged t o  be 
a v a i l a b l e  under t h e  gener i c  fragment type.  F i n a l l y ,  t h e  designer  can 
i n t e r a c t i v e l y  modi fy  a  c e l l  t o  produce a  new layou t  w i t h  t h e  c o r r e c t  
p i t c h .  Of course, t h i s  i n t e r a c t i o n  may be postponed a t  t h e  des igner ' s  
choice, w i t h  the  system m a i n t a i n i n g  a  record  o f  d e f e r r e d  problems. 

While the  a b u t t i n g  s t r a t e g y  w i l l  complete many o f  t h e  s i g n a l  con- 
nections, t h e r e  a re  o t h e r s  t h a t  w i l l  r e q u i r e  e x p l i c i t  r o u t i n g .  For some 
o f  the  cases uhere no t  much o p t i m i z a t i o n  i s  p o s s i b l e  o r  desired, a  
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simple maze router  i s  provided. I n  other cases, such as the interconnec- 
t i o n s  among the output register,  i t s  preload control, and output 
buffers, some preplanning i s  required. Here, a small set o f  bus s ignals 
i s  shared among the fragments i n  such a uay t h a t  ue suspect tha t  merging 
the three o r i g n i a l  b locks i n t o  one w i l l  e l im inate  the need f o r  e x p l i c i t  
interconnect ing uires.  We create a neu c e l l  type by e d i t i n g  together 
the corresponding layouts o f  the c e l l s  t ha t  we are merging. Note houever 
t ha t  t h i s  w i l l  change the basic p i t c h  o f  the system, t r i g g e r i n g  the 
adjustment o f  the p i t c h  o f  the coupled fragments. 

Observe that  t h i s  merging operat ion has apparently destroyed the 
module boundaries impl ied i n  the o r i g i n a l  b lock diagram. This does not 
mean that  t h i s  block diagram i s  urong or shouCd be discarded, I t  i s  
s t i LL  the r i g h t  way o f  descr ib ing the Func t i ona l i t y  o f  the device, but 
the same simple h ie ra rch i ca l  decomposition no Longer su f f i ces  t o  
describe both the l og i ca l  and physicai  structure,  The system must be 
able t o  manage t h i s  and, f o r  instance, be able t o  give the correspon- 
dence between s igna l  nodes i n  the Logicat and p h y s i c a l  representations, 

A L L  through t h i s  process we assume t h a t  the system i s  monitor ing 
various d i s t r i b u t e d  const ra in ts ,  For example, the ac tua l  pkopagaiion 
detay i s  compared t o  the design goal  value. The dimensions o f  the pobier 
d i s t r j b u t  ion  t ines depend upon t i le current est.inkate produced by t h e  
e l e c t r i c a l  modell ing o f  the system, Changes may r e s u l t  i n  a readjustment 
o f  the l i n e  u id th  or a design problem comp la in t ,  This monitor ing i s  
motivated by an assumption that  i t  i s  probab!y e f f e c t i v e  t o  s t a r t  w i t h  
lega l  Layouts and preserve the design correctness by the enforcement o f  
constraints.  

Me have used such not ions as "the adder fragment" without ever g iv -  
ing  an example o f  what we expect such a piece o f  the design p lan  
language t o  Look Like. Let us now examine the adder fragment i n  some 
d e t a i l  t o  get a more concrete idea of what we have i n  mind. A t  the  block 
diagram leve l  an adder abs t rac t l y  has three terminals, each o f  which i s  
a uord composed o f  a number o f  b i t s .  The number o f  b i t s  i n  each words i s  
the same. The three termina ls  are ca l l ed  the addend, the augend and the 
sum. The addend and augend are inputs  and the sum i s  an output. There i s  
an ex t ra  b i t  coming out o f  the adder which i s  the carry-out and there i s  
an ex t ra  b i t  coming i n  ca l l ed  the  carry- in.  We nota te  t h i s  block-diagram 
leve l  desc r i p t i on  as fo l lous :  

(body adder (model: block-diagram) 
(parts: (addend word input )  ; dec lara t ion  o f  pa r t s  

(augend uord input )  
(sum uord output)  
(carry-out b i t  output)  
(carry- in b i t  input ) )  

(constraints:  (= ( length addend) ; a const ra in t  
( length augend) 
(Length sum)))) 

This fragment made use o f  another fragment, WORD, which i s  an 
ordered sequence o f  b i t s  whose length i s  the number o f  b i t s .  
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(body word (model : block-diagram) 
(parameters: (Length number) 

(bottom number) 
( top number)) 

(sequence (enumerator: n) 
(low: bottom) 
(high: top) 
(generic: (parts:  ( ( b i t  n) b i t ) ) ) )  

(constraints:  (= (- top bottom) 
(- length 1) ) ) )  

The adder fragment has associated wi th  i t s  block-diagram l e v e l  
several implementation s t ra teg ies .  The simplest i s  the  sequence o f  f u l l  
adders such t h a t  the carry-out from each s i g n i f i c a n t  b i t  enters the 
car ry - in  from the next s i g n i f i c a n t  b i t .  Another implementation s t ra tegy 
i s  the car ry  Look-ahead adder. We w i l l  on ly  show the simple s t ra tegy 
here. Each s t ra tegy i s  attached t o  the  fragment i n  the same nay. 

(implementation adder (model: block-diagram) 
(strategy-name: simple-sequence) 
(sequence (enumerator: n) 

(Low: 0)  
(high: (- (Length addend) 1)) 
(generic: (parts:  ( ( f  n) fu l l -adder ) )  

(= ( ( b i t  (+ ncbottom addend))) addend) 
(a1 ( f  n)))  

(= ( ( b i t  (+ ncbottom augend))) augend) 
(a2 (f n) ) )  

(= ( ( b i t  (+ n(bottom sum))) sum) 
(S ( f  n))))  

(between: (= (co ( f  *lower*)) ( c i  (f *upper*))))) 
(= car ry - in  ( c i  ( f  0))) 
(= carry-out (co ( f  (- ( length addend) 1 ) ) ) ) )  

Yw may have not iced these descr ip t ions  o f  var ious aspects o f  an 
adder have pa r t s  tha t  seem procedural. This i s  not accidental .  There i s  
a fundamental d u a l i t y  between ob jec t  descr ip t ions  and procedures. Here 
we see that  some aspects o f  an ob jec t  invo lve  design procedures which 
describe how t o  make a data s t ruc tu re  descr ib ing  that  aspect o f  a par- 
t i c u l a r  object  ., 

Complex Design Procedures 

The unique aspects o f  our approach t o  the computer-aided design o f  
in tegra ted systems are i l l u s t r a t e d  by the use o f  design procedures which 
are considerably more complex than ones which j u s t  i n s t a n t i a t e  pa r t s  and 
connect them together. For example, we can make design procedures which 
assign propagation delay const ra in ts  t o  the f u l l  adders i n  the implemen- 
t a t i ons  shown above t o  make i t  possible t o  get estimates o f  the propaga- 
t i o n  delay f o r  the adder. This can be used t o  decide among the implemen- 
t a t i ons  when weighed against other measures such as r e a l  estate taken up 
on the chip and power consumed. 

One powerful  k ind  o f  design procedure i s  f o r  e d i t i n g  layout struc- 
tures. These procedures a l low us t o  general ize l og i c  c e l l s  and enhance 
our a b i l i t y  t o  achieve close packing and Logical  geometric layout o f  the 
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ce l ls .  

A way t o  general ize a f i x e d  geometry i s  f o r  the designer t o  inc lude 
u i t h i n  the c e l l ' s  d e f i n i t i o n  a c lass o f  layout h in ts .  These h i n t s  may be 
spec i f ied  e i t he r  when a c e l l  i s  i n i t i a l l y  defined, o r  later,  when a more 
general version i s  necessary. Some of  these h i n t s  might concern the 
opt ions ava i lab le  f o r  connecting t h i s  c e l l  u i t h  other ce l l s .  For exam- 
ple, i n  the t r i v i a l  r a t i oed  inver ter ,  the output node i s  ava i l ab le  on 
any o f  the three mask Levels, metal, poly, o r  d i f f us ion .  

A more u s e f u l  h i n t  i s  the concept o f  a seam. A seam ind ica tes  
places i n  the Laycut t ha t  have f l e x i b i l i t y  f o r  expansion and shows hou 
the expansion i s  t o  be done. Seams are conceptual d i v i d i n g  l i nes  i n  a 
s t i c k  c e l l  layout along uhich the c e l l  may be expanded and through uhich 
spec i f ied  co lor  s t i c k  u i r e s  may be routed. The seam spec i f ied  the  manner 
i n  uhich c e l l  i s  t o  be expanded t o  make room f o r  the newly routed u i res .  
Seam expansion may requ i re  c e l l  modi f i ca t ions  such as t r a n s i t i o n s  o f  
i n t e r f e r i n g  s ignals from one layer  t o  another, but i n  the most common 
case, merely involves knowledge o f  what par ts  o f  the c e l l  geometry 
expand i n  which d i rec t ions .  For example, i f  a seam goes v e r t i c a l l y  
through a d i f fus ion,  the d i f f u s i o n  may be expanded i n  the d i r e c t i o n  per- 
pendicular t o  the seam. Each seam describes what mater ia ls  can be run 
through without shor t ing  t o  a fea ture  o f  the c e l l  or manufacturing a 
p a r a s i t i c  component. 

Suppose tha t  ue had t o  run a s igna l  up through each c e l l  o f  the 
adder i n  the mult ip l ier-accumulator.  We would invoke a design procedure: 

(for-each c e l l  ( ( f  ?n) (accumulator-adder mult ip l ier-accumulator))  
( invoke Run-Through c e l l  V e r t i c a l  Poly))  

This i t e r a t e s  the app l i ca t i on  o f  the Run-Through procedure over each 
part  of the accumulator-adder whose name matches ( f  ?n). These are the 
fu l l -adders created by implementing it. Run-Through examines the v e r t i -  
ca l  seams o f  the fu l l -adder fragment, looking f o r  one uhich can be used. 
I f  none can be found a f a i l u r e  message i s  produced uhich w i l l  in form the 
c a l l e r  tha t  he had be t te r  Look f o r  another way t o  accomplish h i s  goal  or 
tha t  he should t r y  t o  e d i t  the fu l l -adder  c e l l  t o  i n s t a l l  a seam which 
can do the job. I f  there i s  an appropr iate seam, the c e l l  i s  stretched 
and the po l y  i s  run through. This changes the p i t c h  o f  the c e l l  and the 
interdependent objects are informed that  they had b e t t e r  adjust  t o  the 
new condi t ion.  Actually, here, th ings  are p r e t t y  complicated. We cannot 
run p o l y s i l i c o n  over a d i f f u s i o n  without c reat ing  an ac t i ve  t rans is tor .  
Thus, the design procedure may on ly  do t h i s  by changing the wire t o  a 
metal one, but t h i s  takes up Lots o f  space so i t  can on ly  be done i f  
there i s  enough space a t  the desired p i tch .  

We can c e r t a i n l y  an t i c i pa te  tha t  a moderately c lever program could 
automat ica l ly  generate seams w i t h i n  ex i s t i ng  l og i c  ce l l s .  The use o f  
seams as "h in ts"  t o  the design system i s  one example o f  how we intend t o  
gradua l ly  develop a soph is t ica ted design system. I n  the i n i t i a l  design 
system ue avoid the requirement tha t  very complex programs exist ,  are 
debugged, and are p r a c t i c a l  t o  use. These design system h i n t s  can gradu- 
a l l y  be augmented by soph is t ica ted programs as they develop, but the 
success o f  the design system i s  not dependent on t h e i r  development. 



