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The AISB’03 Convention

Cognition in Machines and Animals

The Society for the Study of Artificial Intelligence and the Simulation of Behaviour (S5AISB)
is the UK’s national society in the field of Artificial Intelligence. It is one of the oldest Al societies
in Europe and has a long track record of supporting the UK research community. The society
has a tradition of holding annual meetings and a convention format has proved successful. most
recently at the Universities of Edinburgh (1999), Birmingham (2000). York (2001). and Imperial
College. London (2002). We are delighted to host the 2003 convention at the University of Wales.
Abervstwyth.

Recent advances in artificial intelligence, cognitive science, neuroscience and robotics have
stimulated new interest in the relationships between biologically-based and computer-based cog-
nitive systems. There is a current upsurge of activity both in biologically-targeted computer
modelling and in adapting and experimenting with biological concepts for the design and devel-
opment of novel computing technologies. For example, the BBSRC and EPSRC recently started
a joint programme on Adaptive and Interactive Behaviour of Animals and Computational Sys-
tems (AIBACS). These topics are providing much inspiration for new research and innovation
and the general theme of the 2003 convention reflects this stimulus and has attracted a range
of high quality paper submissions and presentations.

In the early years of the SSAISB there was considerable interdisciplinary excitement about
the general phenomenon of cognition, and lively meetings were attended by both computer
scientists and psychologists. Perhaps the success of Al technology across a wide range of hard
applications in the "80s and "90s caused the research focus to drift away somewhat from that most
fascinating and astounding source of inspiration: cognition in the human brain. Consequently,
it is very pleasing that we are now in the throes of a swing back towards those original concerns
and I hope this convention will encourage further interaction between psvehology and computer
science, not least through the exciting selection of topics and invited speakers.

The convention is structured around five independently organized symposia, each with their
own Programme Chairs and Programme Committee. The proceedings of all svmposia are pub-
lished and several of the best papers have been selected for edited publication in the AISB
Journal. The unifving theme of the convention is reflected in a series of plenary sessions which
feature invited keynote speakers. The six speakers, all international authorities in their field,
are: Professor Peter Hobson, from the Tavistock Clinic and University College London; Pro-
fessor Rajesh Rao, from the Center for Mind, Brain and Learning, University of Washington;
Professor Giulio Sandini, from LIRA-Lab. University of Genova; Professor Sorin Solomon. from
Theoretical Physics, Hebrew University of Jerusalem: Professor Yiannis Aloimonos, from the
Computer Vision Laboratory, Institute for Advanced Computer Studies, University of Mary-
land; and Professor Gregor Schoner, from the Institut fiir Neuroinformatik. Ruhr-Universitat
Bochum.

We are extremely grateful for the support of the EPSRC. who provided funds for both the
invited speakers’ travel costs and for a large number of bursaries for postgraduate research stu-
dents. The bursaries cover most of the cost of attending the convention and are particularly
valuable as thev enable the next generation of scientists to interact and to discuss issues with
some of the key players in their research field. Support and assistance has been given by the
Department of Computer Science at UWA, Meinir Thomas and the Conference Office at UWA,
the IEE. and the Committee of the SSAISB, especially Geraint Wiggins. Special thanks are
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due to all the symposia Chairs for all their time and hard work: Kerstin Dautenhahn. Chrysto-
pher Nehaniv, Dimitar Kazakov, Daniel Kudenko, Eduardo Alonso, Ulrich Nehmzow. Gregor
Schoner, Horst Holstein, Fred Labrosse, Pablo Gervas and Simon Colton. Special thanks also
to our Technical Programme Assistant, Joanne Walker. and, for typesetting expertise. to Fred
Labrosse. Finally, thanks to all the authors for their contributions. which form the essential
core of the event. I am looking forward to the programme and I wish everyone a stimulating
and productive meeting,.

Mark Lee (Convention Host and Programme Chair)
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Presented here are the proceedings from the fifth AISB syvmposium on creativity in Al
and Cognitive Science. This builds on similar events in 1999 (Edinburgh) 2000 (Birmingham)
2001 (York) and 2002 (Imperial). The purpose of these svmposia has been to bring together
researchers in all aspects of creativity research within Al and cognitive science. Along with
philosophical discussions about the nature of creativity in both arts and sciences. we have
particularly tried to encourage the presentation of research discussing implemented svstems
and frameworks within which implementations can be undertaken. assessed and applied.

The aim of holding one unified meeting, instead of several simultaneous smaller ones. is to
promote communication between those studving different aspects of creativity. We are very
pleased to say that computational creativity attains more respectability and attention every
vear and is beginning to flourish into a very interesting research area.

In this year’s proceedings. the research presented covers philosophical approaches to ma-
chine creativity. including a study of epistemic and ethical mediators and the funetioning of
tropic communication. Frameworks for machine creativity are also covered with papers on op-
timality principles for conceptual blending, and the use of concept maps for natural language
generation. As usual, computer music is well represented at the symposium, with papers dis-
cussing macrostructure discovery for musical signals, driving chord progressions using tension,
fugal exposition composition, improving the prediction of PPM variants, music generation from
statistical models and an approach to improvisation using multi-swarms. Finally, computer art
motivated by human perception is represented with a paper on symbolic pointillism.

The papers presented here were carefully selected by multiple blind anonymous peer review.
This, as always, entailed a lot of work for the symposium’s programme committee, to whom we
are very grateful. They were:

Amilcar Cardoso. University of Coimbra, Portugal
Graeme Ritchie. University of Edinburgh. UK
Geraint A. Wiggins, City University, UK

John Gero, University of Sydney. Australia

Ashok Goel, Georgia Tech. USA

Alison Pease, University of Edinburgh. UK
Marcus Pearce, City University, UK

We are also very grateful to the following people who reviewed papers for this svmposium:
Andres Melo, Carola Boehm, Francisco Camara Pereira, John Barnden, Kia Ng., Penousal
Machado and Peter Desain. Finally, we wish to thank the authors for presenting high quality
research and for their punctuality and cooperation in preparing this volume. We are also very
grateful to the convention organisers for making the event possible.

Pablo Gervas
Universidad Complutense de Madrid, Spain

Simon Colton
Imperial College, London., UK
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The Functioning of Tropic Communication: A Mechanism for Consistent
Figurative Descriptions of Artistic Effect

Dave Billinge
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Abstract

We describe our investigation into the consistency of response to music by two or more people. We explain why we
view these responses as private and knowable only by the respondent. Our current position is that people
communicate using tropic language. This model of the discourse is shown diagrammatically starting with a sample of
the type of language studied. The functional model constructed from these diagrams in a schematic programming
language is described. With this model we show that communication is possible in principle with private referencing.
One conclusion is that such private referencing could be an underlying mechanism for a creative act.

1. Introduction

The basic question we are exploring here is, *Is it possible
for people to have a mutually consistent response to the
world given only intemal and private references?” This
paper describes the concepiual and computer-modelling
work so far and states how we see it developing.

The above question has arisen from our work in trying to
analyse the nature of descriptions of musical effect in order
to build an artistic decision support system. We
discovered from the observation of peoples’ language use
while they discuss music under controlled conditions that
there seemed to be no consistent way in which words were
used to describe music. It was only when we considered
metaphor that we could make sense of what we had
observed. In particular, we noted that speakers used
metaphor creatively and it was because of this that the
inconsistency was observed. The question then arose as to
why people found it necessary to use metaphor, We
concluded that it was because the descriptions were about
personal feelings. Since feelings are private, the accepied
referential mechanism of language cannot take effect.

Since, in addition, we do, routinely, have just such
conversations, not only about art, and believe we are
communicating successfully, we see the act of
communicating musical experience as a microcosm of a
much larger issue. The issue is how humans manage to
converse when so often they appear not to be saying what
they mean.

It is essential to point out what we are not researching. We
are not tryving to show what music means', (if indeed that is
a real problem at all), and we do not believe that people
need o agree on artistic descriptions as they would need to
agree on descriptions of, say, poisonous mushrooms in the
forest. However, in trying to show how people can
communicate figuratively we do need to establish that
some common understanding of the language exists.

1 Extensive consideration has been given o this issue by Meyers
(1956, 1967, 1973), Cooke (1959) and many others. For more
considerations see Billinge (2000).

2. Tropic Communication

It is the view of some linguists, such as Lakoft and
Johnson (1980) that our natural language does not function
as a computer language with defined terms and
unambiguous reference (formal semantics). Our language
is overwhelmingly figurative; it is Er{rpic: communication.
If this is the case, and we wish to build machines that work
within the same paradigm as people so that emotion can be
communicated, then such tropic communication must be
understood. However, the process behind such
communication seems to depend upon the construction of
descriptions from purely intermnal reference points; namely
primary emotions or emotional-archetypical situations.
How such a system can work is puzzling, but one way of
understanding and exploring the process is to build a
computer model.

3. The Conceptual Model

A model that has many of the properties we are looking
for and that scems to support the creative construction of
metaphorical descriptions of musical effect is conceptual
blending, Conceptual blending (Fauconnier and Turner
2002) suggesis a way in which different situations (such as
given by mixed or simultaneous metaphors) can be
brought together to form new perceptions of the world. As
with metaphor such perceptions can then be used to infer
consequences and thus possible action.

In order to ensure that conceptual blending fulfils the role
of deseribing tropic communication we need to review our
observational resulis (Billinge 2001, Billinge and Addis
2001, 2002).

* A trope is a figure of speech such as metaphor, metonymy and
svnecdoche.
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Figure 1: Venn diagram of the emotional landscapes for
Actors A and B and the effect of two metaphors

The Venn diagram summarises these results. 1t is also an
indication of the process as we saw it at the time but ina
way that leaves too much to the imagination. The diagram
is essentially static and does not show all the necessary
dynamics of creating descriptions through hidden and
private references. What we needed to show was that the
internal referencing was a possible basis for
communication and it could be stable. We had 1o
determine the strategies needed for it to work and to show
the underlying assumptions required.

4. The Functional Model

4.1 Background

In an attempt to address these issues and to detail this
process, we are now working on a functional computer
maodel of the internal referencing process. This should lead
to a comparatively simple version of a conceptual blending
maodel. It is a dynamic model, which demonstrates the
mutually adaptive internal processes that allow tropic
communication to work. We hope to use this model to
revisit our observations and create new controlled
experiments to find evidence for the model and in the light
of this to refine il or create a new one.

As a starting point in this new investigation, a text by a
music critic was chosen from a music magazine. This text
is typical and it is intended to communicate the emotional
effect of a piece of music.”

(X 's) refreshingly iconoclastic insert notes insist that this
performance of the Brahms' Second reveals an 'infrinsic
unease’ stemming from Horowitz's ‘temperamenial
mismatch’ with both Toscanini and the work irself. Thar
may be true but whatever contentiousness clouded the
recording session, the heat of the occasion forged it into
an interprefative virtue. The result is one of the most
arresting recordings of this warhorse ever made. Granied,
it's controversial, This is not the place to seek out the
succulence of Brahms s harmonies (passages that are
poignant in other hands sound nervously expectant here)
or the sweemess of his melodies (calls for dolce and
espressive are rebuffed even in the third movemeni).
Rarher, Horowitz and Toscanini deploy every available
tool 1o scrarch out any signs of tenderness from this
normally bighearted score: barbed attacks, gaunt tone,
angular phrasing, contestaiory freatment af

* A more detailed account of this work was presented by the
authors at the BCATI'02 conference in Lyvons, France im August
2002, See Billinge and Addis (2002).

accompaniments, urgent fempos, highly strung riyihms
(dotted figures have a special edge). The climaxes erupt
with an unaccustomed violence: and while the finale is
notable for its legeiero, it's the lethal lightness of a well-
aimed stiletto. It is, in other words, far from easy listening.
Burt despite a few moments of scramble, the performance
has such ferocious commitment that it's hard to resist. If
the stately account of the Tchaikovsky sounds less
heterodox, that's largely because, in my view, the work is
more overtly dramatic to begin with. Srill, even here, the
music is pushed to extremes. Every single bar crackles
with tension and Horowitz and Toscanini forgo the music’s
Ivricism in arder to wring every possible thrill from the
score. It is, withow doubt, a cruel sacrifice; but once
again, the reading is so electrifving that you re compelled
to go along with it

On the surface this is a set of undefined, maybe poetic,
words especially if seen, as we did in our initial
experiments, as a discrete lexicon. However if we inspect
the text for metaphors a different view emerges.

The metaphors may be considered the medium for
transmission of the musical experience.

The author sets the stage with a statement of the stance he
takes and intends to convey.

“X"s refreshingly iconoclastic insert notes insist that this
performance of the Brahms® Second reveals an 'intrinsic
unease’ stemming from Horowitz's "temperamental
mismatch’ with both Toscanini and the work itself.”