Our I n i t i a l  E f f o r t s  --- 
There are several reasons why we f e e l  i t  i s  important t o  adopt an 

evolut ionary approach t o  the  development o f  the  design system, s t a r t i n g  
w i th  the implementation o f  a  soph is t ica ted i n t e r a c t i v e  graphic design 
edi tor .  F i rs t ,  i t  i s  important t o  have some caoab i l i t y  t o  design 
in tegra ted c i r c u i t s  i n  the e a r l y  pa r t  o f  the research project .  I t  i s  
impossible t o  create the advanced design environment wh i le  working i n  a  
vacuum. The ea r l y  design exercises w i l l  t e s t  the s ign i f i cance o f  our 
ideas and also al low us t o  develop more i ns igh t  i n t o  the nature o f  
integrated system design. Secondly, an evolut ionary growth u i l l  enforce 
the p r i n c i p l e  t ha t  each major module must have a  clean i n te r face  so tha t  
i t  can l a t e r  be combined wi th  more powerful  system components. 

I n i t i a l l y  we w i l l  construct  an i n t e r a c t i v e  design ed i to r .  We w i l l  
s t a r t  from the example o f  ICARUS. C81 Our ed i t o r  w i l l  handle s t r u c t u r a l  
models such as l og i c  diagrams, mask layouts, and design descr ip t ions  i n  
a  t ex t  form. I t  w i l l  be capable o f  e d i t i n g  several  design f i l e s  simul- 
taneously w i th  a  d isp lay  organized as m u l t i p l e  windows. Both co lor  and 
high reso lu t ion  black and white screens w i l l  be used. 

The ed i t o r  commands w i l l  be in terpre ted as c a l l s  t o  p r im i t i ves  o f  
the design procedure Language which w i l l  be operat ing on var ious models 
i n  the design plan. The i n t e r a c t i v e  component w i  11 have a  clean i n t e r -  
face t o  the design procedure system. The design plans are constrained t o  
represent meaningful structures.  Thus connectedness in format ion  from the 
log ic  schematic i s  used dur ing mask ed i t i ng  t o  insure tha t  the geometric 
operations don't inadver tent ly  destroy the Logical  f unc t i on  o f  the c i r -  
cu i t .  Paths o f  d i f f u s i o n  or p o l y s i l i c o n  u i l l  be stretched and re-layed 
out as pieces o f  the s t ruc ture  are moved. The correspondence between 
nodes i n  the l o g i c a l  s t ruc tu re  and the geometric layout w i l l  be main- 
ta ined automat ical ly.  

Incremental correct ions that  requ i re  i n s e r t i o n  of new s t ruc tures  
w i l l  be aided by automatic e d i t i n g  operations t h a t  move co l l ec t i ons  o f  
objects whi l e  preserving layout design rules.  

The layout model w i l l  consist  o f  mu l t i p l e  representations, such as 
mask geometry, STICKS schematics C91, and log ica  schematics. These 
representations can be mixed on a  s ing le  page, where the more abstract  
representations stand fo r  what w i l l  eventua l ly  be mask geometry on the 
chip. A STICKS compiler transforms. the non-metric representat ion i n t o  
mask artwork tha t  obeys the process layout rules.  Simple design pro- 
cedures u i l l  be included f o r  regular s t ruc tures  such as PLA's and RONs. 

Some VLSI System Pro jec ts  ---- 
We w i l l  develop several p ro jec t s  i nvo l v i ng  the design o f  p a r t i c u l a r  

VLSI chips. These pro jec ts  cover a  large range o f  d i f f i c u l t y ,  specula- 
t iveness and u t i l i t y .  Some of  our pro jec ts  are simple extensions or 
developments o f  e x i s t i n g  technology which w i l l  g i ve  us some f a m i l i a r i t y  
u i t h  the medium and some perspect ive u i t h  actual  designs. We be l ieve 
that  i t  i s  useless t o  t r y  t o  b u i l d  t o o l s  t o  a id  the engineering process, 
or  to  study the engineering process i n  the abstract, wi thout some con- 
crete pro jec ts  t o  develop r e a l  engineering competence and taste.  
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For example, ue have already developed a pro to type LISP i n t e r p r e t e r  
chip uhich has been through design and f a b r i c a t i o n  once. C103 Ue in tend 
t o  use t h i s  ch ip  and i t s  successor - a f u l l  s ized i n te rp re te r  and 
storage management system -- as a benchmark p ro jec t  t o  t e s t  some o f  our 
computer-aided design t o o l s  and methodologies as they emerge. 

We also wish t o  design and fab r i ca te  a local-network i n te r face  
chip. This i s  a s im i l a r  "service p ro jec t "  chip uhich u i l l  he lp  us 
improve our computer f a c i l i t i e s  and uhich u i l l  provide s i m i l a r  engineer- 
ing  exercises. 

The MIT M S I  e f f o r t  u i l l  b u i l d  some considerably more complex sys- 
tems using our computer-aided design technology. These p ro jec t s  u i l l  
exercise our systems and methodology. Most o f  these p ro jec t s  have d i r e c t  
app l i ca t i on  t o  r e a l  uo r l d  problems. We expect t o  support and learn  from 
our i n t e r a c t i o n  u i t h  these e f f o r t s .  

We u i l l  a lso  be i n te res ted  i n  some spec i f i c  chips f o r  use i n  a r t i f -  
i c i a l  i n t e l l i g e n c e  research. One area tha t  seems r i p e  f o r  considerat ion 
i s  the problem o f  implementing processes tha t  operate on very large 
stores o f  semant ical ly re la ted  information, such as the semantic nets 
studied by Fahlman C113. Fahlman uas concerned u i t h  the f ac t  tha t  most 
problem solver programs have t o  Labor over very simple deductions uhich 
seem instantaneous t o  a human. For example, i f  we learn  tha t  Clyde i s  an 
elephant, ue can immediately answer questions such as uhether Clyde i s  
grey, or uhether he can climb trees, as u e l l  as the ansuers t o  hundreds 
o f  other defau l t  f ac t s  about him. Fahlman worked out a scheme by uhich 
an important subset o f  these shallow but numerous deductions could be 
done very e f f i c i e n t l y  u i t h  spec ia l l y  constructed p a r a l l e l  hardware i n  
the form o f  a netuork o f  simple, i d e n t i c a l  processing nodes u i t h  s t a t i c  
interconnect ions.  Fahlman's proposal i s  communication-intensive u i t h  
almost no processing or memory a t  the i nd i v i dua l  nodes. A L L  computations 
i n  a Fahlman net are done by "marker propagation". The nodes j us t  have a 
feu b i t s  o f  memory uhich are used t o  s tore  markers uhich are propagated 
i n  p a r a l l e l  along the s t a t i c  interconnect ions.  

Implementation o f  marker propagation networks uould be easy except 
f o r  the enormous number o f  nodes required t o  construct  a use fu l  system. 
We estimate t ha t  a use fu l  A 1  system requires a t  least  10 nodes. We do 
not yet knou how t o  b u i l d  the programmable connections, on the scale 
required by such a machine. Therefore, t o  invest iga te  t h e i r  p roper t ies  
these systems must be simulated, cu r ren t l y  on general-purpose computers. 
Unfortunately the s imulat ions are f a r  too slow t o  be adequately tested, 
l e t  alone be used as a support f o r  other pa r t s  o f  a problem so lv ing  sys- 
tem. 

We have some ideas about how such a system might be implemented and 
we expect tha t  ue u i l l  want t o  uork on such an exot ic  arch i tec ture  as 
par t  o f  our a r t i f i c i a l  i n t e l l i g e n c e  research ( i n  cooperation u i t h  Fahl- 
man, uho i s  nou at  CNU). One h e l p f u l  const ra in t  i s  t ha t  the computation 
i s  decomposible i n t o  essen t i a l l y  independent computational nodes such 
that  each node's communication u i t h  other nodes i s  l im i ted .  When t h i s  i s  
true, ue may be able t o  conf igure a machine so that  the computational 
nodes are a l located t o  segments o f  hardware wi th  communications l i nes  

' a l located t o  interconnect them. We u i l l  invest iga te  a spectrum o f  such 
conf igurable archi tectures.  
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I f  t h e  computat ional  nodes and t h e  communication channels t o  be 
e s t a b l i s h e d  among them can be a l l o c a t e d  a t  t h e  outset, and i f  t h e  se t  o f  
nodes which must communicate w i t h  a  g i v e n  node i s  small, we may t h i n k  o f  
t h e  computat ional  problem as s i m u l a t i n g  a  " u i r i n g  diagram". I n  fact ,  one 
i n t e r e s t i n g  problem which breaks up i n  e x a c t l y  t h i s  way i s  t h e  s imula-  
t i o n  and a n a l y s i s  o f  systems which may be c h a r a c t e r i z e d  b y  lumped- 
parameter models, such as e l e c t r i c a l  c i r c u i t s .  C121 I n  a  more genera l  
set t ing,  one can t h i n k  o f  systems o f  a l g e b r a i c  c o n s t r a i n t s  as networks 
which can be s t u d i e d  as i f  they  were e l e c t r i c a l  c i r c u i t s .  A  c o n f i g u r a b l e  
a r c h i t e c t u r e  f o r  such problems i s  cons t ruc ted  f rom a  s e t  o f  general -  
purpose processors, each o f  which i s  g i v e n  t h e  computat ional  task  o f  one 
component o f  t h e  system. The a r c h i t e c t u r e  a l s o  r e q u i r e s  a  "patchboard" 
which programs t h e  i n t e r c o n n e c t i v i t y  o f  t h e  components f o r  a  problem. 
The patchboard may be a  p h y s i c a l  e n t i t y ,  such as a  s o r t i n g  network, o r  
i t  may be v i r t u a l ,  such as a  packet-swi tched network. One u s e f u l  t a s k  
f o r  such a  " c i r c u i t  machine" i s  as a  high-performance d i g i t a l  Logic 
s imulator ,  which can be used f o r  exper iment ing w i t h  unusual computer 
a r c h i t e c t u r e s .  

A  c l a s s  o f  a r c h i t e c t u r e s  t h a t  we w i l l  i n v e s t i g a t e  a r e  network simu- 
l a t o r s .  We do no t  r e a l l y  understand how t o  make comple te ly  p a r a l l e l  ne t -  
work machines, bu t  t h e r e  i s  an i n t e r m e d i a t e  p o s i t i o n .  We imagine a  
h y b r i d  between t h e  conven t iona l  s e q u e n t i a l  a r c h i t e c t u r e s  t h a t  we under- 
s tand and the  f u l l y  p a r a l l e l  a r c h i t e c t u r e s  t h a t  have not  ye t  been 
developed. Wi th a  machine o f  t h i s  t ype  we can a t  Least per form e x p e r i -  
ments on proposed p a r a l l e l  designs b e f o r e  they  a re  constructed.  A  module 
i n  such a  s i m u l a t o r  c o n s i s t s  o f  two par ts - -severa l  Large memories d e f i n -  
i n g  node types, node states,  and in te rconnec t ions ,  a long w i t h  a  VLSI 
i n t e r p r e t e r  engine t h a t  makes a  s e q u e n t i a l  pass per fo rming  a  p rocess ing  
s tep  on a l l  nodes. Wi th severa l  such modules in terconnected,  networks o f  
a  m i l l i o n  nodes can be s imu la ted  2 o r  3 o rders  o f  magnitude f a s t e r  than  
can be done on p u r e l y  s e q u e n t i a l  machines. 

The performance advantage o f  t h e  h y b r i d  network s i m u l a t o r  comes 
from severa l  sources. F i r s t ,  t h e  p a r a l l e l i s m  o f  t h e  s i m u l a t o r  modules 
p rov ides  a  s t r a i g h t f o r w a r d  f a c t o r  o f  8, 16 o r  so. Second, a  ded ica ted  
memory s t r u c t u r e  i n t e r n a l  t o  t h e  module p rov ides  s e v e r a l  t imes t h e  band- 
w i t h  o f  the  memory on a  conven t iona l  machine. At each p rocess ing  t i c k ,  
the  node's s t a t e  and the  s t a t e  o f  i t s  t o p o l o g i c a l  neighbors a re  fe tched  
i n  a  cont inuous stream of da ta  p i p e l i n e d  i n t o  t h e  i n t e r p r e t e r  engine. A  
network s i m u l a t o r  i n  stream mode enjoys much t h e  same advantage over  
conven t iona l  machines as v e c t o r i z e d  a r i t h m e t i c  processors such as t h e  
Cray-1 enjoy over sca la r  processors.  Third, u n l i k e  an i n s t r u c t i o n  stream 
d r i v e n  processor, each s tep  o f  t h e  s i m u l a t o r  engine i s  i n t e r p r e t i n g  an 
independent node. Thus p i p e l i n i n g  and o v e r l a p  can be f r e e l y  used u i t h o u t  
the  need o f  compl icated i n t e r l o c k  hardware. Th is  freedom a l lows  cascad- 
i n g  severa l  microcodable p rocess ing  stages so t h a t  a  m u l t i - s t e p  node 
i n t e r p r e t a t i o n  can be performed i n  one cyc le.  

Such network s i m u l a t o r s  a re  w e l l  s u i t e d  t o  exper imenta t ion  u i t h  
proposed designs f o r  p a r a l l e l  machines having Large a r r a y s  o f  n e a r l y  
uni form nodes. Some o f  these problem areas a re  d i g i t a l  Logic s imulat ion,  
marker p ropoga t ion  i n  semantic nets, and p a t t e r n  matching f o r  A1 da ta  
base systems. However, i n  a d d i t i o n  t o  being a  research v e h i c l e  f o r  
p a r a l l e l  a rch i tec tu res ,  the  h y b r i d  s e q u e n t i a L / p a r a l l e l  computer i s  a  
nove l  a r c h i t e c t u r a l  paradigm t h a t  may h a v e . a p p i i c a t i o n s  i n  m ny domain 
where the  n a t u r a l  f o r m u l a t i o n  o f  computat ion i s  o b j e c t  based as op ose8 
t o  f u n c t i o n  based. We may f i n d  such p o s s i b i l i t i e s  ~n  areas suc t  as 



SUSSMAN 1 7  

s i g n a l  p rocess ing  and d i s c r e t e  p a r t i c l e  s imu la t ions .  

Notes 

1. T h i s  c o g n i t i v e  comp lex i t y  b a r r i e r  has been apparent f o r  some t i m e  i n  
t h e  design o f  l a r g e  so f tware  systems. The development o f  ve ry  h i g h  l e v e l  
languages i s  one approach t o  c o n t r o l l i n g  t h i s  complexi ty .  Sof tware 
engineers have a l s o  developed methodologies such as " s t r u c t u r e d  program- 
ming" CDahl, D i j k s t r a  & Hoare 19721 t o  h e l p  cope w i t h  t h e  problem. Our 
Engineer ing Problem S o l v i n g  p r o j e c t  i s  an ou tg rowth  o f  another  approach 
concerned w i t h  t h e  c o n s t r u c t i o n  o f  i n t e l l i g e n t  design t o o l s  [Winograd 
19731. We a re  engaged i n  r e l a t e d  research on t h e  computer-aided design 
and a n a l y s i s  o f  analog e l e c t r i c a l  c i r c u i t s  [Sussman 1977al  and o f  
sof tware systems [Rich, Shrobe, Vaters, Sussman, & Hewi t t  19781. 

2. Sussman CSussman 19731 CSussman 1977al  i n t roduced  a theory  o f  problem 
solving, c a l l e d  Problem S o l v i n g  by Debugging Almost-Right Plans, which 
i s  based on d e l i b e r a t e l y  making s i m p l i f y i n g  assumptions which may i n t r o -  
duce "bugs" i n t o  t h e  s o l u t i o n .  The r e s u l t i n g  s o l u t i o n  i s  then debugged 
u n t i l  i t  i s  r i g h t .  Th is  theory  was induced from observa t ions  o f  
engineers and programmers i n  t h e  process o f  design. 

3. The d i s t i n c t i o n s  between a "performance theory"  and a " competence 
theory"  f o r  d e s c r i b i n g  aspects o f  t h e  behavior  o f  humans was in t roduced  
by Chonsky [Chomsky 19651 i n  the  con tex t  o f  n a t u r a l  l i n g u i s t i c s .  Loosely 
speaking, a competence theory  concentrates on t h e  f a c t u a l  issues o f  a 
domain whereas a performance theory  i s  concerned w i t h  t h e  issues o f  con- 
t r o l  and h e u r i s t i c s .  

4. The power o f  a s t r u c t u r e d  theory  o f  design i s  demonstrated by Mead 
and Conway i n  t h e i r  b e a u t i f u l  book [Mead & Conway 19793 on the  design o f  
VLSI systems. They have i s o l a t e d  a Level  o f  language which i s  n a t u r a l  
f o r  the  design o f  i n t e r e s t i n g  c lasses  o f  NMOS chips. They speak i n  terms 
o f  " s t a t e  machines", "programmed l o g i c  arrays", "bussed r e g i s t e r  
arrays", " m u l t i p l e x e r s "  and o t h e r  concepts which a r e  p r i m i t i v e s  o f  a 
much h igher  l e v e l  language than  t h e  AND, OR, NOT, JK f l i p - f l o p  l e v e l  o f  
d e t a i l  which most d i g i t a l  des igners  a re  used to.  Using t h e i r  ideas, s tu -  
dents a re  a b l e  t o  des ign  very  complex VLSI systems w i t h  o n l y  a smal l  
amount o f  p r a c t i c e .  S t r u c t u r e d  programming [Dahl, D i j k s t r a ,  & Hoare 
19721 has had a s i m i l a r  b u t  more c o n t r o v e r s i a l  e f f e c t  on the  work o f  
programmers. 

5 .  The use o f  a s p e c i a l  fo rma l i sm f o r  d e s c r i b i n g  an e l e c t r i c a l  c i r c u i t  
from severa l  p o i n t s  o f  view simultaneously, so t h a t  an automat ic  deduc- 
t i v e  system cou ld  make use o f  i n f o r m a t i o n  deduced from each model was 
in t roduced  by Sussman CSussman 1977bl. S tee le  and Sussman [S tee le  8 
Sussman 1979al  have genera l i zed  t h e  n o t i o n  t o  be u s e f u l  f o r  t h e  descr ip -  
t i o n  o f  o t h e r  "almost h i e r a r c h i c a l  systems" which r e s u l t  from engineer-  
i n g  design. 

6. "Propagat ion o f  c o n s t r a i n t s "  was o r i g i n a l l y  inven ted  as a genera l i za -  
t i o n  o f  "Gu i l l emin 's  method" o f  ana lyz ing  e l e c t r i c a l  Ladder c i r c u i t s .  I t  
was used i n  t h e  a n a l y s i s  programs EL CSussman & S ta l lman 19751 and ARS 
[Sta l lman & Sussman 19761, and i n  t h e  syn thes is  progfram SYN Cde K leer  & 
Sussman 19781. The bas ic  idea  o f  t h e  method was f i r s t  desc r ibed  i n  
[Brown 19751 as p a r t  o f  a method f o r  l o c a l i z i n g  f a u l t s  i n  e l e c t r i c a l  
c i r c u i t s .  De K l e e r  a l s o  used p ropaga t ion  a n a l y s i s  i n  h i s  f a u l t  LocaLizer 
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Cde Kleer 19763. Sutherland CSutherland 19631 appears t o  have developed 
a s i m i l a r  technique ( the "One Pass Method") f o r  const ra in t  s a t i s f a c t i o n  
i n  Sketchpad. 

7. SIMULA CDahl & Nygaard 19661 introduced the "class" as an abst rac t ion  
mechanism i n  a programming Language. 

8. ICARUS i s  a minimal automated geometric draftsman developed a t  Xefox 
PARC by Fa i rba i rn  and Rouson [Fa i rba i rn  & Rouson 781. 

9. STICKS i s  a semi-geometrical g raph ica l  representat ion o f  the layout 
o f  an in tegra ted design. Features on var ious mask layers  are represented 
by Lines o f  appropr iate color.  STICKS diagrams show a l l  topo log ica l  
in format ion  and approximate l a y w t ,  but  they suppress most met r ic  i n f o r -  
mation. 

10. Our chip CSteele & Sussman 1979bl i s  an i n te rp re te r  and storage 
manager f o r  a d ia lec t  o f  LISP ca l l ed  SCHEME. I t  uas pa r t  o f  the  MIT pro- 
j ec t  set f o r  the F a l l  o f  1978. Lynn Conuay o f  PARC was teaching at  MIT. 

11. Fahlman's semantic memory scheme i s  described i n  CFahlman 19773. 

12. John Kassakian CKassakian 19791 has a neat new approach t o  the simu- 
l a t i o n  of complex e lec t ron i c  systems which he c a l l s  the "Par i ty  Simula- 
tor". The basic idea i s  t ha t  he automat ical ly conf igures a set  o f  
un iversa l  elements so t ha t  each simulates a device i n  a netuork and he 
configures the interconnect ion betueen them t o  be isomorphic t o  the 
interconnect ions i n  the netuork being simulated. This tu rns  out t o  be 
be t te r  f o r  many app l ica t ions  than the t r a d i t i o n a l  approach o f  s imula t ing  
the behavior o f  the equations r e s u l t i n g  from an ana lys is  o f  the netuork. 
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ABSTRACT 

This paper descr ibes  a computer model of f i r s t  language acquis i t ion ,  
program SNPR14, which is  a development of an e a r l i e r  model, MK~OJGRAM~S,  
described elsewhere [Wolff , 1978a and bl . Like the  e a r l i e r  model, 
SNPR14 shows some success i n  discovering a phrase-structure grammar from 
an unsegmented, semantics-free, language-like t ex t  given only t h a t  t e x t  
a s  da ta .  SNPR14 i s  designed t o  remedy ce r t a in  weaknesses i n  
MK~O/GRAM~S. In p a r t i c u l a r  i t  provides a t en t a t ive  answer to  the 
problem of how i t  i s  t h a t  chi ldren ,  i n  forming syn tac t i c  
genera l i sa t ions ,  can d i s t i ngu i sh  "correct" genera l i sa t ions  from 
overgeneralisations and can e l iminate  the  l a t t e r  whi ls t  re ta in ing the 
former. 

The notion t h a t  language development and da t a  compression a r e  in t imate ly  
r e l a t ed  has been extended here:  i t  i s  suggested tha t  language 
development i s ,  i n  pa r t ,  a process of building a grammar i n  such a way 
t h a t  the  ef fec t iveness  of the  grammar a s  a means of compressing 
cogni t ive  da t a  is  maximised f o r  any given s i z e  of grammar. 