The way he reinforces this message is to write in terms of
conflict, violence and tension whilst using harmoniousness
as a foil. It would be inappropriate to go into this in
overmuch detail so a few examples must suffice. The text
is full of conflict metaphors:

lconoclastic insert notes ... contentiousness clouded the
recording session one of the most arresting recordings of
this ... i's controversial ... calls for dolce and espressivo
are rebuffied ... deploy every available tool to scratch out
any signs of tenderness ... barbed attacks ... gaunt tone ...
contestatory treatment of accompanimenis ... lethal
lightness of a well-aimed stiletto ... you're compelled to
go along ...

And at the other end of the emotional scale it has a
significant number of metaphors of harmony and pleasure:

the succulence of Brahms's harmonies (passages that are
poignant in other hands) ... the sweetness of his melodies
... signs of tenderness from this normally bighearted score
... the music's lyricism ...

These examples are typical of the written genre and indeed
of the spoken discourse. Modelling this must involve
simplification thus we chose to work in terms of messages
being conveyed between exclusive private worlds where
the only common factor is the source of the experience and
its comparators.

* From International Record Review, Vol 3 Issue 5 August 2002:
[SSN 1468-5027 p.27




4.2 The Initial Model

We wanted 10 show how the reactions of an Actor B to a
piece of music, as perceived by Actor A, might be
quantified to enable processing into an internal model of B
held by A. Such a process will involve a form of
negotiation and learning that requires the use of tropic
communication by both Actors. It should be noted that the
weightings we apply are not seen as ‘real’ mental artefacts
that exist within the human brain (although they might).
Any measures we use arg simply convenient
representations of emotional intensity within the
computational model.

We start by describing how the processes are modelled.
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Figure 2: Tropic communication using internal views

Figure 2 illustrates the situation. This diagram shows an
external world in the central rectangle that consists of six
artistic objects, in this case musical performances (events)
of pieces (objects) called Triangle Music, Circle Music ete.

In this world Actors A and B listen to Triangle Music and
then A modifies his® internal interpretation of Actor B's
descnption. It 1s postulated that Actor A's and Actor B's
internal emotional reactions differ. This is shown by the
different shapes within the hard circle associated with each
actor, This leads inevitably to the kind of differences of
opinion commonly experienced by those discussing art
works. We assume B provides a figurative description in
which his (B's) differing perception of the effect of
Triangle Music is conveyed to Actor A.

This process is now traced in more detail. As noted, the
series of shapes in the central oblong represent different
pieces of music experienced by both A and B. They can
therefore describe their respective reactions to the first of
these, Triangle Music, by comparing the effect of Triangle
Music with the effect of Circle Music, Square Music, and
50 on. This use of comparative reference 15 what we take 1o
be characteristic of figurative discourse. A's initial
emolional reaction to Triangle Music is represented by a
heart shape, B's by a star. This implies that both Actors
have their own individual responses. In conversation B

*The English term “his®, as is the traditional syntactic convention,
will be considered gender neutral.

describes to A how he feels about Triangle Music. As a
result of this explanation, A begins to build an internal
representation of what he believes 1o be B's emotional
reaction: this is shown in Figure 2 by the soft circle B', A
can never know exactly what reaction has taken place in
B’s mind because we cannot describe our emotional states
directly, only indirectly via the use of what we describe as
“Tropic Communication”, the use of metaphor, simile and
other tropes; other figurative language. The inevitable
result of this tropic description is that A's picture of what
is in B"s mind is inaccurate, thus B' is shown containing a
polvzon only loosely similar to the star B is “actually™
describing. The only means B can use to describe his
reaction to Triangle Music is by making statements like “It
was more dramatic than Circle Music”, or, “It was much
less lively than Cross Music”, and so on. We note that
‘dramatic” and ‘lively" are emotional dimensions that are
understood by each actor.

In parallel with these inputs, A has to interpret B's

comments via his own emotional reaction, shown in
Figure 2 as a “heart” reaction. Further, when B draws a
comparison with Circle Music as above, A's interpretation
of the comparison not only has to modify from the basis of
a “heart” effect, it also has to be modified using A’s and
not B's, reaction to Circle Music. S0 when B says,
“Triangle Music was more dramatic than Circle Music”,
A’s internal model B' is modified by a statement which
could be stated like this. “B thinks that the dramatic
impact of Triangle Music is more than the dramatic impact
of Circle Music so | must alter B to reflect how | perceive
the dramatic nature of Circle Music to make it more
dramatic than my perception of Triangle Music.” A has no
means whatever of directly observing what B thinks about
anything. He has to make a creative leap from state B' to,
perhaps, state B, Bs, and 50 on, until B has finished
drawing comparisons with all the available music know to
them both. What this model is intended to convey is not
only the inaccuracy that must inevitably follow from A
trying to picture something he can never see, an image
inside B’s mind, but also the convergence of the internal
models that results from the accumulation of comparisons.

We aim to show how the feedback triggers adjustments of
A’s emational reaction weightings and leads to his
reassessing his categorisation of the basic emotional states
conveved by his experience of the artistic event. With
these states changed, Actor A is obliged to rework his
internal descriptions and adjust internal references so that
they are acceptable both to himsell and to Actor B. This
also suggests that without some common external
reference (the event) no change of their internal models
can lake place.

4.3 The Abstracted Model

The extended nature of the above description was reason
enough for us to view the further modelling of this
interaction by, so far as we are able, refining it down to the
bare essentials. Figure 3, below, is still a diagrammatic
representation but it provided for us a means of resolving
the various objects into numenc measures and program

labels.
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Figure 3: Further Abstracted Model of Tropic
Communication

In Figure 3 the music picces are represented as P 1o 5, the
Actors as A and B and the heavy arrow shows the potential
for an indefinite number of additional Actors C, D, E and
so on. The lines represent one of many simplified single-
emotional reactions to Music P, Q, R and S. We call these
lines ‘dimensions’ and they are associated with each
external object. For example the extent to which the music
P makes Actor A happy is shown by the position of the
bisecting vertical line at *, the horizontal line representing
the continuum between totally-without-happiness on the
left and fully-happy to the right. Thus Music P makes A
strongly happy, Music () makes A moderately happy and
5o on through R and S. Actor B's happiness quotient is
similarly shown and we can see it is different for Music R
but quite similar for Music P. Thus when B tells A that
Music P makes him feel happier than does Music S, Actor
A will interpret that declaration against his internal model
of the happiness quotients he has attributed to Music P and
Music 8. Since A finds P to be less-happy music than S he
might well respond to B by expressing surprised
disagreement. B, who cannot be aware of A’s internal
ratings, will come back with a further comparison with
which he hopes to clarify the extent of Music P's
happiness in his estimation. He might respond, 0K, but
surely you find R happier than P." The rcader can see that
this will not bring agreement since A's internal model still
will not be able to support that belief, but it will enhance
A’'s understanding of B’s vision of the world.

The use of continua to represent strength of emotion, and
statements of sequence Lo represent the tropic
communications which are all that may pass between A
and B, allowed us to construct a functional model which
would simulate the course of internal model change.

Adding the potential for an Actor C, D, E and so on,
allows us to extend the model to simulate another factor,
the process by which A may choose with whom he wants
most Lo talk. If A converses with B and C, he will
eventually find that one or the other tends towards better
agreement with his, A's, assessments. In future exchanges
A may choose to take the views of C more seriously
because they agreed better last time. To account for this we
adopt the notion of belief (Addis and Gooding 1999) as a
weighting of C's views in A's estimation. Tropic
communication such as this takes place in a social situation
and it is our personal experience that such changes in
social bonding do, in fact, take place.

4.3 The Basic Functional Model

The current model shows how actors negotiate an agreed
internal emotional framework that neither of them can
observe directly. This serves in turmn as a model of how
they also agree choices of metaphor and other tropes as

well as create a figurative description that both accept as
an adequate representation of their feelings. We further
show how the current model reflects these differing effects
as numerical weightings and discuss the types of
experiment that we are carrying out to refine the model.

The starting point for Actors 1, 2 and 3 is they have no
musical experience having attended no conceris. So we
show them as having no knowledge of what we describe
above (Figure 2) as Triangle Music, Circle Music, Square
Music, and so on. They have no means of communication
about the effect of these virtual compositions because they
have no reference points, They cannot describe reactions
in terms of “more” or “less”™ (for example) happiness
because they have no happiness-concept to begin with.
The dimension of experience chosen could be anything,
love, hate, anger, happiness etc. We choose the latter.

We show this state of affairs by rating an actor’s beliel in
the effect on others within the chosen realm (happiness
can continue to serve) of a piece of music. Since belief
must never exceed unity, the maximum value of 1 is
distributed evenly over a 7-part scale thus:

[0.043 ] 0,143 0,143 | 0.143 | 0.143 | 0.143 | 0.143 |

The choice of a 7-pan scale may need explanation because
we refer to these dimensions as continuous. We have
adopted the notion of belief from Addis and Gooding
where it applies only to scientific hypotheses. They treat a
hypothesis as a discrete object drawn from a set of
competing hypotheses. In our case we are treating a value
as an object drawn from an ordered set of values. Because
a centre value is important any odd number will suffice. 3
or 5 were rejected as too limited and 9, 11, 13 and beyond
as unnecessarily complex for demonstration purposes. 7
can be seen as a useable compromise. We use 0 to
represent no (happiness) and 6 to represent absolute
(happiness). Only the actor themselves knows this measure
and for now we will not pursue questions such as “how
does he know?"

Afler experience of a single object our actors can only
make absolute statements like “Triangle Music makes me
feel (happiness) or (nothing)”, so communication between
actors 1, 2 and 3 is limited to (happiness present), and
(happiness absent). Internally the object will have
triggered a degree of (happiness) but it cannot be
expressed. In our model we will represent this personal
experience as a belief of | for one of the seven positions
on the continuum because “he knows what he likes™.

[ we communicate with actor 4 who has never attended
any concert, then Actor 1, for example, could tell Actor 4
that the music was of no consequence, or report that he
should have the experience. This level of effect is akin to
Pierce’s “firstness”. Actors 1, 2 and 3 have experienced
something they can graduate internally but cannot express,
but Actor 4 lacks the experience that even allows
identification of the dimension.

The actors are now exposed to the second object, Circle
Music. A similar process of reception takes place. Owing
to the fact that Actors 1, 2 and 3 have one item of prior
experience they can now compare that emotional effect
with the effect of object two on an identified dimension.
This gives them a more subtle means of communication in
that they can convey intemal comparisons.



To represent the experience of attending a concert (event
I} we instruct our model through queries. Note that all
interactions are called “queries” in the schematic
functional programming language Clarity. (Addis and
Townsend-Addis 1995, 1998, 2001, 2002).°

QUERY> actor only concerts (no_query) #1
True

Each actor, knowing their own response to the objects,
then modifies their initial neutral assessment of others
views. The function show_views displays all actors’
perception of others for all objects. For clarity we have
graphed the results. We have also dropped Actor | for
simplicity.

QUERY> show views #]
True

0.4 5
0.35 +
0.3 1
0.25 +
0.2 4
0.15 +—
0.1+
0.05 4

4 5 6

Figure 3
Actor 2's and Actor 3's views of other's view of Object |

0.4
0.35 +
0.3 4
02+
0.15 +—
0.1+
0.05 4=

0 1 2 3 4 5 &

Figure 4
Actor 2's and 3's views of other's view of Object 2

It is initially assumed by all Actors, without any other
knowledge, that all other Actors will have the same view
as themselves. The distribution of effects has now
changed from the base distribution of 0.143 all actors have
to an increased rating at one point of the scale by 0.25 to
0.357. Since all of the seven positions on the scale still has
to total to unity, the remaining items dropped back to
0.107.

We now illustrate a single communicative exchange
between actors 2 and 3 using the function mnﬁuh person
shown in figure 5. -

® A free version of ClarityLite is available at www.clarty-
SUpport.com

Figure 5
Clarity function for consulting and changing view

This shows two processes: answer query and

change views. In this example Actor 2 asks Actor 3 “is
Object 2 of higher value than Object 17" In this case the
response is “No™. This then triggers change view for
Actor 2, which is graphed in Figure 6. The change can be
seen in relationship to Actor 3°s view that remains
unchanged.
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Figure 6
Object 1 modified by Object 2 for Actor 2.

To be more specific, when Actor 2 asks Actor 3 if Circle
music (object 2) is liked better than Triangle music (object
1), he gets the answer “No™. In response, Actor 2 modifies
his internal distribution of Triangle music (object 1) by
shifting his own distribution of Circle music {object 2).

He shifis it to be higher than the current position, using it
to modify his vision of Actor 3's view of Triangle music
(object 1). Note that in figure 6 the belief in Object 1

( Triangle music) is now higher, in position 3, than shown
in figure 3. This is because Object 2 (Circle music) was
high for Actor 2 in position 2, which was then shifted right
by one position. The extreme left value for the
maodification was taken as zero.

In the functional language Actor 2 asks Actor 3 if object 2
15 more than object 1 as follows:

QUERY = answer query (more #2) 23 #1 #1 #1
False

The distribution of 2's view of object 2 is shifted right.
This distribution is used to modify the distribution of 2's
view of 3's view of Triangle music (object 1).