INTRODUCTION 

This paper descr ibes  i n  o u t l i n e  a p a r t i a l  and t en t a t ive  theory of f i r s t  
language acqu i s i t i on  incorporated i n  a computer model, program SNPR14. 
The theory and the model a r e  described i n  more d e t a i l  i n  another paper 
( i n  prepara t ion) .  Other work i n  t h i s  and re la ted  areas  has been 
reviewed by Biermann & Feldman [1972], by Fu & Booth [I9751 and by 
Pinker 119791. Also re levant  a r e  s tud ie s  by Anderson [19771, 
Cook & Rosenfeld [19761, Coulson & Kayser [19781, Gannnon 119681, 
Hamburger & Wexler [19751, L.R. Harris [19771, Z.S. Harris [19551, 
Kelley [19671, Kiss [19731, Knobe & Knobe [1976], Ol iv ier  [19681, 
Power & Longuet-Higgins [19781, Salveter [19791 and Stolz  [19651. 
Reference t o  some of these o ther  s tud ie s  w i l l  be  made a t  appropriate 
points below. 

The main aim of work t o  da t e  has been to  const ruct  a discovery procedure 
which, given only an unsegmented, semantics-free language-like t e x t  a s  
da t a ,  can r e t r i e v e  the grammar used t o  generate the t ex t .  It has been 
assumed t h a t  a so lu t ion  to  t h i s  "target" problem would be a useful s t ep  
towards an empir ica l ly  adequate theory of language development. An 
example of the  type of grammar used and a sample of the  t ex t  generated 
by i t  a r e  shown in  Fig. 1. Segment markers have been omitted because i t  
seems unl ike ly  t h a t  t he re  a r e  s u f f i c i e n t  cues of t h i s  s o r t  i n  na tu ra l  
language to reveal  segmental s t r u c t u r e  r e l i a b l y  and it has been thought 
h e u r i s t i c a l l y  valuable t o  see what can be achieved without them. 
Semantic information probably plays a much bigger pa r t  i n  children's  



discovery of language s t r u c t u r e  bu t ,  again ,  it has been thought useful  
t o  see  whether grammars can be  discovered without it. A working 
assumption is t h a t  i n s i g h t s  gained using semantics-free da t a  may he lp  u s  
t o  understand how chi ldren  discover non-linguistic cogni t ive  s t ruc tu re s  
[see  Wolff, 19761 and may ul t imate ly  lead t o  an in tegra ted  model f o r  the  
acquis i t ion  of syn tac t i c  and semantic s t ruc tu re s .  

Fig. 1. A Phrase-structure Granrmar and Sample of Text 

Sample: JOHNHATEDMARYDAVLDLOVESSUSANYOURUNSLOWLY... 

A so lu t ion  to the t a rge t  problem has been found i n  a pa i r  of programs, 
M K l O  and GRAMIS, which have been designed t o  discover segmental 
(syntagmatic) and d i s junc t ive  (paradigmatic) l i n g u i s t i c  s t ruc tu re s  
respect ive ly .  GRAM15 operates on the "dictionary" o r  grammar derived by 
MKlO from a sample of t e x t  and, together ,  these two programs have proved 
capable of discovering the grammar used t o  const ruct  t e x t s  l i k e  t ha t  
shown i n  Fig. 1 [Wolff, 1978a and b l .  As  a model of language 
acquis i t ion  processes i n  chi ldren  MKlO/GRAM15 has a number of 
weaknesses. SNPR14 has Seen designed t o  remedy two of them and t o  
provide an answer to a t heo re t i ca l  problem which has not  previously 
received ser ious  a t t en t ion  in  t h i s  projec t  o r ,  apparently,  elsewhere. 

One weakness i n  the e a r l i e r  model i s  the  r i g i d  separa t ion  of processes 
f o r  discovering segmental s t ruc tu re  from processes f o r  abs t rac t ing  
d i s junc t ive  r e l a t i ons .  It seems l i k e l y  t h a t  i n  chi ldren  these two kinds 
of process a r e  in tegra ted .  MKlO/GRAM15 i s  a l s o  unsat i s fac tory  because 
i t  can only discover grammars successful ly  i f  MKlO i s  stopped exact ly  a t  
t h ~  spot where a l l  "sentence" types i n  the t e x t  have been iso la ted  and 
no larger  s t ruc tu re s  have been formed. A r e a l i s t i c  model of acqu i s i t i on  
processes should not depend on panual in tervent ion  of t h i s  s o r t .  

Apart from providing remedies f o r  these two weaknesses SNPR14 d i f f e r s  
from the e a r l i e r  model i n  t h a t  i t  can "generalise" -- it can form 
grammatical ru l e s  ( including recurs ive  ru l e s )  with a genera t ive  range 
g rea t e r  than the s e t  of character  s t r i n g s  from which they were derived. 
This i s  a necessary f ea tu re  of any model which i s  t o  account f o r  our 
a b i l i t y  t o  produce and comprehend an i n f i n i t e  v a r i e t y  of grammatically 
acceptable sentences when we hear only a f i n i t e  sample of sentences 
during childhood. The theo re t i ca l  problem which a r i s e s  when 
genera l i sa t ions  a r e  introduced in to  the system i s  t o  find well-motivated 
p r inc ip l e s  f o r  d is t inguishing "correct" genera l i sa t ions  which must b e  
retained i n  the developing grammar from "incorrect" genera l i sa t ions  
which must be  eliminated.  [Chomsky, 1957, 19651. This i s  pa r t  of the  
general  problem of deciding why i t  i s  t h a t  among the  many grammars which 
can generate any given corpus it  i s  usual t o  f ind  one o r  more which a r e  
much more obviously appropriate than o thers .  This is not  merely a 



problem of t heo re t i ca l  l i n g u i s t i c s :  a prominent f ea tu re  of young 
children's  speech i s  t he  occurrence of "overgeneralisations" l i k e  h i t t e d  
and mouses which drop ou t  of use i n  the course of language development. 
Bow i t  is  t h a t  chi ldren  r e a l i s e  t h a t  these a r e  wrong while o ther  
genera l i sa t ions  which have an equal (zero) frequency of occurrence a r e  
r i g h t  i s  the  problem to  be  solved. Program SNPR14 and the theory on 
which i t  i s  based provide a t en t a t ive  answer. 

COGNITIVE ECONOMY 

A bas i c  supposit ion of t h i s  projec t  has been tha t  some aspects  a t  l e a s t  
of l i n g u i s t i c  and cogni t ive  development a r e  manifestations of 
data-compression p r inc ip l e s  which have the  e f f e c t  of minimising 
information s torage  requirements i n  the b ra in  o r  information 
transmission requirements o r  both. This supposit ion der ives  i n  pa r t  
from the not ion  t h a t  the  human nervous system i s  the  product of 
evolutionary processes of na tu ra l  s e l ec t ion  which a r e  l i k e l y  t o  have 
favoured p r inc ip l e s  of e f f i c i ency  i n  information handling [Von Bekesy, 
1967; Barlow, 19691. 

Efficiency i s  a broad term embracing information s torage  and 
transmission c o s t s ,  and a l so  such concepts a s  r e l i a b l i t y ,  accuracy and 
speed of operations.  It would be wrong t o  suppose t h a t  da ta  compression 
i s  universal  and tha t  redundancy has no place i n  b ra in  function -- 
severa l  trade-offs opera te  under the rubr ic  of e f f i c i ency  [Wolff, 
1978al. This s a i d ,  i t  i s  s t i l l  of value to  explore the possible r o l e  of 
da ta  compression p r inc ip l e s  i n  language acquis i t ion .  Three such 
p r inc ip l e s  have been considered previously [Wolff, 1978al and w i l l  be 
reconsidered here  together with two others .  

Data Compression P r inc ip l e s  

1. A body of da ta  l i k e  ABCDPQRABCDABCDPQRABCDPQRPQR may be  recoded a s  
(x)  (y) (x) (x) (y) (x) (y) (y) where x ---> ABCD and Y ---> PQR. 

2. Two o r  more sequences l i k e  ABCIJKDEF and ABCLMNDEF may be recoded a s  
ABC(x)DEF where x ---> IJKILMN. 

3. When segmental and d i s junc t ive  groupings a r e  being chosen in  1 and 
2,  frequent groupings a r e  preferable  t o  r a r e  ones (p r inc ip l e  3a) and big 
ones a r e  b e t t e r  than l i t t l e  ones (p r inc ip l e  3b).  The product of 
frequency and s i z e  should be maximised. 

4. If a pa t tern  i s  repeated a s  a sequence of contiguous ins tances  then 
the sequence may be  reduced t o  one instance of the pa t t e rn ,  coded f o r  
r epe t i t i on ,  perhaps a l s o  with a record of the  number of ins tances .  
Recursion i s  a coding device of t h i s  s o r t .  

5. A crude but e f f e c t i v e  means of economising on data  s torage  or 
transmission i s  t o  d iscard  data  o r  simply not  record it. Crude a s  i t  
seemingly i s  t h i s  p r inc ip l e  of economy i s  r e l a t ed  d i r e c t l y  t o  
genera l i sa t ion  a s  w i l l  be seen. 

Amongst the evidence f o r  the  psychological relevance of p r inc ip l e s  1 and 



3 is t h e  f a c t  t h a t  program MK10, which i s  based on those p r inc ip l e s ,  
successful ly  i d e n t i f i e s  word segments i n  n a t u r a l  language t e x t s  and 
m h i c s  aspects  of vocabulary growth i n  chi ldren  [Wolff, 19771. 
P r inc ip l e s  2 and 3 have been applied by Rosenfeld e t  a l .  [I9681 and by 
Kiss [I9731 who have demonstrated t h a t  word groups derived from shared 
contexts coincide qu i t e  c lo se ly  with t h e  pa r t  of speech ca tegor iza t ions  
t r a d i t i o n a l l y  recognised by l i n g u i s t s .  Grammar discovery by MKlO/GRAM15 
depends on the  appl ica t ion  of p r inc ip l e s  1, 2 and 3. 

So f a r  i n  t h i s  d iscuss ion we have not  speci f ied  what body of da ta  is 
being reduced by t h e  appl ica t ion  of these compression pr inc ip les .  The 
grammar being b u i l t  by a ch i ld  c l e a r l y  takes  up some s torage  space and 
there  is presumably some advantage i n  minimising t h i s  space ( the  s i z e ,  
Sg, of t he  grammar). However, t he  grammar can i t s e l f  serve  a s  an 
encoding device f o r  cogni t ive  data  and we may suppose t h a t  t he re  is a l s o  
an advantage i n  crea t ing  a grammar which encodes such data  a s  
economically a s  possible.  The e f f ec t iveness  of a grammar o r  pa r t  of a 
grammar f o r  compressing data  (termed its "compression capacity" o r  CC), 
may b e  defined a s  (V-v)/V where v is the  volume, i n  b i t s ,  of a body of 
da ta  a f t e r  encoding by the  grammar and V is the  volume of the  data  i n  
unprocessed form. As a general  r u l e  t he re  seems t o  be  a trade-off 
between Sg and CC: small  grammars tend t o  be  i n e f f i c i e n t  coding devices 
and v i c e  versa .  Given t h i s  trade-off i t  is  not  obvious a t  f i r s t  s i gh t  
what r e l a t i v e  weights should be  attached t o  CC and Sg; 2 p r i o r i  we do 
not know the  r e l a t i v e  importance, b io log ica l ly ,  of these  two measures. 
However t h i s  problem may be  shelved i f  we suppose t h a t  chi ldren  s t a r t  
with a small  s e t  of innate  perceptual analysers  which is  equivalent t o  a 
pr imi t ive  grammar and then add t o  t h i s  grammar i n  such a way t h a t  f o r  
each increase  i n  Sg the re  i s  a corresponding increase  i n  CC. We may 
suppose t h a t  grammar const ruct ion  s tops  when the  balance between Sg and 
CC is optimal and we may fu r the r  suppose t h a t  t h i s  optimum v a r i e s  from 
one person t o  another. 

Whatever the  balance may be  f o r  any individual ,  i t  seems c l e a r  t h a t  
t he re  i s  always an advantage i n  t ry ing t o  maximise the  r a t i o  of CC t o  Sg 
f o r  any given Sg. If a grammar i s  b u i l t  i n  t h i s  way i t  seems t h a t  t he  
gains  i n  CC f o r  uni t  increase  i n  Sg w i l l  tend t o  be  g rea t e s t  i n  the  
ea r ly  s t ages  and decrease progress ively  a s  t he  grammar becomes l a rge r .  
Additions t o  a grammar should tend t o  become progress ively  l e s s  
"prof i table"  i n  terms of increases  i n  CC and t h i s  may expla in  why the  
pace of language development i s  apparently g rea t e s t  i n  the e a r l y  years  
and decreases throughout childhood and beyond. Program SNPRl4 w i l l  now 
be  described i n  general  terms t o  t r y  t o  show how t h i s  kind of e f f e c t  may 
be  achieved using the  f i v e  data  compression p r inc ip l e s  s e t  out above. 
This descr ip t ion  i s  a l s o  intended t o  show how gene ra l i s a t i on ,  
overgenera l i sa t ion  and correc t ions  of overgenera l i sa t ion  may b e  f i t t e d  
in to  t h i s  scheme. 

DESCRIPTION OF PROGRAM SNPR 14 

The general  format of SNPRl4 i s  l i k e  t ha t  of MKlO [Wolff, 1975, 19771 
but i t  contains addi t ional  f ea tu re s  designed t o  remedy the  shortcomings 
of MK~O/GRAM~~ which were described above. Like MKlO/GRAM15, SNPR14 
s t a r t s  with minimal (M) elements and c rea t e s  elements of two main types ,  
SYN elements which encode sequent ia l  or syntagmatic r e l a t i o n s  i n  the  



t e x t  and PAR elements which encode d i s junc t ive  o r  paradigmatic 
r e l a t i ons .  The term SYN element covers simple (S) elements and complex 
(C) elements. Each of t he  former is a s t r i n g  of two o r  more M elements 
and each of t h e  l a t t e r  is an element which conta ins  a t  l e a s t  one PAR 
element o r  a t  l e a s t  one C element amongst i t s  const i tuents .  Since PAR 
elements may themselves contain M, S or  C elements i t  is  c l e a r  t h a t  C 
elements may be  a r b i t r a r i l y  complex. 

Program SNPR14 is ,  a t  the  o u t s e t ,  provided with a pr imi t ive  grammar of M 
elements which has  t h e  form # ---> AIBICI ... IZl##. This grammar allows 
i t  t o  encode any (a lphabet ic)  t e x t  by repeatedly choosing one character  
from the  s e t  of characters  speci f ied  i n  the  s ing le  r ecu r s ive  d i s junc t ive  
re-write ru l e .  This grammar i l l u s t r a t e s  t he  f i f t h  compression p r inc ip l e  
because it can be  regarded a s  a very compact ( i f  crude) statement of the  
s t r u c t u r e  of the  input corpus. This paucity of information about the  
s t r u c t u r e  of t he  t e x t  l eads  t he  grammar t o  genera l i se  t o  an i n f i n i t e  
va r i e ty  of o ther  alphabetic t ex t s .  The compactness of t he  grammar 
con t r a s t s  with i ts  i n a b i l i t y  t o  introduce any compression in to  i t s  
encoding of the  sample t e x t  -- i t s  CC is  zero. (This pr imi t ive  grammar 
may be  compared with another pr imi t ive  grammar with one re-write r u l e  of 
t he  form: # ---> the complete sample of text. Unlike the  f i r s t  
example, t h i s  pr imi t ive  grammar is not  a t  a l l  compact and does not  
genera l i se ,  but i t  can encode the  sample t e x t  using j u s t  one b i t  of 
information. A " r e a l i s t i c "  grammar f o r  a t e x t  sample i s  some kind of 
compromise between these two extremes.) 

Like MK10, program SNPR14 scans i t s  t e x t  sample repeatedly,  keeping a 
count of t he  frequencies of contiguous p a i r s  of elements and, a t  the  end 
of each scan, picks out  the  most f requent ly  occurring pa i r  and adds i t  
t o  i t s  "dictionary" of elements -- i t s  grammar. In subsequent scans 
t h i s  p a i r  behaves a s  an i n d i v i s i b l e  u n i t ,  segment o r  element. 

On every scan a parsing system ass igns  segments t o  the t e x t  i n  
accordance with t he  current  s t a t e  of the  grammar. By always se l ec t ing  
the l a r g e s t  element t h a t  matches any por t ion  of t e x t  it tends t o  
maximise the  average s i ze  of segments i n  any parsing i n  accordance with 
p r inc ip l e  3b. 

The program thus "builds" elements and adds them t o  i t s  grammar i n  such 
a way t h a t  frequent elements a r e  se lec ted  before r a r e  ones and, f o r  any 
given frequency, elements a r e  b u i l t  t o  be  a s  l a r g e  a s  poss ib le  
(p r inc ip l e s  3a and 3b).  The e f f e c t  of t h i s  is t h a t  ga ins  i n  CC f o r  un i t  
increase  i n  Sg tend a t  a l l  times t o  be  maximised and i t  seems a l s o  to  
mean t h a t  elements a r e ,  i n  genera l ,  added t o  the  grammar i n  descending 
order of CC. 

SNPR14 d i f f e r s  from MKlOIGRAM15 i n  t h a t  a "folding" process l i k e  GRAM15 
operates a f t e r  every scan so t h a t  t he  two processes a r e  interwoven and 
interdependent. This i s  t he  i n t eg ra t ion  which was missing from 
MRlO/GRAM15. The process of f inding and incorporating PAR elements i s  
e s s e n t i a l l y  t he  same a s  i n  GRAM15 but with one important point  of 
d i f ference  to  b e  described below. As  i n  GRAM15, t he  "contexts" of any 
element a r e  derived from those o ther  SYN elements which contain it: 
ABC*DEF is a context f o r  LMN derived from ABCIMNDEF. A systematic 
search is  made to  f ind  those two elements ( i f  any) which have the  
highest  frequency. of occurrence i n  shared contexts.  This pa i r  is formed 



i n to  a PAR element and the  reference number of t he  PAR element i s  then 
used t o  modify the  elements from which the  shared contexts were derived: 
ABCIJKDEF and ABCLMNDEF both become ABC(x)DEF (where x ---> IJKILMN) and 
one of t he  two insfances i s  de le ted .  Again, a s  i n  GRAM15, t h i s  process 
i s  repeated u n t i l  PAR elements have been b u i l t  to  be  a s  l a rge  a s  
poss ib le  and no more PAR elements can be  found. The ove ra l l  e f f e c t  of 
t h i s  operation (which i s  an appl ica t ion  of p r inc ip l e s  2 and 3 ) ,  i s  t o  
reduce Sg without ma te r i a l l y  a f f ec t ing  CC. 

The important point  of d i f ference  between t h i s  process and t h a t  i n  
GRAM15 i s  t h a t  subs t i t u t ions  a r e  made not only i n  those SYN elements 
from which the shared contexts of each PAR element were derived but a l s o  
in a l l  other SYN elements which contain one o r  o ther  of the  cons t i t uen t s  
of t h a t  PAR element. An element l i k e  QRSLMNTUV would become QRS(x)TW 
even though x (with the s t ruc tu re  IJKILMN) was derived from ABCIJKDEF 
and ABCLMNDEF. This extension of the  range of appl ica t ion  of PAR 
elements i s  one of the two ways i n  which SNPR14 forms genera l i sa t ions .  
It i s  an example of a p r inc ip l e  proposed by Cook & Rosenfeld [19761: 
whenever one production i n  a grammar "covers" another production ( i  .e., 
when the f i r s t  production can generate the  same range of terminal 
s t r i n g s  a s  the  second production, and more) then the f i r s t  production 
may replace  the  second production i n  the grammar. It i s  a l s o  an example 
of p r inc ip l e  5: we have discarded some information from the grammar and 
have a t  the  same time predicted tha t  the  s t r i n g  QRSIJKTW is pa r t  of the  
language. This predic t ion  may o r  may not be  t r u e  (see  l a t e r ) .  If  i t  
turns  out to  be  t rue  then there  w i l l  be a gain i n  CC despi te  the  
reduction of Sg: t he  r a t i o  of CC t o  Sg w i l l  be improved. 

The genera l i sa t ion  mechanism which has been described has the  po ten t i a l  
f o r  forming recurs ive  s t ruc tu re s  without ad hoc provision because any 
element i n  which a PAR element i s  incorporated may i t s e l f  be  a 
const i tuent  of t h a t  PAR element, e i t h e r  immediately o r  a t  depth. 
Consider, f o r  example, a grammar containing elements A, B, C,  BB, ABC 
and ABBC amongst o thers .  A PAR element (x) with the  s t r u c t u r e  BlBB may 
be  formed from ABC and ABBC and then both of these elements w i l l  become 
A(x)C (and one of them w i l l  be de l e t ed ) .  BB w i l l  be  modified to  become 
(x)  (x)  SO t ha t  s t r u c t u r e  x w i l l  therefore  be  B J  (x) (x) which i s  
recursive.  Such s t r i n g s  a s  ABBBC, e t c .  would then f a l l  within the 
generative range of the grammar. Recursion i s  an example of the  four th  
compression pr inc ip le .  

Program SNPR14 a s  i t  has been described so f a r  i s  a system which forms 
S, C and PAR elements from the e a r l i e s t  s t ages  of processing. This 
means t h a t  the parsing system has to  be able  to  recognise elements of 
a l l  types a s  indeed i t  can. It a l s o  means t h a t  when new SYN elements 
a r e  formed by concatenation a t  the end of each scan, each of the two 
elements which a r e  joined together may be  of any type -- M, S, C o r  PAR 
elements. This f ea tu re  of SNPR14 i s  the  second of the  two ways i n  which 
the  program may form genera l i sa t ions .  A C element l i k e  (m)X(n)Y (where 
m ---> A I B  and n ---> PIQ) may be  created by concatenation of (m)X and 
(n)Y when the  t e x t  contains only AWY, BWY and AXQY amongst the  four 
possible terminal s t r i n g s  of t h i s  element. The s t r i n g  BXQY is a 
genera l i sa t ion  predicted by element (m)X(n)Y. A s  with the  previously 
described mode of genera l i sa t ion ,  t h i s  operation can have the e f f e c t  of 
improving the r a t i o  of CC t o  Sg. 