QUERY> query update actor #2 #3 (more #2) #1 #1 #1
True

If the result of answer guery had been True then the shifi
would have been in the opposite direction. Queries of the
*same as’ can also be asked by each Actor to the others.

The effect of modifying an Actor’s confidence concerning
the views of others about objects uses the same technique
as Addis and Gooding (1999). The confidence value of
each dimension value that makes up the Actor’s belief
profile will be modified according to the following
equation:

EfH) = (M-1).Eq.1(H) + En.i(Heomsuliee)

M

M ranges from 1 to infinity. The larger M, the smaller the
effect any evidence has on the change in confidence. We
can thus define concept receptivity as follows. This ranges
from 0 to 1 for cach agent as:

receplivity = /M

reflecting the influence of any consultation upon the
consulting Actor.

The use of a receptivity of 0.25 needs explanation. To
some extent it is arbitrary insofar as anything between 0
and 1 might be chosen. If zero were chosen, no change
could take place, if | were chosen there could only ever be
an exchange of one viewpoint for another and no
negotiation of belief would be possible. We opted for 0.25
as the experience unit because if a new experience armrives
to compete for the Actor’s attention he has only to discard
0.25 of his current belief. If we continue in a figurative
vein by suggesting that each new experience be mixed
with those added before, we have a situation for the
gaining of experience-knowledge as follows. Actor X
gains (say) four experiences, red experience, blue
experience, orange experience and purple experience.
These experiences are shaken together, such that he only
has to discard 0.25 of the overall stock of experience 1o
make way for a new experience. Enough of all the
previous experiences remain to count as useful learning.

The number of dimension values considered by an Actor
varies. The confidence in a particular value is affected not
only by experience and queries but also by the number of
values along a dimension available for consideration. In
our case we have only considered seven along a single
dimension. In order to allow for changing numbers of
values we used the same idea that was originally proposed
by Addis and Gooding (1999). Here they introduced a
dynamic threshold, the indifference value. In our case this
defines those values that are actively being considered (or
believed to some extent) as representing the norm for the

group.

To calculate the indifference value Addis and Gooding
needed a function that changed smoothly between limiting
values. It should be easily calculable from any number of
different beliefs along any particular dimension. A quantity
that varies in time in this way is the inverse of entropy.
Entropy is an expected measure of the log of a certainty.
They and we used this as a general measure of an Actor’s
confidence in the world and its ability to act correctly at
event n. (Here 'a' and subscript *a’ is used to denote a

particular Actor). They called this general confidence
measure for an actor the Mode! Entrapy, where the term
model denotes the set of values that make up the Actor’s
view of the world. Model Entropy is given by:

Enimp:"'n {i""l-ﬂ-"mi:} _IE" E H(H].Lﬂgl {En{ Hﬂ'

and from this we can obtain an inverse of the entropy

which gives an expected value for E(H). This will be

denoted by 1;(H,). 1,(H,) will be called an Indifference
Threshold for the actor a at event n:

Indifference Threshold(a, n) = log: ' (Entropy,, (Agent,))
= 1.(H,)

The expression E (H) is the expected probability of a
dimension value. The measure of E (H) above I,{H,) is
considered to be significant, that is to say, the value is
actively believed by the actor.,

4.4 A Commented Run of the Model

T phor vt O] OG0 T2 TR

Figure 7
The top level of the functional model

In figure 7 we show the top level of the model in
schematic form. The sequence of program events goes
clockwise from the output (list bool) of progh.

Our initial trial of the model was run so that every actor
was initialised as to be indifferent about all values as
follows:

Initial State

Actor |

1[ 0,143 0.143 0.143 0.143 0.143 0.143 0,143 | 1 = 0. 143
2[0.143 0,143 0,143 0.143 0.143 0.143 0.143 | 1=0.143
Actor 2

1[ 0,143 0.143 0,143 0.143 0.143 0.143 0,143 | 1 = 0.143
2[0.1430.1430.143 0,143 0.143 0,143 0.143 | 1 = 0.143
Actor 3

1[0.1430.143 0,143 0,143 0,143 0.143 0,143 | 1 = 0.143
200,143 0143 0.143 0,143 0.143 0,143 0.143 | 1 = 0.143

Each actor then has a single experience of two objects (¢.g.
all attend a concert with two pieces of music) and this
modifies their neutral view with this certain experience
thus:



Experience
Actor |

1] 0.107 0.107 0.107 0.357 0.107 0.107 0.107 ] | = 0.165
2[ 0357 0.107 0.107 0.107 0.107 0.107 0.107 ] 1 = 0.165
Actor 2

1[ 0.107 0.107 0,107 0.107 0.357 0.107 0.107 ] | = 0.165
2[ 0.107 0.107 0.357 0.107 0.107 0.107 0.107 ] I = 0.165
Actor 3

[ 0.107 0.107 0.107 0.107 0.357 0.107 0.107 ] 1
2[ 0.107 0.107 0.107 0.357 0.107 0.107 0.107 ] 1

02165
0.165

Without this experience, no changes or modifications are
possible. The values that have a belief greater than the
indifference threshold are highlighted.

Eight cycles of consultation take place where each Actor
asks all other actors a sequence of questions conceming
their own experiences. The replies are used to modify
each Actor’s distribution of beliefs on some view of the
group’s opinions:

Consult

[ more 1)

Actor |

I[ 0.107 0.107 0.107 0.357 0.107 0,107 0.107 ] i
2[0.2530.1130.2350.1130.113 0.1130.060 ] 1
Actor 2

1[0.107 0.107 0.107 0.107 0.357 0.1070.107 ] 1 = 0.165
l[lfl'.l131]-”30.253!1135D.I]Eﬂ.ll]-ﬂ.ﬂﬁﬂ] 1=0,158
Actor 3

1] 0.107 0.107 0.107 0.107 0.357 0.107 0.107 ] 1 = 0.165
2[0.1130.1130.1130376 0.1130.113 0.060]1=0.171

0.165
0.158

( more 2)

Actor |

1] 0.060 0.178 0.1130.3100.113 0,113 0.113 ] 1 =0.161
210253 0.1130.2350.1130.113 0,113 0.060 ] 1 =0.158

Actor 2
1] 0.0600.1130.1130.178 0.310 0.113 0.113 ] 1=0.161
2A0.1130.1130.2530.2350.1130.1130.060]1=0.158
Actor 3
If 0.0600.1130.1130.11303760.1130.113]1=0.171
20011530113 0.1130376 0.1130.1130060]1=0.171

{ same 1)

Actor |

I 0.060 0.178 0.113 0310 0.1130.1130.113 )1 =0.161
2[0.2110.1230.197 0.114 0.128 0.128 0.099 | | = 0.148
Actor 2

1| 0.0600.1130.1130.17803100.1130.113 11 =0.161
2[0.1320.128 0.207 0.192 0.114 0.128 0.099 ] 1 = 0.148
Actor 3

0060 0.1130.1130.1130376 0.1130.113]1=0.171
210.1320.128 0.128 0.276 0.109 0.1280.099 ] 1 = 0.152

{ same 2)

Actor |

I[ 0.091 0.164 0.122 0.239 0.127 0.127 0.129 ] 1 =0.149
2[0.211 0.123 0,197 0.114 0.128 0.128 0.099 ] | = 0.148
Actor 2

I[ 0.097 0.127 0.121 0.1590.239 0,127 0.129 11 =0.149
2[0.1320.1280.207 0.192 0.114 0.128 0.099 ] [ = 0.148
Actor 3

11 0.097 0.127 0.127 0.116 0.276.0.127 0.129 ] | =0.152
2[0.132 0128 0.128 0.276 0.109 0.128 0.099 1 1 = 0.152

In the final modification after seven more cycles we have:

Actor |
[ 0.089 0.167 0.131 0.198 0.136 0.138 0.142 | 1=0.146
2[0.1800.1320.191 0.126 0.138 0.1390.094 | 1 = 0.146
Actor 2
1] 0,093 0.1390.133 0.160 0.198 0.136 0.142 ] 1 = 0.146
2[0.1450.137 0,172 0.186 0.126 0.139 0.094 JI=0.146
Actor 3
1] 0.0930.138 0.138 0.127 0.227 0.1350.142 11 =0.148
2[ 0,145 0138 0135 0.227 0.121 0.139 0.094 ] 1=10.148

Given the limited experience of each Actor this shows that
there is the possibility of convergent intemal standards.
The limitation is that the upper bounds of the evaluation of
the objects cannot be shifted until new and *better’ objects
have been experienced. Actor | has inferred correctly the
relative position of object 2 with respect to object 1 and
Actor 2 has adopted an evaluation of object 2 that is
approaching a consensus.

5. Future Development

This initial experiment with this model was only intended
to establish the possibility of inferred internal referencing.
Experiments that are more extensive will need to be done
to show what might be the limitations and stability of such
internal and inferred references. More Actors
experiencing a wider range of objects over an extended set
of events is required. Investigations into the way in which
the internal referencing might change are needed as well
as the seeing if there is the possibility of distinct sub-
groups of Actors appearing due to drift. Such drift would
be expected as soon as the Actors become independent of
the forced consultation sequence used here. The model
will be extended along the lines of Addis and Gooding
(1999). We intend to use the development of this model to
revisit our observations. We would expect this 1o lead 1o
the construction of new experiments.

6. Conclusions

We have shown within the limitations of this model that
internal referencing can have some external meaning. This
relies firmly on the common humanity of the individual
actors, in that they have to share a common cognitive
structure. This study also suggests that without some
common external reference with which this cognitive
structure may interact no communication can take place.

Moreover the results suggest that more experience and
interaction would produce internal models that are more
congruent. Despite this potential for convergence there
could remain important differences between individuals. It
is these differences that could be the source of creative
acis since perceived novelty occurs because the observer
lacks the internal logical structures 1o construct the
observed act. This implies that creativity is a result of
individual differences remaining despite social interaction.
Because we do share a common cognitive structure it
should not be surprising that some people will develop
common internal views at the same time. This would result
in new insights occurring independently and
simultaneously within a particular culwre. This should not
suggest that people need isolation to be creative, quite the
reverse; people need to be in communication in order for
novelty to be recognised and accepted.
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Ahbhstract

We propose an implementation of the eight Optimality Principles from the framework of Conceptual Blending,
as presented by Fauconnier and Turner (1998). Conceptual Blending explains several cognitive phenomena in
the light of the integration of knowledge from different mental spaces onto a single mental space: the Blend.
The Optimality Principles express general pressures that compete in the generation of the Blend.

The work we present now corresponds to the Constraints module of our computational model of Conceptual

Blending, also described in other papers.

1 Introduction

One big challenge for Computational Creativity is
the generation of new concepts and a very interesting
source of inspiration for approaching this issue comes
from the framework of Conceptual Blending, from
Fauconnier and Tumer (1998). The Conceptual Blending
(CB) framework establishes cognitive processes and
principles that work in the integrations of knowledge
needed in reasoning. We are developing a model of
computational creativity that takes an approach to CB
as a fundamental pilar. This system has been described
in carlier papers (Pereira and Cardoso (2001), Percira
and Cardoso (2003)) as well as its first experiments
(Percira and Cardoso (2002)), being evident the need
for developing the Optimality Principles of Conceptual
Blending as an urgent improvement. These are the
general guidelines that drive the process of blending and
allow the differentiation between a "good™ and a "bad™
blend. Here, we propose a formal realization for each of
the eight principles.

In the first sections, we give an overview of Conceptual
Blending, so as to provide the reader the motivation
and background for our approaches to the Optimality
Principles. We made some exploratory experiments
which are informally reported in the end of the discussion
of each principle. We finalize this paper with reflections
regarding the creative aspects of this work.

2 Conceptual Blending

Conceptual Blending (CB) was initially proposed by Fau-
connier and Tumer (1998) as part of a major framework
concerning cognition and language and had the role of

explaining the integration of knowledge coming from dis-
tinct sources onto a single, independent and coherent unit,
the Blend. A blend is a concept or web of concepts whose
existence and identity, although attached to the pieces of
knowledge that participated n 1ts generation (the inputs),
conquers gradual independence through time and use.
We find examples of blends in many sorts of situations, A
blend can be an effective way to get attention and curios-
ity towards advertising a product (e.g. Sony's AIBO robot
uses all sorts of Sony products behaving as if it were a real
human) or spreading a message (e.g. the Marlboro cow-
boy with impotence problems). People have been making
blends with creatures from the times of Greek mythol-
ogy (e.g. pegasus) till today (e.g. the pokemons), natural
language discourse (e.g. "John digested the book™, "Sue
sneezed the napkin off the table™), poetry (see Freeman
(1999)). It is also claimed to be important in scientific
creativity (Lakoff and Nunez (2000)) and in the elabora-
tion of cognitive instruments (Hutchins (2002)). Many
more examples and situations could be listed and studied
in detail, demonstrating the ubiquity of CB.

It is noticeable that Conceptual Blending and its research
community are growing, and possibly stll in its early
stages. It 1s an elegant proposal for a creative process and
its relationships with language and cognition, but it car-
ries formal vagueness across its several aspects, making
it difficult even to be considered as a theory, in a Poppe-
rian sense. Indeed, if the big hole between the general
model and the specific examples does not show any inco-
herence, it also does not allow falsifiability, leaving very
much undefined the boundary between what is and what
15 not a blend. These criticisms intend to motivate work
that, from our point of view, is fundamental. And support
our own motivation for the present project, which 1s that
of contributing with a formal model and implementation



Figure 1: The Conceptual Blending Model

based on Conceptual Blending. We hope it can be useful
in shedding some light on the referred issues.

In order to understand the CB framework, we must in-
troduce a fundamental concept: the menral space. Ac-
cording to Fauconnier and Turner (1998), mental spaces
are partial structures that proliferate when we think and
talk, allowing a fine-grained partitioning of our discourse
and knowledge structures. For simplifying, let us con-
sider a mental space as a partial selection of knowledge
from a domain, a memory of a situation, an imagined
scenario or entity, essentially a knowledge structure of
inter-related concepts that is explicitly or implicitly nec-
essary for a reasoning. As Al researchers, we see a mental
space representable as a semantic network, a frame, a case
or any other symbolic knowledge structure that gathers a
set of inter-related concepts towards a specific situation.
In its canonical form, Conceptual Blending is described
as involving two input mental spaces that, recurring to a
cross-space mapping between them and a generic space
that has general knowledge relevant for both the input
domains, will generate a third one, called Blend. This
new domain will maintain partial structure from the in-
put domains and have emergent structure of its own. The
process of generation of a blend can be summarized ac-
cording to three general steps (Fauconnier ( 1997)): Com-
position, where new relations become available that did
not exist in the separate inputs; Completion, when genenc
knowledge 1s projected into the blend, to “"complete™ the
emergent structure; and Elaboration, in which cognitive
work is performed in the blend, according to its own

emergent logic. The order of these steps may be changed
and several iterations of the process may be necessary.

* There is a set of governing principles, the Optimalin

Pressures, that should drnive the process of generating a
"good blend”(Fauconmer and Turner (2002)):

e Integration - The blend must constitute a tightly inte-
grated scene that can be manipulated as a unit. More
generally, every space in the blend structure should
have integration.

= Pattern Completion - Other things being equal, com-
plete elements in the blend by using existing inte-
grated patterns as additional inputs. Other things be-
ing equal, use a completing frame that has relations
that can be the compressed versions of the important
outer-space vital relations between the inputs.

e Topology - For any input space and any element in
that space projected into the blend, it is optimal for
the relations of the element in the blend to match the
relations of its counterpart.

 Maximization of Vital Relations - Other things be-
ing equal, maximize the vital relations in the net-
work. In particular, maximize the vital relations in
the blended space and reflect them in outer-space vi-
tal relations. Tumer and Fauconnier identify 15 dif-
ferent vital relations: change, identity, time, space,
cause-effect, part-whole. representation, role, anal-
ogy, disanalogy, property, similarity, category, inten-
tionality and uniqueness.

» Intensification of Vital Relations - Other things being
equal, intensify vital relations.

o Web - Mamipulating the blend as a unit must main-
tain the web of appropriate connections to the input
spaces easily and without additional surveillance or
computation.

& Unpacking - The blend alone must enable the under-
stander to unpack the blend to reconstruct the inputs,
the cross-space mapping, the generic space, and the
network of connections between all these spaces

s Relevance - Other things being equal, an element in
the blend should have relevance, including relevance
for establishing links to other spaces and for running
the blend. Conversely, an outer-space relation be-
tween the inputs that is important for the purpose of
the network should have a corresponding compres-
sion in the blend.

As far as we know, there is no work yet towards an
objective study of the optimality pressures, measuring
examples of blends or specifying these principles in
detail. This, we believe, disturbs considerably the
appreciation and application of Conceptual Blending in
scientific research, making a particular motivation for

10



this work being that of testing and specifying a formal
proposal for the optimality pressures.

3 Basic Notions from our model

We present some basic notions that are necessary to un-
derstand this document. We use a specific type of mental
space, that is static, modeless and non attached to dis-
course, which is closer to the notion of domain knowledge
in Al. We call it a domain, comprising a theory and a set
of instances. In this paper, we consider only the theory,
which is represented by a concept map that explains the
structural and causal organization of the domain. A con-
cept map is a semantic network, with binary directed rela-
tions between the concepts'. In CB, there is a set of vital
relations that take a special role in the Blending process.
We also consider these relations, but allow the choice of
a different set of relations. In principle, these vital rela-
tions can be the source for establishing mappings between
the input spaces, fundamental for the projection aperation
(two objects mapped to each other can be projected to the
same concept, ¢.g. horse and bird projected to pegasus).
Each mapping projection consists on a ternary relation
m/3. For example, a mapping algorithm based on “prop-
erty” could try to map pairs of concepts that make a valid
pair of object/property (e.g. “m(property, dark, bird)™), a
different one based on analogy could link pairs of analog-
ical counterparts (e.g. “mianalogy, leg, wing)”). As far
as our research goes, we are only applying an analogical
mapping algorithm that finds a 1-to-1 structure mapping
between the concept maps of the two domains. Knowing
this is a strong limitation, we hope to address other map-
ping algorithms in future developments. Currently, for the
sake of validation and experimentation of the system, we
allow wser-defined mappings, so as to allow conclusions
independent from the mapping choice.

Finally, another important notion is that of frames. The
reasoning behind a frame lays on the idea that concepts
within it should be tightly integrated according to a situa-
tion, structure, cause-effect or any other relation that ties
a set of concepts onto one, more abstract or broad, com-
posite concept. We envisage different kinds of frames, in
terms of level of abstraction. The more specific ones cor-
respond to concepts easily identifiable as familiar objects
or situation (which we can see as a kind of prototypes).
For example, the (very much simplified) frame of “trans-
port means” corresponds to a set of concepts and relations
that, when connected together, represent something that
has a container and a subpart (e.g. an engine) that serves

'First order logic predicates with arity 2, e.g. isa(bird, aves); pur-
peseiwing. flyv))
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for locomotion.

frame(transport _means( X)) :

have{ X. container)n
have( X. Y N

purpose( Y, locomotion) A
drive(.. X)

—

carrier( X, people)

The more abstract frames can consist on top-level deci-
sions or directives that decide the underlying philosophy
of the blend construction. For example, if a blend satis-
fies the "aframe” frame, it means it maintains the struc-
ture of the input domain 1. If it satisfies the "bprojec-
tion™ frame, then the concepts of input space 2 all get
projected unchanged to the blend (e.g. "bird™ is projected
to "bird”, "wing” is projected to "wing”). If a blend sat-
isfies "aframe™ and “bprojection™ simultaneously, then it
should® have the concepis from input space 2 organized
according to the structure of input space 1. It is more
complex to design these more abstract frames, thus we al-
low the use of programming (in profog language, inside
curly brackets) within a frame specification. Below we
can see the programming of the “aframe™.

frame({aframe(A)) :

aframe( A, Blend)
{stats(domainl, A), current blend(Bl)}, A
{findall(R/X/Y, (rel(A. XA, R.Y A), pro—
jection(Bl, A, X A. X), projection{Bl, A,
YA Y)). L)} A oplexists(L))

—

Basically, "aframe” searches for all relations of domain
| (A) and obtains a list (L) containing their projections
to the blend. The ep{exists(L)) condition is an operator
that, when, interpreted by the frame processor, expands
L into a set of concept map relations (like those in the
“transport_means” frame). For "aframe™ to be totally sat-
isfied, it is necessary that all relations from input space 1
also exist in the blend.

There are also frames of intermediate level of abstraction,
which aren’t either as specific as "transport_means™ or as
abstract as "aframe”. For example, "new_creature” is con-
cerned with finding a “creature™ (thus having its specific
properties - e.g. being a “living being™) that didn’t exist
before in either domains or existed but not as a "ereature”
(e.g. a "flying snout™).

When we say that a frame [ is savisfied in the blend b,
we mean all its premises are true in the domain b. We
see frames as information molds and building a blend for
a given situation should depend much on the choice of
these structures, either being structures towards which the
blend self-organizes or as pragmatic goals or query spec-
ifiers that the blend is expected to accomplish.

? Depending on the mappings. the concepts considered in aframe and
bprajection may become separate in the inputs {and so there wouldn't
be any systematic relation between concepis from input spaces | and
2}, yet this would receive little value in the measures presemted in this

paper.



4 Optimality Principles

Following the F&T notion of Optimality Principles, the
pressures that should lead towards stable, integrated new
blends, we propose now a set of measures that should re-
flect as much as possible the rationale behind each princi-
ple. In order to give a clearer idea of its individual effect
in our blending system, we present a brief report of exper-
iments we made. These experiments consisted in running
a parallel search method, a genetic algorithml, to retrieve
blends from the search space. The input domains were the
domains of horse and hird (see tables | and 2), meaning
that the expected results range from the unchanged copy
of one (or both) of the concepts to a horse-bird (or bird-
horse) which is a combination of selected features from
the input domains. The construction of these domains
was subject to the following constraints: they should be
concept networks in which nodes are concepts and arcs
are relations; the concepts should be connected to the on-
tology in the generic space through an "isa™ relation; the
relations used should be present in the Generalized Upper
Madel (GUM) hierarchies (J. Bateman and Fabris ( 1995))
or be subtypes of them. GUM is a general top-level on-
tology that has two hierarchies (elements and relations)
that comprise abstract relations, properties, spatial rela-
tionships, among others. Although allowing a normaliza-
tion of the concept maps, the constraints in the construc-
tion of the domains don't avoid, per se, the biasing or
ingenious talloring. For this reason, in this paper and in
the exploratory experiments we show, we don’t give spe-
cial attention to a qualitative reading of the results or use
them to demonstrate its validity, instead we are interested
in reporting the effects each measure has on the results
and on the search landscape.

The generic domain (in tables 3 and 4) consisis on a
simple general ontology, a set of frames and integrity
constraints. We applied 3 different mappings (figure 2),
all generated by the Mapper module. These mappings
range from being very small (only four mapping corre-
spondence) to large (21 mapping comrespondences), from
non-surprising associations (e.g. "animal™ and "ammal™)
to nonsense (e.g. snout and lung). For each mapping, we
tested the seven optimality pressures. Each of these com-

prising 30 runs’.

4.1 Integration

Frames have a natural integration role because they
gather knowledge around abstractions, tightening the
links between concepts. Assuming the set F of frames
that are satisfied in a blend, we define the frame coverage
of a domain to be the set of relations from. its concept
map that belong to the set of conditions of one or more
frames in . The larger the frame coverage of the blend,
the more it is integrated. Yet, a blend that 1s covered by

YA run is an entire evolutive cycle, from the initial population to the
population in which the algorithm stopped

many frames should be less integrated than a frame with
the same coverage. but with less frames. In other words,

- if a single frame covers all the relations of a blend, it

should be valued with the maximal integration, whereas
if it has different frames being satisfied and covering
different sets of relations, it should be considered less
integrated. The intuition behind this is that the unity
around an integrating concept (the frame) reflects the
unity of the domain. The Integration measure we propose
varies according to this idea. It also takes integrity
constraints into account so that, when a frame violates
such a constraint, it is subject to penalty.

Definition 4.1 For a frame [ with a set C of conditions
B;\U—Bi a blend b. with a concept map CM,, a
blendoid® CM g+, the concept map of the blendoid and
V1, the set of infegritv constraints® that are violated in
the frame, the integration value, Iy is defined by:

4O
#C M,

< (1— 0*V1) x (14 #C M,

T #CMpg )2

Ir=|
being ¢ an penalty factor between 0 and 1, a value that pe-
nalizes a frame for cach violation to integrity constraints.
An integrity constraint is violated if its premises are
true. In the context of the integration measure of frame
f above, f violates imtegrity ¢ if the conditions C'i of i
are verified and Ci[C # . In other words, f needs to
violate i in order to be integrated.

We would like to clarify the above formula further more:
the first factor represents the ratio of coverage of b wort.
f: the second factor means that each integrity constraint
violation implies an exponential discount; the third factor
serves the purpose of maximizing the size of the blend (if
two frames have the same ratio of coverage, the one that
contains more relations should have higher integration);
the division by 2 aims to normalize the result between 0
and 1.