Correction of Overgeneralisations 

The two genera l i sa t ion  mechanisms which have been described produce an 
increase i n  the  range of terminal s t r i n g s  which SYN elements can 
generate beyond the  range of s t r i n g s  from which those elements were 
i n i t i a l l y  derived. Basic information theory ind ica t e s  t h a t  the  
spec i f i ca t ion  of one item out of a small s e t  requi res  l e s s  information 
than specifying one item out of a l a r g e r  s e t .  So i f  the  genera t ive  
range of a grammar extends too f a r  beyond the corpus from which it i s  
derived we may expect l o s se s  i n  CC. There may, t he re fo re ,  be  some 
advantage i n  put t ing  a l i m i t  on the genera l i sa t ion  process so tha t  
genera t ive  range does not become too b ig .  In the following paragraphs s 
simple "rebuilding" mechanism i s  described which has the e f f e c t  of 
"correcting" ce r t a in  "overgeneralisations" while leaving other 
genera l i sa t ions  untouched. It is proposed a s  a t en t a t ive  explanation of 
how a ch i ld  eliminates u t terances  l i k e  h i t t e d  and mouses but r e t a i n s  
many other  genera l i sa t ions  a s  a permanent f ea tu re  of h i s  l i n g u i s t i c  
competence i n s p i t e  of t h e i r  zero frequency i n  the speech which he has 
heard. It seems l i k e l y  t h a t  the ove ra l l  e f f e c t  of these mechanisms f o r  
forming genera l i sa t ions  and correc t ing  overgenera l i sa t ions  i s  t o  improve 
the r a t i o  of CC t o  Sg. 

Rebuilding mechanism. For a C element t o  be  iden t i f i ed  during a scan of 
the  t e x t ,  each const i tuent  PAR element, a t  any l e v e l ,  must be  i den t i f i ed  
by the  occurrence i n  the t e x t  of one of the  cons t i t uen t s  of t h a t  PAR 
element. For example, the  C element (m)X(n)Y (where m ---> A l B  ar~d n 
---> PIQ) can be  recognised i f  the  s t r i n g  AWY occurs i n  the t e x t  and i n  
t h a t  case m i s  r ea l i s ed  a s  A and n i s  r ea l i s ed  a s  P. Par t  of the  
rebuilding mechanism i s  a system which keeps t r ack  of these r e a l i s a t i o n s  
f o r  a l l  PAR elements contained within a l l  C elements i den t i f i ed  during 
each scan of the  t ex t .  A t  the  end of each scan a check i s  made, f o r  
each C element, t o  see whether any of the  cons t i t uen t s  of any of i t s  
cons t i tuent  PAR elements have f a i l ed  t o  occur i n  the t ex t .  When tha t  
happens the  PAR elements which have not been f u l l y  r ea l i s ed  within a 
given C element a r e  " rebui l t"  by removing the non-occurring const i tuent  
o r  cons t i t uen t s .  Corresponding adjustments a r e  then made in  the 
s t r u c t u r e  of t he  C element (and any "lower level" C elements which may 
be impl ica ted) .  These adjustments a r e  made i n  such a way t h a t  they 
e f f e c t  only the  s t r u c t u r e  of the  given C element(s) .  Consider, f o r  
example, t he  s t r i n g s  AXPY, BXPY, AXQY and BXQY which would iden t i fy  an 
element (m)X(t)Y (where m ---> A I B  and t ---> PIQIR). If these  were the 
only ins tances  of the  element i n  a t e x t  sample then the PAR element t 
would be  r e b u i l t  a s  an element with the  s t r u c t u r e  PIQ which would 
replace  t i n  the  C element. If  t he  PAR element PIQ already e x i s t s  i n  
the grammar a s ,  s ay ,  n then the C element would become (m)X(n)Y. If  PIQ 
does no t  a l ready e x i s t  then i t  would be given its own number, say p ,  and 
the C element would become (m)X(p)Y. 

The same point may be  i l l u s t r a t e d  with a more r e a l - l i f e  example using 
phonetic symbols ( i n  which c e r t a i n  complexit ies of phonological and 
semantic conditioning have been glossed .) A s t r u c t u r e  l i k e  / (h)  ez/ 
(where h ---> bokslmatJlkislmausl ... ) would co r r ec t ly  generate words 
l i k e  /boksez/, /mat$ez/ and /k isez /  but would a l so  produce the ch i ld i sh  
form /mausez/. I f  h i s  reduced to  i (where i ---> bokslmatflkisl .. .) 
then the  new s t ruc tu re ,  / ( i ) e z / ,  w i l l  not overgeneralise i n  t h i s  way. 
The adu l t  form /mais/ may be  b u i l t  up independently and then a t  some 



s t age ,  presumably, it would be  incorporated i n  a PAR element l i k e  
/ ( i ) e z ~ m a i s ~  ... /. 
The a t t r a c t i o n  of t h i s  kind of mechanism i s  t h a t  it can e l iminate  some 
genera l i sa t ions  bu t  leaves  o the r s  permanently i n  the  grammar. If  t he  C 
element (m)X(t)Y (where m ---> AIB and t ---> PIQIR) is iden t i f i ed  by 
the  three  s t r i n g s  AXPY, BWY and AXQY, and i f  t he  s t r i n g  BXQY f a i l s  t o  
occur i n  t he  t e x t  then t w i l l  be  reduced t o  P(Q a s  before  and BXQY w i l l  
remain a s  a permanent gene ra l i s a t i on  because the  three  s t r i n g s  contain 
a l l  of A, B, P and Q i n  the  context of the  C element. 

Summary of SNPR14 

This program may be  seen a s  a s e t  of interwoven processes designed t o  
bu i ld  a grammar i n  such a way t h a t  CC i s  maximised f o r  any given Sg. 
The "building" process (which resembles MK10) adds elements t o  the  
grammar i n  approximately descending order of CC and the  s torage  
requirements of each element tend t o  increase a s  t he  program proceeds so 
t h a t  gains i n  CC f o r  uni t  increase  i n  Sg become progessively smaller.  
The "folding" process ( l i k e  GRAM15) apparently has the  e f f e c t  of 
reducing Sg more than enough t o  compensate f o r  any r e su l t i ng  increase in  
CC and thus helps t o  r a i s e  the CC/Sg r a t i o .  The two genera l i sa t ion  
processes seem t o  have the e f f e c t  of producing fu r the r  gains i n  the  
CC/Sg r a t io .  The rebuilding process may produce some increase  i n  Sg ( i f  
new PAR elements a r e  produced) but we may suppose t h a t  these cos t s  a r e  
outweighed by the  bene f i t s  of reducing excessive genera t ive  range i n  the  
grammar. Quantified t e s t s  of these proposals have not  ye t  been 
attempted. 

RESULTS 

A t e x t  has been prepared l i k e  t h a t  shown in  Fig. 1 but without any 
ins tances  of the  sentences JOHNLOVESMARY and WEWALKFAST. In the e a r l y  
scans of t h i s  t e x t  the  program forms S elements only.  Words l i k e  SUSAN, 
HATED, and DAVID a r e  b u i l t  up a s  ((((SU)S)A)N), (H(((AT)E)D)) and 
(D(((AV)I)D)). A t  t he  s t age  when the  grammar conta ins  SUSAN and UN 
(pa r t  of RUN)', the  f i r s t  PAK element ( reference  number 42) i s  formed 
with the s t r u c t u r e  UISUSA. (Both U and SUSA sha re  the  context *N.) 
SUSAN and UN a r e  both converted in to  (42)N and one of them i s  de le ted .  
On the next scan,  element (42)N i s  b u i l t  i n t o  R(42)N, a s t r u c t u r e  which 
can generate RUN and the overgenera l i sa t ion ,  RSUSAN. On the following 
scan the monitoring and rebuilding process converts R(42)N t o  RUN and it 
a l s o  r e s to re s  element (42)N t o  SUSAN. In t h i s  way the  
overgenera l i sa t ion  i s  correc ted .  Other examples of 
(over)genera l i sa t ions  occur a s  the  program proceeds which a r i s e  both 
from bui ld ing,  a s  i n  the above example, and a l so  from subs t i t u t ion  of 
PAR elements i n  elements o ther  than those from which they were derived. 
A l l  overgeneralisations a r e  rapidly  correc ted .  

The f i r s t  "correct" PAR element t o  be  formed is JOHNlDAVID ( r e f .  691, 
derived from the S elements DAVIDHATED and JOHNEATED. The two S 
elements a r e  each converted in to  a C element, (69)HATED, and one of them 
is dele ted .  The program proceeds qu i t e  soon to  c r ea t e  a C element with 
the s t ruc tu re  (69)(74)(72) (where 69 ---> JOHNIDAVID; 74 ---> 
HATEDILOVES and 72 ---> SUSANIMARY). This is i d e n t i c a l  i n  form to  one 



of t he  two sentence pa t t e rns  i n  Fig. 1. Soon a f t e r  t h a t ,  t he  program 
c rea t e s  another C element ( r e f .  76) with t h e  s t r u c t u r e  (77)(75)(70) 
(where 77 --> WEIYOU; 75 -> RUNIWALK and 70 -> SLOWLYIFAST). This 
is  t h e  same a s  t he  o the r  sentence pa t t e rn  in Fig. 1. Notice t h a t  these 
two pa t t e rns  have been b u i l t  up desp i t e  the  m i s s i o n  from the  t e x t  of 
JOHNLOVESMARY and WEWALKFAST; t h e  rebuilding mechanism cannot e l iminate  
these genera l i sa t ions  from the  grammar. 

These two sentence pa t t e rns  a r e  b u i l t  up without the  need t o  s top  the  
program manually a t  any p a r t i c u l a r  point .  But SNPR14 has ,  a t  present ,  
no na tu ra l  stopping point  and, i f  i t  is allowed t o  run on, i t  w i l l  
incorporate the  sentence pa t t e rns  within l a r g e r  s t ruc tu re s :  t h e i r  
i n t e r n a l  s t r u c t u r e  is preserved within these containing s t ruc tu re s .  A t  
any s t a g e  a f t e r  the  two sentence pa t t e rns  have been crea ted ,  a parsing 
of t he  t e x t  by the  program c l e a r l y  r e f l e c t s  t he  s t r u c t u r e  which the  
o r i g i n a l  grammar would ass ign t o  the t e x t  and i n  t h i s  sense it can b e  
sa id  t h a t  SNPR14 successful ly  r e t r i e v e s  t he  o r i g i n a l  grammar. A f a i r l y  
l a rge  number of elements which were formed i n  t he  course of bui ld ing up 
the  sentence pa t t e rns  cease t o  have any funct ion  e i t h e r  a s  elements 
i den t i f i ed  a t  t he  top l e v e l ,  o r  a s  cons t i t uen t s  of those elements. Such 
non-functional elements a r e  "garbage" which may h e  discarded. 

SNPR14 has been run on t e x t s  o ther  than t h a t  shown i n  Fig. 1. including 
a t e x t  whose grammar has an h i e ra rch ica l  organisa t ion  and one whose 
grammar shows recursion.  The program has been l e s s  successful  i n  these 
cases  apparently because of a general  weakness i n  the  program and not  
because of t he  h ierarchy and recursion f ea tu re s  per E :  f o r  reasons 
which a r e  not  y e t  f u l l y  understood, t h e  program sometimes f a i l s  t o  form 
key cons t i t uen t s  and then it  is  unable t o  bu i ld  the  l a r g e r  s t ruc tu re s  
which conta in  them. 