While the value for a single frame integration is descrnibed
above, the integration measure of a domain w.rt. a set
of frames is not necessarily straightforward. At a first
sight, it is appealing to just sum the values of integration
of all frames, or of the union of them. Or even their in-
tersection. But this would lead to wrong results, because
a set of frames could not be reduced to a single frame
from the point of view of integration. In this measure, we
want to stimulate unity, coverage and take into account
the strength of each frame individually. In terms of unity,
we argue that the set of relations that make the "core™ of
all the frames that are satisfied, 1.e. the intersection of
the sets O of conditions of all frames, should be highly
valued. On the other side, the coverage of this “core™
will be smaller than the overall coverage (or equal, 1f

“The concept map that contains all the possible relations the blend
may have
*Rules with fialse conclusion as in table 3




the frames have equivalent C sets), which leads us to
take into account the disjoint sets of relations of the
frames. Finally, the integration of each individual frame
(as defined above) should also be present in the overall
measure. These last two issues (the overall coverage
and the integration of individual frames) are subject to
a disintegration factor because they reflect the existent
of different, not totally intersected, frames. We propose
this factor, v, to be a configurable value from the interval
[1,0]. It is now time to present our proposal for the
Integration Measure of a blend:

Definition 4.2 For a ser of frames [; € F,, with F,, be-
ing the set of the frames that have their conditions (C;)
satisfied in the blend b

+ n X Unecoverage x Z Iy,
0

Integration = I ~, =
'

The Uncoverage value consists on the ratio of rela-
tions that do not belong to the intersection of all frames
wrt.  the total number of relations considered in the
[frames:

#UpCi—#KCi
#U;]C"

We think the integration measure is a fundamental
brick of the blending process. It leads the choice of the
blend to something recognizable as a whole, fitting pat-
terns that help to determine and understand what a new
concept is.

Experimenrs: An immediate conclusion about the effect
of Integration is that frames behave as attracror points in
the search space. Moreover, the frames with a larger cov-
erage tend to be preferred, although when too large (like
aprojection or afiame) they are dropped away. The evo-
lution is directed to a compromise of coverage and satis-
fiability. More specifically, when it satisfies a frame like
pw_based_explanation, the resulting Integration value is a
local maximum or a point in its neighborhood (because
sometimes other, related, frames were also found) and
"jumping™ to another area of the search space becomes
difficult.

Another conclusion to take concerns to the observation
that the complexity of the search space landscape grows
with mapping size. In fact, when we have a mapping of
size 2, the algorithm only finds two different solutions and
the better rated (possibly a global maximum) is achieved
in 77% of the runs, but with a mapping of size 5, it returns
six different blends, being the best choice retrieved only
43% of the times. To confirm this conclusion, the map-
ping of size 21 lead the algorithm to 16 different maxima,
being the best one found only 7% of the times. A good
compensation for this apparent loss of control is that the
returned values are clearly higher (0.68, for the best) than
in the small mappings (0.22), meaning that with big map-
pings there are many more possibilities to find integrated

Unecoverage =

blends.

The resulting concept maps consist on exactly the rela-
tions that are covered by the satisfied frame or combina-
tion of them, more specifically there were two frames that
were very persistent: pw_based_explanation and purpose-
Sul_subpart. In some blends, the former was present mul-
tiple times (e.g. a part-whole explanation of a horse, with
part-whole explanations of its subparts) and both were
plenty of times combined.

4.2 Topology

The Topology optimality pressure brings inertia to the
blending process. It is the constraint that drives against
change in the concepts because, in order to maintain
the same topological configuration as in the inputs, the
blend should maintain exactly the same neighborhood
relationships between every concept, ending up being a
projected copy of the inputs. In real blends. this pressure
1s normally one that is disrespected without big loss in the
value of the blend. This is due to the imaginarion context
that normally involves blends, i.e., novel associations are
more tolerable.

In our Topology measure, we follow the principle that, if
a pair of concepts, x and y, is associated in the blend by a
relation r, then the same relation must exist in the inputs
between the clements from which » and y were pro-
jected. We say that r(x, y) is topologically correct. Thus,
the value of Topology corresponds to the ratio of topo-
logically correct relations in the concept map of the blend.

Definition 4.3 for a ser TC C CM, of topologically
cormect relations, defined as

TC = {r(z.y) :r(z.y) € CA, UCM)}

where C Ny and CM; correspond 1o the concept maps
of inputs | and 2, respectivel®. The topology measure is
calculated by the ratio:

4TC
M

Intuitively, this measure represents the amount of re-
lations from the inputs that got projected onto the topo-
logically equivalent position in the blend. At the mo-
ment, the only way to violate topology is by having a pair
of concepts projected to the same one (e.g. “horse™ and
“bird™ projected to "horse”), bringing a new relation ex-
clusive to one the domains (e.g. ability(bird, fly) projects
to ability(horse, fly)). Topology thus decreases as fusion
or transfer projections arc made.

Experiments: In all the experiments with Topology, the
final results were valued 100%, meaning that this con-
straint is easily fully accomplished, independently of the

®In other words, T°C" is the intersection of the concepts maps of the
blend and the input spaces
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mapping. An interesting fact is that there is a multitude
of solutions in the search landscape of Topology, showed
by the amount of different final results in each mapping.
Intuitively, and observing the short duration of each run,
this means that, wherever the search starts, there is always
a Topology optimal point in the neighborhood.

Topology is more an inertia than a transformation foree
because it values knowledge that remains the same. In
our horse-birds, this pressure projects wings, beaks and
claws (i.e. concepts from the bird domain) to the blend
but isolates them unless there is strong evidence to con-
nect to horses, legs and snouts (i.e. concepts from the
horse domain).

4.3 Pattern Completion

The Pattern Completion pressure brings the influence of
patterns being them present in the inputs or come from the
generic space. Sometimes a concept (or a set of concepts)
may seem incomplete but making sense when “matched
against” a pattern.

At present, in the context of this work, a pattern is de-
scribed by a frame, i.e. we don’t distinguish these two
concepts, and therefore pattern completion is basically
frame completion. Here, as in the definition of this prin-
ciple, the completing knowledge becomes available from
“outside”, not as a result of projection. This means the
act of completing a frame consists on asserting the truth
of the ungrounded premises, a process that happens only
after a sufficient number of premises is true. We call this
the evidence threshold. An interesting approach in Pattern
Completion we would like to consider is that of abduc-
rion. L.e., if the conclusions are satisfied, why not derive
the premises?

The evidence threshold ¢ of a frame f; with regard to a
blend b 15 calculated according to the following.

#5al;
#C;

e(fi.b) = % (1 — &)

where Sai; contains the conditions of each f; that are sat-
isfied in b, ¢ is the integrity constraint violation factor and
V' I the set of violated integrity constraints.

As in the integration pressure, we have the problem of
taking into account multiple frames. This time, given that
we are evaluating possible completion of subsets of rela-
tions, instead of sets of relations that are actually verified
in the domain, it is difficult to find such a linear rationale
(e.g. would two patterns each with individual completion
x value higher than three having each slightly less than
7). As a result, we propose to find the union of the pat-
terns and then estimate its own evidence threshold:

Definition 4.4 The Pattern Completion measure of a
blend b with regard to a set F with n frames is calculated
by

PatternCompletion = e(Ug f;.b)

This measure has a very important role in increasing the
potential of the blend, for it brings the "seeds™ that may

- be used in the Completion and Elaboration phases.

Experiments: The first conclusion to take from the ex-
periments with Pattern Completion is that the size of the
resulting concept maps tend to grow as the evolution pro-
gresses, although there is no linear correlation found.
This has a simple interpretation, given that this measure
stimulates the appearance of panerns (frames) that are
only partially completed. In doing so, it drives the blend
to partially complete (i.e., instantiate partially its condi-
tions) the highest possible number of frames, leading, in
each case, to several sets of relations that fit into those
frames without satisfying them (e.g. wings are projected,
they serve to fly, but they are not attached to anything).
In which respects to the search landscape, it seems 10 be
very rich in local maxima. This fact is not unexpected,
considering the discussion of the previous paragraphs, the
number of different frames available (9) and all their dif-
ferent combinations. The most constant results came from
mapping 2, with 13% of the best result obtained and 20%
of the second best. An interesting remark is that the re-
sulting local maxima always fall within a very strict range
of values (of maximum amplitude 0.11).

4.4 Maximization of Vital Relations

For the maximization of vital relations, we estimate the
impact of the vital relations to the blend calculated by
the ratio of vital relations w.r.t. the whole set of possible
vital relations the blendoid. The blendoid is the largest
possible blend that can be obtained from a given mapping
and is calculated by projecting to it every concept (i.e.,
there is no selective projection) regardless of integnity
constraint violation or any other constraint. Since it
has the largest set-of potential relations, it also has the
maximum possible of vital relations.

Definition 4.5 Ler T be a ser of vital relations. From the
concept map of the blend b, we may obtain the set of vital
relations in b, BV R:

BVR = {r(z,y) :r(x.y) E CMy Ar € T}

From the blendoid (the largest possible blend), BY, we
have BV R* :

BVR' = {r(z,y) : r{z.y) € CMg Ar € T}

Finally, the Maximization of Vital Relations measure is
calculared by the ratio

#BV R

Mazimization VR = HBVR+

Experiments: The influence of Maximization of Vital Re-
lations in the results is straightforward, given that its high-
est value (1) reflects the presence, in the blend, of all the
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vital relations that exist in the inputs, independently of the
projections of the concepts or non-vital relations (which
become noise in the sense that these appear randomly and
making no difference to the value of the measure, vet con-
tusing the “reading” of the concept map). As the evolu-
tion goes on in each run, the value grows until reaching
the maximum reasonably early. For each set of 30 runs,
it reached the value 1 a minimum of 93% of the times,
and the remaining achieved at least a value of 0.95. As
in Topology, the search space of Maximization of Vital
Relations is very simple since there is a global maximum
in the neighborhood of (almost) every point. On the other
hand, since there is control on neise, the resulting concept
maps show unity only in the subset of vital relations.

4.5 Intensification of Vital Relations

Intensification of Vital Relations is the principle that max-
imizes the concentration around a specific vital relation.
l.e., while the Maximization of Vital Relations favors the
creation in the blend of vital relations in general as op-
posed to "regular” relations, Intensification is based on fo-
cussing a specific vital relation. The former relates "new™
vital relations with "new™ relations in the blend; the lat-
ter relates vital relations with themselves. Thus, we need
a notion of "intensity” of a vital relation. For such, we
argue that a vital relation is considered more “intense”
when there is more evidence of its strength. This evidence
should be dependent on the kind of vital relation we are
dealing with. For example, an “analogy™ vital relation be-
tween two concepls is stronger when there 1s also a sys-
tematical association between the neighborhood concepts
(the systematicity principle). In fact, systematicity is the
only "intensity™ heuristic we have now and its calculation
(Intynatagy ) 15 straightforward. For a mapping (of size n)

#analogical_trans fers

In'tnnullﬂ_riy = T

where an analogical transfer consists on a projection of
a concept x from input space 1 to y in the blend (where y
is the analogical counterpart of & in the input space 2).

Considering several different “intensity” heuristics, the
evaluation of this pressure takes the point of view that a
blend that applies only one vital relation, with intensity
x, should have higher measure than a blend with n vital
relations, each with intensity x/n (the sum would thus ne
r). So we want to favor “concentration” of vital relations.

Definition 4.6 Ler v; € T be a vital relation and the set
VRE, . of the instances of vital relation v; in the blend,
defined by V RE,,, = {vi(z,y) : vi(z.y) € CAL}
Assuming a value Int,. of intensity of the viral relation
vi, the measure af Intensification of Vital Relations is cal-
culated by:

A A
" Inty, )2

#T

Intensification VR =

Intensification is thus higher when there is more
"concentration” (e.g. JInty, = 2, Int, = 2
= Intensification = 8/16; Inty, = 4 =
Intensi fication = 1).

Experiments: The behavior of Intensification of Vital Re-
lations is similar to that of Maximization in the sense that
the search landscape is not very complex. From wherever
the search starts, there is a high probability (of at least
70%, in the worst case) of finding the maximum value in
the neighborhood. It is important to point, though, that
we are only applying one heuristic (analogical transfer),
and so the results couldn’t be different. Given this fact,
we must say that we cannot claim or discuss much about
this Intensification of V.R. proposal unless we find other
heuristics and mapping procedures other than analogy.

4.6 Unpacking

Unpacking is the ability to reconstruct the whole pro-
cess starting from the blend. In our view, such achieve-
ment underhies the ability to reconstruct the input spaces,
specifically. Le., the reconstruction of the input spaces
from the blend demands the assessment of the cross-space
mappings, the generic space and other connections. Thus,
what we are proposing is that Unpacking can be reduced
to the ability to reconstruct the inputs. This is so because
there 15 no way to properly reconstruct the inputs with-
out a reconstruction of the cross-space mappings, generic
space and the connections between spaces.

Unpacking should take the point of view of the “blend
reader”, i.e., someone or something that is not aware of
the process of generation, thus not having access to the
actual projections. Being such, this “reader” will look for
patterns that point to the “original” concepts. Once again
we use the idea of frames, more specifically the defin-
ing frame of a concept, which comprises its immediately
surrounding concepts and relations. For example, if the
concept "wing” were projected onto 2 in blend, the defin-
ing frame with regard to the "bird"” domain would consist
on purpase(x, fiv), conditionalix, fly), quaniity(x, 2) and
pwix, bird). The more of these relations are found in the
blend, the more likely it is that the "reader” will find easy
to understand the relationship between r and "wing"”.

Definition 4.7 Given a blend b and an inpur space d,
the concept x (which is the projection of the element z*
of input space d to the b), has a defining frame f, 4 in d
consisting on

Jrd=0Ca.Cy...C,, — true

where C; € {r(z,y) : r(z%,y) € CMy}.

Assuming that k is the number of conditions (C;) of
S.a that are satisfied in the blend, the unpacking value of
x with regard to d (represented as £(x, d)) is

E(a.d) =



We calculate the rotal estimated unpacking value of r
as being the average of the unpacking values with regard
to the input spaces. Thus, having input spaces | and 2, we

have ; 5
fle) = 2 €22

Definition 4.8 Ler X' be the set of n concepis of the blend
b, generated from inpur spaces 1 and 2. The Unpacking
value of b is calculared by

L1

Unpacking = Zm[:;!:‘--—ﬂ.r:, e A
Experiments: The results of the Unpacking measure show
that it has a notorious side effect on the size of the blend,
it drives it to very small sets (between 0 and 5) of rela-
tions. The interpretation here is straightforward: the ratio
of unpackable concepts is highly penalized in bigger sets
because of the projected relations that come as side effect
of the projection of (unpackable or not) concepts. These
relations confuse the unpacking algorithm so that it leads
the evolution to gradually select the smaller results.
The maxima points also correspond to the value 1, but it
seems, from the experiments, that there is a very limited
set of such individuals, achieved in the majority (at least
Q3% for each mapping) of the experiments.

4.7 Web

The Web principle concerns to being able to "run™ the
blend without cutting the connections to the inputs. In
our opinion, this is not an independent principle, being
co-related to those of Topology and Unpacking because
the former brings a straightforward way to “maintain the
web of appropnate connections to the input spaces eas-
ily and without additional surveillance or computation™
and the latter measures exactly the work needed to recon-
struct the inputs from the blend. It is not to say that Web
is the same as Topology or Unpacking, what we are argu-
ing is that, on one side, Topology provides a pressure to
maintain the most fundamental connection to the input:
the same structure; on the other side, Unpacking evalu-
ates the easiness of reestablishing the links to the inputs.
These two values combined in a weighted sum vyield, we
propose, an estimation of the strength of the web of con-
nections to the inputs:

Web = a x Topology + 3 x Unpacking

with a4+ # = 1. Since this is not an independent variable,
making independent experiments with the Web measure
would not add any valuable conclusion. In a subsequent
publication, we plan to focus on correlation of measures,
where we may explore the behavior of this measure.

4.8 Relevance

The notion of “relevance™ or "good reason™ for a blend is
tied to the context and goal of the blending generation.

A blend, or a part of it. may be more or less relevant
dependent of what it is for. Once again. frames take a
fundamental role as being “context™ specifiers, (i.e., the
set of constraints within a frame describe the context
upon which the frame is fulfilled). Therefore, having a
set of goal frames, which could be selected from any of
the existent domains or specified externally, a blend gets
the maximum Relevance value if it is able to satisfy all of
them.

An aspect of the goal frames is that they allow the
application of queries. For example, if we want to find
a concept that "flies”, we could build a goal frame with
the relation ability(x. fly). The blends that satisfy this
frame would have high relevance.

Definition 4.9 Assuming a set of goal frames, F,, the set
Fy, of the satisfied frames of blend b and the value PCN g

for the partern completion of a ser of frames F in blend

b, as described in section 4.3, we have

#(F, N F,) + #F, x PCNE,
#F,

where F,, the set of unsatisfied goal frames, consists on
f A e

Experiments: The first part of the test on Relevance fo-
cussed on making a single relation query. In this case,
we asked for "something that flies” (ability(_, fly)). The
results were straightforward in any mapping. accomplish-
ing the maximum value (1) in 100% of the runs, although
the resulting concept maps did not reveal necessanly any
overall guality or umty. In other words, the evolution took
only two steps: when no individual has a relation "abil-
ity(_, fly)", therefore with value 0; when a relation "abil-
ity(.fly)" is found, yielding a value 1, independently of
the rest of the concept map.

The second part of the test on Relevance, by adding a
frame (ability_explanation) to the query. revealed similar
conclusions. There was no sufficient knowledge in any of
the input domains to satisty this new frame completely,
so the algorithm searched for the maximum satisfaction
and reached it 100% of tumes in every mapping. So the
landscape seems to have one single global and no local
maxima, reflecting the integration of the two parts of the
query. If there were separate frames, it is expectable the
existence of local maxima. Intutively, the search land-
scapes of Integration and Relevance seem to be similar.

Relevance =

5 Discussion and further work

A first conclusion we took from this work says that the
eight optimality principles can be reduced to seven (since
Web is not independent). Even more, given the power
of language we use in frames, some of the principles
can be coded within a frame, namely Topeology and
Unpacking, and accomplished via a query measured by
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Relevance. This reduces our number to five. Yet, we
don’t know whether this reduction reflects a lack in the
CB framework or in our interpretation of it.

We have already stated that the main motivation of
our system is to generate new concepts out of previous
knowledge. An interesting study to follow, and which
has already been made (Pereira and Cardoso (2003)),
concerns the necessary parameters that lead to specific
concepts (e.g. a pegasus) and how do the changing on
these bring different concepts (other creatures). Such
expenments provide a bigger insight on the creative
potential of our system. Perhaps a more important study,
in the sense that 1t brings a validation to our model, is
the application of literature examples from CB (Coulson
(2000)) and Conceptual Combination (Costello and
Keane (2000)), observing the effects of the application of
optimality constraints presented in this paper as well as
frames.
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vegetable_food -+« vegetable
food «— food
ear + wing horse «— bird
snout «— bird equidean + aves
eye <« lung animal +«~  animal
mouth « feathers human_setting -«  house
2 = 2 wildemess +«—  wilderness
hear +«~ fly ruminant + oviparous
un «— fly
1 cargo +«+ pet
neigh < chirp
snout «~— lung
mane +« feathers
tail +~ beak
mouth +  beak leg — eye
snout « bird hoof « wing
eye = lung 4 — 2
ear + feathers eye +— leg
ecat + eat ear -+ claw
hear + catch
2 grass «+  grass
3
Figure 2: The three mappings
15a( horse equinae) pwileg, horse) purpose(horse, food)
isalequinae,mammal) purpose(leg, stand) sound( horse, neigh)
existence(horse, farm) pwihoof, leg) purpose{ mouth, eat)
existence(horse, wilderness)  purpose(horse, trachion)  purpose{ear, hear)
pwisnout, horse) eat{horse, grass) color{mane, dark)
pw(mane, horse) ability(horse, run) size(mane, long)
pwitail, horse) carner{horse, human) materialimane, hair)
quantity(hoof, 4) quantity(leg, 4)
pwieye, snout) quantity(eye, 2)
pwiear, snout) quantity{ear, 2)
pwi{mouth,snout) purposel eye, see)

motion_process(horse,walk)  ride(human, horse)
taxonomicq(horse, ruminant)  purpose(horse, cargo)

Table 1: The domain theory of horse
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isa(bird,aves)
1saaves,oviparous)
lay(oviparous, egg)
purpose(bird, food) purpose(eye, see)
smaller_than(bird, human) purpose(beak, chirp)
pwilung, bird)
purpose( lung, breathe)
1sa( paradise_bird, bird)
1sa{owl, bird)
ability(bird, fly)
pwi(feathers, bird)
purpose( beak, eat)

purpose(bird, pet)

quantity{eye, 2)
quantity(wing, 2)
quantity(claw, 2)
pwiwing, bird)

sound(bird, chirp)

existence(bird, house)

existence(bird. wilderness)

motion_process(bird, fly)

conditional{wing, fly)

1sa( parrot, bird)

isa( nest, container)
role_playing(bird, freedom)
ability(parrot, speak)
purpose(claw, catch)
purpose{ wing, fly)
pwiclaw, leg)
pwi(beak, bird)
pwieye, bird)
quantity(leg, 2)
pw(leg, bird)
purpose(leg, stand)

pwistraw, nest)

Table 2: The domain theory of bird

isa(house, human_setting)

1sa(setting, space_location)
1sa(space_location,spatial_entity)

1sal behavior, property) 1sa(physical _entity,spatial_entity)
isa(human_setting, setting) 1sa(physical_object,physical_entity)
isa(bird, existence, wildemess)  isa(property_measure,information_entity)
isa(imaginary_spatial_entity,spatial_entity)
isa( property,information_entity)
isa{living_entity,physical _entity)

isa{mammal, animal)
isalanimal, living_entity)
isal oviparous, animal)

1sal entity,something)
isa(situation,something)
isal state,situation)

15a( process,situation)

15a( temporal_entity,entity)
1sal spatial_entity,entity)
1sal information_entity.entity)  isa{wildemess, setting)
1sa(human, primate) isa( farm, human_setting)
isal primate, mammal) isalequinae, mammal)

shape{ X, Y),shape(X.Z), Y# Z — false

guantity(X, Y), quantity(X.Z), Y# Z — false
behavior(X, friendly), behavior(X, dangerous)— false
actor(X,.), not isaN(X, action)— false

pwiA, A)— false

Table 3: The generic space concept map and integrity constraints

Frame name Conditions

aframe The blend contains the same relational structure of input 1
aprojection The blend contains the same concepts of input |

bframe The blend contains the same relational structure of input 2

bprojection The blend contains the same concepts of input 2
pw_based_explanation  Set of part-whole relations associated to a concept

transport_means Features expected in a generic transport means

purposeful _subpart Set of relations that justify the existence of a subpart
of a concept

new_ability A concept has an ability relation not existent in any of
the inputs

new_creature A concept is a living thing that did not exist (or wasn’t
such) in any of the inputs

new_feature A concept has a feature relation not existent in any of

the inputs
A concept has an ability and it is explained by several
features (whar does the ability, what is it for, any conditions necessary)

ability explanation

Table 4: Frames of the generic space
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Abstract

The concept of manipulative abduction is devoted to capturing the role of action in many interesting situations: action
provides otherwise unavailable information that enables the agent to solve problems by starting and performing a
suitable abductive process of generation or selection of hypotheses. Many external representarions, even if in some
cases inert from an epistemological point of view, can be transformed into what is called epistemic mediators, active
in creative abductive reasoning. An often neglected side of human creativity is related to emotional, artistic, and ethi-
cal aspects, and concerns the active shaping of values in an esthetical and ethical world. | will present some aspects of
this kind of reasoning in the case of scientific and ethical thinking; moreover, 1 will illustrate some aspects of what |
call “ethical mediators” in their activity of shaping and reshaping ethical worth of human beings and collectives.

1 The Inexplicability of Creativity

Creativity is certainly an important aspect of our defi-
nition of “intelligence™ but the literature associates
many different notions to creativity. This ambiguity
has brought to a lack of consensus in the research
community. The common views associate to creativity
unusual and mysterious qualities that drive the concept
of creativity to a confused verbosity. Statements like
“to break the rules”, “to think different”, “to destroy
one Gestalr in favor of a better one”™, and “to arrange
old elements into a new form”, present in the field of
psychological research on creativity since 1950s, cer-
tainly do not clarify the topic, and seem 1o lead to the
Freudian conclusion that creativity cannot be under-
stood. This conclusion has also been supported by
many philosophers who studied conceptual change n
science during the second half of the last century. They
distinguished between a logic of discovery and a logic
of justification (i.e. between the psychological side of
creation and the logic argument of proving new dis-
covered i1deas by facts). The consequent conclusion
was that a logic of discovery (and a rational model of
discovery) could not exist: scientific conceptual change
15 cataclysmic and irrational, dramatic, incomprehensi-
ble and discontinuous. Many other studies already ar-
gued that creativity can be understood (Boden, 1991,
Sternberg, 1999, Stemmberg, Kaufman, and Pretz,
2002), but paid attention mainly to the psychological
and experimental aspects, disregarding the philosophi-
cal, logical, and computation ones. - -

In Al research, however, since Simon, two charac-
teristics seem to be associated to creativity: the novelty
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of the product and the nnconventionaliny of the process
that leads to the new product. Hence, in a strictly
pragmatic sense, when we can clanfy what behavior
we are looking for, we could implement it 1n a ma-
chine: a methodological criterion enables us to define
and consider just those practical effects we conceive to
be associated with novelty and unconventionality (cf.
Buchanan, 2001).

I maintain we can overcome many of the difficul-
ties of creativity studies developing a theory of abduc-
tion, in the light of Charles Sanders Peirce’s first in-
sights.