Conc lud iq  Remarks 

Program SNPR14 is a p a r t i a l  model of f i r s t  language acqu i s i t i on  which 
seems t o  o f f e r  some in s igh t  i n t o  how chi ldren  may discover segmental and 
d i s junc t ive  groupings i n  language and how they may genera l i se  beyond the 
language which they hear ,  correc t ing  any overgenera l i sa t ions  which 
occur. The program comes c lose  t o  meeting the  c r i t e r i a  of success which 
were s e t .  It seems t o  o f f e r  an explanation of c e r t a i n  phenomena i n  
ch i ld  language o ther  than those t o  which i t  was o r i g i n a l l y  addressed, 
but space does not  permit a d iscuss ion of these here. The immediate 
task  f o r  the fu tu re  is t o  improve its performance s u f f i c i e n t l y  f o r  
meaningful r e s u l t s  t o  be  obtained with na tu ra l  language so t h a t  
comparisons between the  model and chi ldren  may be  made i n  more d e t a i l .  
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1. In t roduc t i on  

At  t he  Four th  Workshop on Automated Deduction i n  Austin, Texas 1979, 
Peter Andrews presented the  f o l l o w i n g  v a l i d  formula i n  f i r s t - o r d e r  l og i c ,  
which, because o f  t he  seven equivalence connectives, caused d i f f i c u l t i e s  
f o r  theorem provers w h i l e  t r y i n g  t o  show the  n o n - s a t i s f i a b i l i t y  o f  t h e  
negated formul a: (3xVy (Px - Py)o(3xQxovyPy)) o (3xvy(Qx .r Qy) cr (3xPx-VyQy)) . 
I n  t he  meantime a t  l e a s t  two implemented theorem provers have been ab le  t o  
handle t h i s  formula successfu l ly :  Dennis de Champeaux's implementation a t  
the  Un i ve rs i t y  o f  Amsterdam and Jo rg  Siekmann's a t  t he  Un i ve rs i t y  o f  Kar ls -  
ruhe C31. I n  t he  l a t t e r  case, based upon connection graphs, s p l i t t i n g  r u l e s  
were used which generated two connect ion graphs, each cons is t ing  o f  about 
70 clauses and 9000 l i n k s .  Although both empty clauses were qu i ck l y  der ived 
much t ime and space had t o  be placed i n t o  s e t t i n g  up the  i n i t i a l  graphs. 

I n  C81 the semantic tableau method o f  Smullyan C71 was used t o  present a 
modif ied Kr ipke C51 proof  procedure f o r  higher-order modal l og i c .  An imple- 
mentation o f  t h i s  procedure C41 f o r  f i r s t - o r d e r  l o g i c  su f fe red from a l a r g e  
demand f o r  memory space when equivalence connectives appeared'iin t he  formu- 
l a s  t o  be proved. One aspect became p a r t i c u l a r l y  apparent i n  t h i s  procedure 
however, and t h a t  was t h e  obvious redundancy o f  informat ion produced i n  t he  
f i n i s h e d  tableau whenever there  were i n i t i a l  equivalence connectives i n  t he  
given formula. 

The path- tes t ing  methods o f  B ibe l  C21 have the  advantage over reso lu t i on  
and semantic tableau methods o f  no t  r e q u i r i n g  very much more memory space 
once the given formula has been transformed i n t o  t he  non-normal form ma t r i x  
- w i t h  one except ion however - provided the given formula contains no equi- 
valence connectives. So i n  order  t o  so lve  t h i s  problem we have modi f ied  t he  
semantic tableau and pa th - tes t i ng  methods, as w i l l  be shown i n  sect ions 4 
and 5. 

2. Notat ion and D e f i n i t i o n s  

I n  the  sequel t he  expression consistency t r e e  ( o r  t r e e  f o r  shor t )  w i l l  
o f t en  be used synonymously f o r  semantic tableau. The reader no t  f a m i l i a r  
w i t h  t h i s  theorem prov ing approach o r  p ropos i t i ona l  l o g i c  i s  r e f e r r e d  t o  
Leblanc and Wisdom C61 o r  Smullyan C71. 

The l o g i c  used i n  t h i s  paper i s  p ropos i t i ona l  l og i c .  An atom (atomic formula) 
i s  a formula conta in ing no l o g i c a l  connectives. A li t e r a m  an atom o r  t he  
negat ion thereof.  The formula -(A-B) w i l l  s o m e t i m e r b e r i t t e n  as (Ap(B) 
and + re fe r red  t o  as a non-equivalence connective. An equivalence operand 
i s  a formula of the  form (AOB), where OEIo,+) and A, B are  formulas. Given 
a formula (A0  B), where O€~v,~,*,*,+l and A, B are  formulas then A i s  c a l l e d  
the f i r s t  operand o f  (A B) and B i s  c a l l e d  the  second operand o f  (A O B). 



Given a formula 0 then the se t  Operands def ined i t e r a t i v e l y  by: Operands:=IO); 
wh i le  one o f  t he  elements 0' o f  Operands i s  an equivalence operand then 
-nds:=(Operands U l f i r s t  operand o f  0'. second operand o f  O ' l l d  , i s c a l l e d  
the  set  o f  equivalence-free operands o f  0 provided card (Operands)>l. 

An element o f  t h e  s e t  o f  equivalence-free operands o f  0 i s  c a l l e d  an 
equivalence-free operand o f  0. A s ign s f o r  an equivalence-free operand o f  
an equivalence operand 0 i s  an element o f  t 0 , l l .  
If A o r  -A) i s  an equivalence-free operand o f  an equivalence operand 0 
then !.igned A i s  de f ined as 

-A i f  the  s ign  f o r  A i s  0; A i f  the  s ign  f o r  A i s  0; 
A i f  the  s i g n  f o r  A i s  1; 4 i f  the  s ign f o r  A i s  1. 

A branch i s  a sequence o f  formulas i n  a t ree ,  such t h a t  t he  o r i g i n  ( t he  
f o r m u l a a t  t he  t o p  ( roo t )  o f  t he  t r e e )  i s  i n  every branch which i s  i n  the  
t r e e  and t h a t  every  formula which i s  below the  o r i g i n  i s  a successor o f  
some previous formula. A branch i s  c losed i f  i t  contains both  a formula 
o f  the  form A and a formula o f  t h e  form -A. A t r e e  i s  c losed i f  every branch 
i n  t h p t  t r e e  i s  closed. A i s  open i f  i t  i s  n o f  closed. A fo r -  
mula i s  thecked if one o f  t r u th - func t i ona l  connectives h a s  
been app l ied  t o  it. Otherwise i t  i s  unchecked. 
A f i n i s h e d  equivalence t r e e  o f  an equivalence operand 0 i s  a t r e e  such t h a t  
0 i s  a t  the  o r i g i n  o f  the  t r e e  and t h a t  a t  every o ther  node i n  t he  t r e e  
there i s  e i t h e r  an equivalence operand, which must be a subformula o f  0 
and checked, o r  an unchecked equivalence-free operand o f  0, which i s  e i t h e r  
negated o r  not .  

The signs f o r  t h e  p equivalence-free operands i n  t he  branch o f  a f i n i shed  
equiva ence t r e e  i s  an o r  ere p-tup e o s i  ns, w r i t t e n  as t he  word 
represLnta t ion  dld2. ..di.:.d P 'with d l  E fO,l?. 

sP i s  the  s e t  o f  (P) q-combinations o f  t he  p s igns f o r  t he  p equivalence- 
9 q 

f ree operands such t h a t  q o f  the  equivalence-free operands a re  given the  
s ign 1. 

I n  sec t ion  5 we in t roduce the path- tes t ing  approach i n  which the fo l l ow ing  
d e f i n i t i o n s  as presented i n  B ibe l  C11 are  used. It should be noted t h a t  we 
are  using mat r ices  on l y  i n  the negat ive sense o f  B ibe l  [ll. 

Matr ices a re  def ined i n d u c t i v e l y  by: ( i )  any l i t e r a l  i s  a mat r ix ;  
- i f A  i s  an equivalence operand then A i s  a mat r ix ;  ( i i i )  i f  M1,M2,. . . ,Mn 
are  matr ices then the  se t  CM1,M 2....,MnI i s  a mat r ix .  

Given a ma t r i x  M=CC1,C 2,....Cnl then the  Ci,iE 11, ..., n l  w i l l  a lso  be c a l l e d  
the  clauses o f  M. 
I f  L p  mat r ices  then L1mL2 and LldL2 are equivalence operands. 

The formula represented by a ma t r i x  i s  defined i n d u c t i v e l y  as fo l lows:  
( i )  if the ma t r i x  i s  a l i t e r a l  A then the-formula represented by the  ma t r i x  
i s  p, if A i s  p; -p, i f  A i s  p; ( i i )  i f  the ma t r i x  i s  an equivalence operand 
A then the formula represented by t he  ma t r i x  i s  the  equivalence operand A; 
( i i i )  if F1.. . . . ,Fn are  the  formulas represented by the  mat r ices  o f  a clause 
C={M l,....Mnl of a ma t r i x  then the  formula (F v ... vFn) i s  represented by C; 
( i v )  if F1,. . . ,Fn are  the  formulas representea by t he  clauses o f  a ma t r i x  
M={C1,. . . .Cnl then the  formula (Fl A .. . AF,) i s  represented by M. 



3. Some Combinatorial Results 

In Wrightson C91 it was shown that there are certain regularities in the 
combinations of the word representations, which are the signs for the equi- 
valence-free operands in the branch of a finished equivalence tree. These 
regularities can be illustrated by the following tree. 

P\* 
A-B 

4 E  E - E  E - E  E  E - E  E - E  E - E  E - E  

This example illustrates a finished equivalence tree where A, B, C, D, E  are 
metasymbols. By interpreting the negation in front of a metasymbol as a 0 
and the absence of a negation as a 1 then the word representation for the 
last five metasymbols in the order A, B, C, 0, E in each branch is obtained. 
The ordered 5-tuple for the branch on the far left is 11010, the second 
branch from the left is 11001, etc. The following is an enumeration of the 
signs for the metasymbols. 

What is interesting about this list is that all ordered 5-tuples occur of 
five ones distributed on five places, three ones distributed on five places 
and one one distributed on five places i.e. the combinations given by 

s: u s; u s; . 
For the general case these regularities can be captured in the theorem and 
corollary below which were proved in Wrightson C91. 

Theorem: Given the n equivalence-free'operands of an equivalence operand 0. 
=number of non-equivalences found during the construction of the set 
Operands is even, resp. odd, then the set of work representations of signs 
for the equivalence-free operands in the branches of the finished equivalence 
tree of 0 is given by 

n/2 (n-1)/2 
1. u for n22 and even, 2. U s:-~~ for n23 and odd, 

i =O i =O 

respectively 
n/2 (n+1)/2 

for n22 and even, 4. U s:-(~~-~) for n23 and odd. 
i=l i=l 



Corol lary:  The number o f  combinations i n  each o f  the  sets 1. t o  4. o f  t he  
Theorem i s  g iven by 

4. A Modif ied Semantic Tableau Proof Procedure 

The fo l l ow ing  proof  procedure PROOF i s  based upon t h a t  f o r  semantic tableaus 
as developed i n  Leblanc and Wisdom C61 and incorporates the  ideas shown i n  
the previous sect ion,  i .e .  the  two t ru th - func t i ona l  r u l e s  f o r  equivalence 
operands are  excluded. Instead, a l l  branches which would otherwise be genera- 
ted  and stored by the use of these two ru les ,  are now generated bu t  no t  stored. 
A l l  t h a t  i s  stored i s  the  s e t  o f  Operands and the in format ion  n e e d e d 3 r  com- 
put ing the combinations of s igns f o r  each branch. 
As i s  also the  case fo r  the nex t  sect ion,  PROOF and t h e  var ious procedures 
ca l l ed  by i t  are  p r i m a r i l y  intended t o  r e f l e c t  the l o g i c a l  s t ruc tu re  o f  t h e  
approach and aspects o f  programming techniques are on l y  secondary. 
A t  the top  l e v e l ,  once the negated formula 0 has been entered t o  t he  pro- 
cedure, PROOF c a l l s  t he  procedure PROVE. 