2. Abduction and Epistemic
Mediators

If we decide to adopt this kind of methodology it is
necessary to develop a cognitive model of creativity
able to represent not only “novelty” and “unconven-
uonality™, but also some features commonly referred to
as the entire creative process, such as the expert use of
background knowledge and ontology (defining new
concepts and searching heuristically among the old
ones) and the modeling activity developed in the so
called “incubation time" (generating and testing, trans-
formations in the space of the hypotheses). The philo-
sophical concept of abduction may be a candidate to
solve this problem, and offers an approach to model
creative processes of hypotheses generation in a com-
pletely explicit and formal way, which can fruntfully
integrate the narrowness proper of a merely psycho-
logical approach, too experimentally human-oriented.




2.1 Theoretical and manipulative
abduction

A hundred years ago, C. 5. Peirce (CFP, 1931-1958)
coined the concept of abduction in order to illustrate
that the process of scientific discovery is not irrational
and that a methodology of discovery is possible. Peirce
interpreted abduction essentially as an “inferential”
creative process of generating a new hypothesis. Ab-
duction has a logical form (fallacious, if we model ab-
duction by using classical logic) distinct from deduc-
tion and induction. Reasoning which starts from rea-
sons and looks for consequences is called deduction;
that which starts from consequences and looks for rea-
sons is called abduction.

Abduction 15 the process of inferring certain facts
and/or laws and hypotheses that render some sentences
plausible, that explain or discover some (eventually
new) phenomenon or observation; it is the process of
reasoning in which explanatory hypotheses are formed
and evaluated. There are two main epistemological
meanings of the word abduction (Magnani, 2001a): 1)
abduction that only generates “plausible” hypotheses
(“selective™ or “creative”) and 2) abduction considered
as inference “to the best explanation™, which also
evaluates hypotheses. To illustrate from the field of
medical knowledge, the discovery of a new disease and
the manifestations it causes can be considered as the
resull of a creative abductive inference. Therefore,
“creative” abduction deals with the whole field of the
growth of scientific knowledge. This is irrelevant in
medical diagnosis where instead the task is to “select™
from an encyclopedia of pre-stored diagnostic entities.
We can call both inferences ampliative, selective and
creative, because in both cases the reasoning involved
amplifies, or goes beyond, the information incorpo-
rated in the premises.

Theoretical abduction' certainly illustrates much of
what 15 important in creative abductive reasoning, in
humans and in computational programs, but fails to
account for many cases of explanations occurring in
science when the exploitation of environment is cru-
cial. It fails 1o account for those cases in which there is
a kind of “discovering through doing”, cases in which
new and still unexpressed information is codified by
means of manipulations of some external objects
(epistemic mediators). The concept of manipulative
abduction® captures a large part of scientists’ and phy-
sicians’ thinking where the role of action is central, and
where the features of this action are implicit and hard
to be elicited

: Magnani (2001a, 2002) introduces the concept of theoreti-
cal abduction. He maintains that there are two kinds of theo-
retical abduction, “sentential”, related to logic and to ver-
bal/'symbolic inferences, and “model-based”, related to the
exploitation of internalized models of diagrams, pictures, etc.,
cf. below in this paper.

: Manipulative abduction and epistemic mediators are intro-
duced and illustrated in Magnani (2001a).
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Peirce uses the terms “inference™ and “inferential
process” to refer to abduction. It is useful to try to
clarify the meaning of the term “inference™ as consid-
ered by Peirce’s thought. Peirce stated that all thinking
15 in signs, and signs can be icons, indices or symbols.
Moreover, all inference is a form of sign activity,
where the word sign includes “feeling, image, concep-
tion and other representation™ (CFP 5.283), and, in Kan-
tian words, all synthetic forms of cognition. Feelings,
images, simulations, etc., are currently characterized as
forms of model-based reasoning (Magnani & Nerses-
sian, 2002). Consequently, following Peirce, we can
say that a considerable part of thinking activity is
model-based (cf. footnote 1), that most of the forms of
constitution of phenomena are characterized in a
model-based way. 1 use the term “model-based rea-
soning” following Nersessian (1995), that is, to indi-
cate the construction and manipulation of various kinds
of representations, not necessarily sentential and/or
formal. Scientific concept formation, scientific discov-
ery, and — as we will see — diagnostic reasoning are
often related to hewristic procedures that resort to
mental/internal but also to external “models™ and rep-
resentations.

Peirce gives an interesting example of model-based
abduction (Magnani, 1999) related to sense activity: “A
man can distinguish different textures of cloth by feel-
ing: but not immediately, for he requires to move fin-
gers over the cloth, which shows that he is obliged to
compare sensations of one instant with those of an-
other™ (CP 5.221); this idea surely suggests that ab-
ductive movements also have interesting extra-
theoretical characteristics and that there is a role in
abductive reasoning for various kinds of manipulations
of external objects (cf. below, the problem ol “action-
based, manipulative abduction™). One more example is
given by the fact that the perception of tone arises from
the activity of the mind only afier having noted the
rapidity of the vibrations of the sound waves, but the
possibility of individuating a tone happens only afier
having heard several of the sound impulses and afier
having judged their frequency. Consequently the sen-
sation of pitch is made possible by previous experi-
ences and cognitions stored in memory, so thal one
oscillation of the air would not produce a tone.

Model-based thinking activity also exploits external
models. We have seen that the concept of manipulative
abduction 15 devoted to capturing the role of action on
external models in hypothetical and creative reasoning.
This kind of manmipulation provides otherwise unavail-
able information that enables the agent to solve a
problem by performing abductive processes of genera-
tion or selection of hypotheses. An expert manipulation
of objects directed by abductive movements that impli-
cates the strategic application of old and new remplares
of behavior mainly connected with extra-theoretical
components also esthetical, ethical, and emotional.

Mampulative abduction happens when we are
thinking rhrough doing and not only, in a pragmatic
sense, about doing. It refers o an extra-theoretical be-



havior that aims at creating communicable accounts of
new experiences to integrate them into previously ex-
isting systems of experimental and linguistic (theoreti-
cal) practices. Gooding (1990) refers to this kind of
concrete manipulative reasoning when he illustrates the
role in science of the so-called “construals” that em-
body tacit inferences in procedures that are often appa-
ratus and machine based. The embodiment is of course
an expert manipulation of objects in a highly con-
strained experimental environment, and is directed by
abductive movements that imply the strategic applica-
tion of old and new templates of behavior mainly con-
nected with extra-theoretical components, for instance
emotional, esthetical, ethical, and economic.

The hypothetical character of construals is clear:
they can be developed to examine further chances, or
discarded, they are provisional creative organization of
experience and some of them become in their turn hy-
pothetical “interpretations™ of experience, that is more
theory-oriented, their reference is gradually stabilized
in terms of established observational practices. Step by
step the new interpretation - that at the beginning 1s
completely “practice-laden™ - relates to more “theoreti-
cal” modes of understanding (narrative, visual, dia-
grammatic, symbolic, conceptual, simulative), closer to
the constructive eflects of theoretical abduction. When
the reference is stabilized the effects of incommensura-
bility with other stabilized observations can become
evident. But 1t is just the construal of certain phenom-
ena that can be shared by the sustainers of rival theo-
ries. Gooding (1990) shows how Davy and Faraday
could see the same attractive and repulsive actions a
work in the phenomena they respectively produced;
their discourse and practice as to the role of their con-
struals of phenomena clearly demonstrate they did not
inhabit different, incommensurable worlds in some
cases. Moreover, the experience is constructed, recon-
structed, and distributed across a social network of
negotiations among the different scientists by means of
construals.

To illustrate this process - from manipulations, to
narratives, to possible theoretical models (visual, dia-
grammatic, symbolic, mathematical) - in a previous
work” | have considered some observational techniques
and representations made by Faraday, Davy, and Biot
concerning Oersted’s experiment about electromag-
netism. They were able to create consensus because of
their conjectural representations that enabled them to
resolve phenomena into stable perceptual experiences.
Some of these narratives are very interesting.

2.2 Epistemic mediators

Recent research, taking an ecological approach to the
analysis and design of human-machine systems, has
shown how expert performers use action in everyday
life to create an “external™ model of task dynamics that

* Cf. Magnani, 2002. (CF. also Gooding, 1990).
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can be used in lieu of an internal model (Kirlik, 1998).
Not only a way for moving the world to desirable
states, action performs an epistemic and not merely
performatory role that is very relevant to abductive
reasoning.

The whole activity of manipulation is devoted to
build various external epistemic mediators that func-
tion as an enormous new source of information and
knowledge. 1 derive this expression from the cognitive
anthropologist Hutchins (1995), that coins the expres-
sion “mediating structure” to refer to various external
tools that can be built to cognitively help the activity of
navigaling in modern but also in “primitive™ settings.
Any written procedure is a simple example of a cogn-
tive “mediating structure” with possible cognitive
aims: “Language, cultural knowledge, mental models,
arithmetic procedures, and rules of logic are all medi-
ating structures too. So are traffic lights, supermarkets
layouts, and the contexts we arrange for one another’s
behavior. Mediating structures can be embodied in
artifacts, in ideas, in systems of social interactions
[-..]" (290-291).

In this light manipulative abduction in science rep-
resents a kind of redistribution of the epistemic and
cognitive effort to manage objects and information that
cannot be immediately represented or found internally
(for example exploiting the resources of visual im-
agery).

2.3 Manipulative templates

The hyporhetical character of manipulations in creativ-
ity is clear: they are a sort of test, they can be devel-
oped to examine further chances, they are a provisional
creative organization of experience and some of them
become in their turn hypothetical “interpretations™ of
experience, suggesting new worldviews. Step by step
the new interpretation — that at the beginning is com-
pletely “practice-laden™ — relates to more “theoretical™
modes of understanding (narrative, visual, diagram-
matic, symbolic, conceptual, simulative).

It 15 possible to have a better understanding by ren-
dering explicit some of the manipulative remplates of
behavior that are active in creative abduction: 1. action
elaborates a simplification of the reasoning task and a
redistribution of effort across time when we “need to
manipulate concrete things in order to understand
structures which are otherwise too abstract” (Piaget
1974), or when we are in presence of redundant and
unmanageable information; 2. action can be useful in
presence of incomplete or inconsistens information -
not only from the “perceptual™ point of view; 3. action
as a control of sense data illustrates how we can
change the position of our body (and/or of the external
objects) and how to exploit various kinds of prostheses

* For example it is difficult 1o preserve precise spatial rela-
tionships using mental imagery, especially when one set of
them has to be moved relative 1o another.




(Galileo’s telescope, technological instruments and
interfaces) to get various new kinds of stimulation: 4.
action enables us to build external artifactual models
of task mechanisms instead of the corresponding inter-
nal ones, that are adequate to adapt the environment to
agent’s needs; 5. in science experimental action shows
a sensibility to the aspects of the phenomenon which
can be regarded as curious or anomalous, manipula-
tions have to be able to introduce potential inconsisten-
cies in the received knowledge; 6. action exhibits a
preliminary sensibility to the dvmamical character of
the phenomenon, and not to entities and their proper-
ties, the common aim of manipulations is to practically
reorder the dynamic sequence of events in a static spa-
tal one that should promote a subsequent bird’s-eye
view (narrative or visual-diagrammatic).

3. A Cognitive Theory of the
Abductive Modeling Activity

We can say abduction is a complex process that works
through imagination: it suggests a new direction in
reasoning by shaping new possible ways for explaining
object and hypotheses (cf. the templates mentioned
above). In this sense imagination should not be con-
fused with an act of intuition. Peirce describes abduc-
tion as a dynamic modeling process that fluctuates
between states of doubt and states of belief. To solve
the doubt, and some eventually linked anomalies, the
agent implements a process of information gathering
which at the same time relates to the “problem™, to the
agent’s evolving understanding of the situation and to
1ts changing requirements. By imagination here I mean
this process of knowledge gathering and shaping. A
process, that Kant considered “blind™, that leads to see
things as we would not otherwise have seen them: “a
blind but indispensable funcuion of the soul, withow
which we should not have no knowledge whatsoever”
(Kant, 1929, AT8-B103, p.112). Scientific creativity, it
is pretty obvious, involves seeing the world in a par-
tricular new way: scientific understanding permits us to
see some aspects of reality in a particular way and
creativity relates to this capacity to shed new light.
Suggestions which make us able to further analyze this
process come from a theory developed in the area of
computer vision: the active perception approach (see
Thomas, 1999).

This approach aims at understanding cognitive
systems in terms of their environmental sitwvatedness:
instead of being used to build a comprehensive inner
model of its surroundings, the agent's perceptual ca-
pacities are seen as simply used to obtain “whatever”
specific pieces of information are necessary for its be-
havior in the world. The agent constantly “adjusts” its
vantage point, updating and refining its procedures, in
order to uncover a piece of information. This resorts to
the need of specifying how to efficiently examine and
explore and to the need of “interpreting™ an object of a
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certain type. It is a process of attentive and controlled
perceptual exploration through which the agent is able
to collect the necessary information: a purposefully
moving through what is being examined, actively
picking up information rather than passively transduc-
ing (cf. Gibson, 1979).