PROOF (@) 
i f  PROVE(0) then r e t u r n  "negat ion o f  0 i s  v a l i d "  . 
s s e  re tu rn  "negation o f  i s  n o t  v a l i d "  

END-OF-PROOF 

PROVE (0) 
@ + TREE; APPLY-RULES(TREE) ; r e t u r n  t r ue  

END-OF-PROVE 

PROVE c a l l s  APPLY-RULES a f t e r  f i r s t  having placed 0 a t  the  o r i g i n  o f  the  
consistency TREE. As long as any o f  the  t r u th - func t i ona l  RULES (as i n  C61 
but wi thout t he  two mentioned above) a re  APPLICABLE-TO the TREE then these 
are appl ied by APPLY-RULES. Those BRANCHes which do n o t  conta in  an unchecked 
equivalence operand are now TESTed f o r  CLOSURE. If one i s  no t  c losed then 
the value ' f a l s e '  i s  returned and the whole PROOF procedure terminated. 
Otherwise the mechanism f o r  handl ing equivalence operands i s  i n i t i a t e d .  Th is  
f i r s t  CHECKS the equivalence operand i n  question a', and then c a l l s  a pro- 
cedure t o  DETERMINE the COMBINATIONS, the  OPERANDS, the  NUMber o f  OPERANDS, 
the NUMber o f  COMBINATIONS and the PARAMETERS f o r  t he  UNION as given i n  t he  
theorem, sec t ion  3. The OPERANDS are  then APPENDed t o  t h e  BOTTOM OF the 
BRANCH CONTAINING 0'. For each combination t he  SIGNS a re  GENERATEd on the  
OPERANDS i n  the TREE' and t h i s  r e s u l t s  i n  a new TREE' which, i f  i t  i s  n o t  
closed, causes t h e  r e t u r n  o f  f a l se .  

APPLY-RULES(TREE) 
wh i le  RULE-APPLICABLE-TO(TREE) do APPLY-RULE(TREE) -, TREE; 
while TEST-BRANCH-APPLICABLE-TOTREE) 

do [TEST-BRANCH(TREE) +CLOSURE; if CLOSURE equal notclosed then r e t u r n  fa1 - 



while UNCHECKED-EQUIVALENCE-OPERAND-IN(TREE) 
do - [SEEK-UNCHECKED-EQUIVALENCE-OPERAND-IN(T + 

(a', BRANCH-CONTAINING-0'); CHECK (O'); 
DETERMINE-COMBINATIONS(O1) + (OPERANDS,NUM-OPERANDS,NUM-COMBINATIONS, 

UNION-PARAMETERS); 
AT-BOTTOM-OF-BRANCH-CONTAINING~'-APPEND(BRANCH-CONTAINING-O', 

OPERANOS)+TREE'; 
while NUM-COMBINATIONS not equal 0 
do - [GENERATE-SIGNS-ON-OPERANDS-IN-TREE' (TREE' ,UNION-PARAMETERS, 

NUM-OPERANDS)+TREE1; 
if not PROVE(TREE1) then return false; -- 
NUM-COMBINATIONS -1 +NUM-COMBINATIONS1;1 return true; 

END-OF-APPLY-RULES 

DETERMINE-COMBINATIONS calls DETERMINE-OPERANDS which computes the OPERANDS, 
the NUMber of NON-EQUIVALENCE connectives and the NUMber of OPERANDS according 
to the definition of Operands in section 2. Then the PARAMETERS for the UNION 
of the combinations and the NUMber of COMBINATIONS are produced as given in 
the theorem and corollary. 
DETERMINE-COMBINATIONS(0) 
DETERMINE OPERANDS(O)+OPERANOS, NUM-NON-EQUIV, NUM-OPERANDS; 
if EVEN(NUM-OPERANDS) and EVEN(NUM-NON-EQUIV) - 

then (N,N-2I,O,N/2)xNION-PARAMETERS; 
if =EVEN(NUM-OPERANDS) and EVEN(NUM-NON-EQUIV) 

-n (N ,N-2I,O, ( N - 1 ) / 2 ) q N I O N - P A R A M E T E R S ;  
if m(NUM-OPERANDS) and not EVEN(NUM-NON-EQUIV) 
- then (N,N-(21-1) ,l,~)~NION-PARAMETERS; 
if XEVEN(NUM-OPERANDS) and not EVEN(NUM-NON-EQUIV) 
- E n  (N,N-(21-1) ,1, (N+lm+mION-PARAMETERS; 
SUMW-OPERANDS) + NUM-COMBINATIONS 

END-OF-DETERMINE-COMBINATIONS 

5. A Modified Matrix Path-Testing Procedure 

In this section a matrix path-testing approach similar to that in C21 is pre- 
sented. The differences, as can be expected, are caused by the trftatment of 
the equivalence operands, particularly with regard to the testing of 'pure' 
literals. It became necessary to introduce recursive procedure calls at cer- 
tain places because the systematic approach of algorithm 4.1 A in C21 could 
not always be maintained at those places in which equivalence operands 
occurred. 
As in section 4, the formula to be tested for validity is first negated and 
the result0 is then entered to PROOF. PROVE, now a recursive procedure, is 
then called. PUSH, which acts upon the stack WAIT, is the same as that in 
Bibel 's original algorithm with one exception, namely, whenever an equiva- 
lence operand has to be PUSHed. In this case the equivalence operand, ACT 
and M are placed on the stack along with information calculated by 
DETERMINE-COMBINATIONS (as in last section) which is called by PUSH. POP 
also has the extra job, whenever it has to POP an equivalence operand, of 
initializing the generation of the next combination of signs (similar to 
GENERATE-SIGNS-ON-OPERANDS-IN-TREE, in previous section) and returning the 
signed operands as a clause C. Of course, all the other details of reducing 
NUM-COMBINATIONS by 1 and noting the last combination of signs generated 
for the next POP call, must also be handled by POP. 



PROVE (0)  
1 0 - M ;  
2 ACT+@; wh i l e  non-empty(WA1T) do POP(WA1T); PUSH(WAIT,"lm"); 
3 choose a x s e  C from the m a t x x  M; M+M\C; 
4 - if C i s  an equivalence operand then [PuSH(WAIT,(C,ACT,M)); 

POP(WA1T) -. (C,ACT,M); i f  PROF,ACT,M) then goto 20 e l se  re tu rn  fa1 s e l  
5 choose a ma t r i x  M' from C F g  C\M1 # 0 t h e n P U S H m T , ( C w A m ;  
6 m i s  not  a l i t e r a l a n d  no t  an e a u i v z c e  o ~ e r a n d  - 

then [PUSH(WAIT,"lmn); M+M1 UM; 'goto 201 
' 

7 i f  M ' s  no t  a l i t e r a l  but  i s  an e uivalence o erand 
- then [PUSH(WAIT,"~~") ; PUSH(WAI?, ( Y '  ,ACT,M)~; POP(WA1T) -. (C,ACT,M) ; 

ifPROVE(C,ACT,M) then goto 3 e l se  r e t u r n  f a l s e 1  - 
8 L+M1; ACTcACTUL; 
9 if M-0 then r e t u r n  f a l se ;  

10 if there  i s  no clause CEM such t h a t  e i t h e r  L o r  i occurs i n  C 
then [wh i le  POP(WAIT)# "lm" POP(WA1T); POP(WA1T); goto 31 -- 

11 if there i s  no equivalence clause CEM such t h a t  occurs i n  C f o r  some KEACT 
then [wh i le  POP(WAIT)# "lm" POP(WA1T); ACT+@; goto 31 

12 else [choose KE ACT such t h a t  occurs i n  M; L + K11; 
13 choose a c lause CEM such t h a t  i f  ne i t he r  - nor  + occurs i n  C 

then 1 occurs i n  C else 1 o r  L occurs i n  an equivalence operand i n  C;M+M\C; - 
14 (same as l i n e  4) 
15 choose a ma t r i x  M 'EC such t h a t  i f  ne i t he r  o nor 96 occurs i n  M' 

then C occurs i n  M' else i o r  L occurs i n  an equivalence operand i n  M1;C+C\M: - -  
16 - i f  M' i s  an equivalence operand then [PUSH(WAIT,(M1 ,ACT,M)); 

POP(WA1T) -. (C,ACT,M) ; if PROVE(C,ACT,M) then goto 20 e lse- re turn  fa1  s e l  
17 f o r  each C 'EM such t h a t  C 1  cons is ts  o f  a s i n g l e  l i t e r a l  K#L 

n e c k  each en t r y  on WAIT (except those whose C-parts are  equivalence 
operands) from the top u z t i l  t he  f i r s t  occurrence o f  "lrn" whether f o r  
i ts-C-part, C", we-have KEC"; i f  t h i s  i s  t r u e  then cancel t h i s  occurrence 
o f  K; i f  even Cn={K} then removethe whole e n t r F o m  WAIT]; 

18 among tG matr ices o f  C l e t e  those which a re  l i t e r a l s  K such t h a t  ~ (EACT;  
19 if C#@ then PUSH(WAIT,(C,ACT,M)); if MI#[  then[PUSH(WAIT,"lm";goto 231 
20 while POP(WA1T) = " l m "  & POP(WA1T); if EMPTY(WA1T) then re tu rn  t rue ;  
21 if NEXT(WA1T) i s  an equivalence operand then rPOP(WA1T) -+ (C,ACT,M) ; 

i f  PROVE(C,ACT,M) then goto 20 e l se  r G n  f a l s e 1  
22 ~ ~ ~ ~ [ P O P ( W A I T )  -+ (C,ACT,M) ; goto 71 
23 choose a clause C E M such t h a t  i f  ne i t he r  o nor  + occurs i n  C 

then L occurs i n  C else i o r  L occurs i n  an equivalence operand i n  C; - -  
M + (M'\C) U M; 

24 (same as l i n e  4)  
25 choose a ma t r i x  M 'EC such t h a t  i f  ne i t he r  - nor  + occurs i n  M' 

then C occurs i n  M' else i o r  L occurs i n  an equivalence operand i n  M'; 
C~\M '7 

26 (same as l i n e  16) 
27 goto 19 
END-OF-PROVE 

The reader i s  re fe r red  t o  B i b e l ' s  paper i n  these proceedings f o r  an 
explanat ion o f  the  nota t ion  i n  the  above algor i thm. 



6. Conclusion and Prospects 

I t  can e a s i l y  be seen t h a t  t he  above approach reduces the  storage demands 
from O(Zn) t o  O(n) except f o r  a small constant overhead. I n  p r i n c i p l e  the  
approach can be t rans fe r red  t o  f i r s t - o r d e r  l o g i c  C101 al though the  saving 
w i l l  n o t  always be as great.  An implementation o f  procedures s i m i l a r  t o  
those i n  sec t ions  4 and 5 but  f o r  f i r s t - o r d e r  l o g i c  are  c u r r e n t l y  being 
ca r r i ed  o u t  by t he  authors o f  [41. 
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