As suggested for instance by Lederman and
Klatzky (1990), this view of perception may be applied
to all sense modes: for example, it can be easily ex-
tended to the haptic mode. Mere passive touch, in fact,
tells us little, but by actively exploring an object with
our hands we can find out a great deal. Our hands in-
corporate not only sensory transducers, but muscula-
ture which, under central control, moves them in ap-
propriate ways: lifting something tells about its weight,
running fingers around the contours provides shape
information, rubbing it reveals texture. As already
stressed by Peirce in the quotation I already reported
above, when dealing with the hypothesizing activity of
what | call manipulative abduction, “A man can distin-
guish different textures of cloth by feeling: but not im-
mediately, for he requires to move fingers over the
cloth, which shows that he is obliged 1o compare sen-
sations of one instant with those of another™ (CP
5.221).

Thomas (1999) suggests we can think of the fingers
together with the neural structures that control, for ex-
ample, running them so that we can consider the affer-
ent signals that they generate as a sort of (perceptual)
instrument 1o gather knowledge: a complex of physio-
logical structures capable of active testing for. some
environmental property. The study of manipulative
abduction that 1 outlined above, can gain from this ap-
proach. To give an example, the role of particular
epistemic mediators (oprical diagrams) in non-standard
analysis has been studied, and so their function in
grasping and teaching abstract and difficult mathemati-
cal concepts (see Magnani and Dossena, 2002). In this
case the external models (mathematical diagrams) do
not give full available knowledge, but, on the contrary,
compel the agent to engage a continuous epistemic
dialogue between the diagrams and its internal knowl-
edge to the aim of understanding an already existing
information or at “creating” a new one (cf. also the
geometrical example in the following section).

It is clear that humans and other animals make a
great use of perceptual reasoning and kinesthetic abili-
ties. We can catch a thrown ball, cross a busy street,
read a musical score, go through a passage by imaging
if we can contort out bodies to the way required, evalu-
ate shape by touch, recognize that an obscurely seen
face belongs to a friend of ours, etc. Usually the “com-
putations” required to achieve these tasks are not ac-
cessible to a conscious description. Mathematical rea-
soning uses language explanations, but also non-
linguistic notational devices and models. Geometrical
constructions represent a relatively simple example of
this kind of extra-linguistic machinery we know as



charactenized in a model-based and mampulative - ab-
ductive - way.

3.1 An example: discovering new concepts
with diagrams

Diagrams serve an important role in abduction because
they can be manipulated. In mathematics diagrams play
various roles in a typical abductive way. Two of them
are central:

e they provide an intuitive explanation able to help
the understanding of concepts difficult to grasp or
that appear obscure and/or epistemologically un-
justified,”

s they help to creare new previous unknown con-
cepts, as illustrated in the case of the non-
Euclidean geometry.

In the case of the construction and examination of
diagrams in geometrical reasoning, specific experi-
ments serve as states and the implied operators are the
manipulations and observations that transform one
state into another. The geometrical outcome is depend-
ent upon practices and specific sensory-motor activities
performed on a non symbolic object, which acts as a
dedicated external representational medium supporting
the various operators at work. There is a kind of an
epistemic negotiation between the sensory framework
of the geometer and the external reality of the diagram.
This process involves an external representation con-
sisting of written symbols and figures that are manipu-
lated “by hand”. The cognitive system 1s not merely the
mind-brain of the person performing the geometrical
task, but the system consisting of the whole body (cog-
nition is embodied) of the person plus the external
physical representation. In geometrical discovery the
whole activity of cognition is located in the sysiem
consisting of a human together with diagrams.

The external representations are not merely mem-
ory aids: they can give people access to knowledge and
skills that are unavailable to inmternal representations,
help researchers to easily identify aspects and to make
further inferences, they constrain the range of possible
cognitive outcomes in a way that some actions are al-
lowed and other forbidden. The mind 1s limited be-
cause of the restricted range of information processing,
the limited power of working memory and attention,
the limited speed of some learning and reasoning op-
erations; on the other hand the environment is intricate,
because of the huge amount of data, real time require-
ment, uncertainty factors. Consequently, we have to
consider the whole system, consisting of both internal

" Some new optical diagrams (microscopes within micro-
scopes), which provide new mental representations of the
concept of tangent line at the infinitesimally small regions,
are introduced in the already cited Magnani and Dossena
(2002).
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and external representations, and their role in optimiz-
ing the whole cognitive performance of the distribution

I stated above that in mathematics diagrams play
various roles in a typical abductive way. Now | can add
that:

o they are epistemic mediators able to perform
various abductive tasks in so far as

e they are external representations which are
devoted to provide explanatory abductive results.

Let us consider some aspects of the role of mirror
and unveiling diagrams in the Lobachevskyan discov-
ery of the elementary non-Euclidean geometry. A mir-
ror diagram (for example the diagram of the drawn
parallel lines - cf. Figure 1 - Lobachevsky, 1891) is a
kind of external analogous both of the mental image
we depict in the mental visual buffer and of the sym-
bolic-propositional level of the postulate defimtion (the
fifth postulate). In general this diagram mirrors the

E*

Figure 1.

internal imagery and provide the possibility of de-
tecting anomalies. The external representation of geo-
metrical structures often activates direct perceptual
operations (for example, identify the parallels and
search for the limits) to elicit consistency or inconsis-
tency routines. Sometimes the mirror diagram biases
are inconsistent with the task and so they can make the
task more difficult by misguiding actions away from
the goal. If consistent, they can make the task easier by
guiding actions toward the goal. In certain cases the
mirror diagrams biases are irrelevant, they should have
no effects on the decision of abductive actions, and
play lower cognitive roles. The in the case of Figure |
the diagram of the parallel lines was used in the history
of geometry to make both consistent and inconsistent
the fifth Euclidean postulate and the new non-
Euclidean perspective (more details on this epistemo-
logical situation — and on the role of what I call *mirro™




and “unveiling” diagrams in mathematical discovery
are given in Magnani, 2001b and 2002b).

I have illustrated in the cited studies that some per-
ceptions activated by the diagram are of course disre-
garded as irrelevant to the task. as it usually happens
when exploiting external diagrammatic representations
in reasoning processes. Because not everything in’ ex-
ternal representations is always relevant to a task, high
level cognitive mechanisms need to use task knowl-
edge (usually supplied by task instructions, geometri-
cal, in our case) to direct attention and perceptual proc-
esses 1o the relevant features of external representa-
lions.

The important thing here is not just related to the
fact that human beings simply have representations
(they could have representations, for instance, about
the history of painting, its products, colors, and tech-
mques), but to the problem of “creatively” managing
“representations”. It is important 1o examine how our
gpistemic instruments act in searching through the en-
ure space of available knowledge to create new hy-
potheses and information. It seems that the agent does
not first build up an inner representation of the sur-
rounding environment (irs current situation) and then it
queries that: it queries the environment itself, when it
needs specific information. The world is actively ex-
plored rather than passively registered,

It is this entire active process of epistemic negotia-
tion that constitutes creativity and not the final product
(a new model or theory) or the act of internal intuition.
Creativity does not arise — so to say — when we actually
see, bul when we are seeing nothing in particular
(something not vet defined and conceptualized) as
something, whatever it may be. This certainly is an
important aspect of scientific research: the ability to
see things as we would not otherwise have seen them,
and explore the world in new (creative) and useful
ways (Tycho Brahe saw the Sun as rising over the ho-
rizon, whereas Kepler, a Copernican, saw the Earth
turning towards the Sun).

4. Creativity and Ethical Mediators

The active process of information gathering through
mediators, 10 shape knowledge, should not be restricted
to the scientific activity and so to the “epistemic” side
of them. An often neglected side of human creativity is,
in fact, related to emotional, artistic, and ethical as-
pects, and concerns the active shaping of values in an
esthetic or in an ethical world. In the case of morality
the role of hypotheses and manipulation of the world is
clear in Kant’s moral doctrine. When Kant considers
pure moral rules, in fact, he says that they could be
applied to the concrete experience through a kind of
“typification™, a figurative envisioning of a non exist-
ing world, based on a metaphoric mapping, as a means
for judging a given moral situation (Johnson, 1993).

= |

As already outlined above, for Peirce all knowing is
inferring and inferring is not instantaneous, it happens
in a process that needs an activity of comparisons in-
volving many kinds of models (signs) in a more or less
considerable lapse of time. All sensations or percep-
tions participate in the nature of a unifying hypothesis,
in the case of “emotions™ too. In Peircian sense emo-
tions too express a kind of model-based reasoning and
have and “inferential” character. In decision making
emotions play a distinguished role: they make the ve-
locity of the decision process, surely related to what we
care about, and lead directly to actions. But they are
also usually considered irrational because of the serious
disadvantages they present: failure to consider other
options, lack of consideration of accurate and relevant
information, not sharability in group situation, when
the decisions have be adopted collectively. It is impor-
tant to understand that emotions are not inherently ir-
rational, for example they can be usefully intertwined
with cultural aspects.

In general we can say that moral deliberations relate
to a sort of selection or creation of principles (rules,
prototypes) and to their application to concrete cases.
We can both just select (or create, il we do not have
any) moral principles (rules, prototypes) and apply
them to concrete cases or looking for the best ones
among them according to some ethical meta-criteria.
When we create new ethics, we provide new knowl-
edge and new rules about problems and situations not
yet clearly covered from the moral point of view. In
this last case we certainly are in front of a particular
case, but the problem is not only the one of ethically
solving the case at hand by applying already available
cthical concerns - indeed we lack a satisfactory moral
knowledge to handle the puzzling situation. Instead we
need to create something new, for example new good
reasons first which can provide an acceptable intelligi-
bility of the problem. Once created, it will be possible
to see the new principle and the new moral knowledge
as a crystallization of the various insights emerging
from peoples’ and/or experts” experience and thinking.

The role of cognitive delegations to external objects
and structures has to be extended to the case of human
actions and organizations, so viewed as cognitive “me-
diating™ mechanisms endowed with moral aspects. In
this light 1t 1s possible to introduce the concept of ethi-
cal (or moral) mediaior. Moral mediators play an im-
portant role in reshaping ethical worth of human beings
and collectives. They especially involve a continuous
reconfiguration of social orders aimed at rebuilding
new moral perspectives and chances. These mediators
represent a kind of redistribution of the moral effort
through managing objects and information in such a
way that we can overcome the poverty and the unsatis-
factory character of the moral options immediately
represented or found internally. Moral mediators are
also used to explon lalemt constraints in the human-
environment system. These new constraints grant addi-
tional and precious ethical information. When we



spontaneously act in a way so that we spend more
quality time with our partner to save our marriage, for
example, then our actions automatically can cause
variables relating to “unexpected” and “positive” con-
tents of the relationship to covary with perceptible new
released informative, sentimental, sexual, and in gen-
eral bodily variables. Prior to the adoption of the new
reconfigured “social™ order of the couple, there is no
active constraint between these hidden and overt vari-
ables causing them to carry information about each
other. It is also well-known that also *“trained” emo-
tions® play an important creative role in moral delib-

erations.

4.1 Templates of moral doing

It is difficult to establish a list of invariant behaviors
that are able to illustrate manipulative reasoning in
ethics. As illustrated above, certainly the expert ma-
nipulation of non-human objects in real or artificial
environments implies the application of old and new
templates of behavior that exhibit some regularities. As
I have said it is important to remember they are em-
bodied and implicit, as tacit forms of acting: 1 are not
referring here to the moral actions and manipulations
that simply follow previous explicit and devised plans.
Anyway, this moral activity is still conjectural: these
templates are embedded hypotheses of moral behavior
(creative or already cognitively present in the people’s
mind-body system, and ordinarily applied) that enable
a kind of moral “doing”. Hence, some templates of
action and manipulation can be selected in the set of
those available and pre-stored, others have to be cre-
ated for the first time to perform the most interesting
accomplishments of manipulative moral inference.
Some common features of these “tacit”™ templates
that enable us to manipulate external human and non-
human things and structures to achieve moral effects
are related to (Figure 2): 1. sensibility to the aspects of
the moral situation which can be regarded as curious or
anomalous; manipulations can also be performed to be
able to introduce potential inconsistencies in the re-
ceived knowledge (we suddenly adopt a different atti-
tude with respect to our wife/husband 1o get some re-
actions we can regard as inleresting — or “unexpected”
— to confirm or discard hypotheses about her/feelings
or to develop further hypotheses about them; in an in-
vestigation about a crime we spontaneously engage
further manipulations of the evidence to get more in-
teresting data to morally shape the suspect); 2. prelimi-
nary sensibility to the dymamical character of the situa-
tion at hands, and not only to entities and their proper-
ties, common aim of manipulations is to practically
reorder the dynamic sequence of the events correlated
to the main problem to promote the subsequent possi-
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® That is not just shaped by biological evolution but also by
cultural aspects.

bility of new possibilities and options for action (a
women in front of decision in favor of abortion sponta-
neously tries to modify the dynamical aspects of her
behavior and the structure of her human relationships
to try to establish new perspectives able to make her
able to envisage a possible decision different from the
first one first envisaged); 3. referral to manipulations
that exploit artificial created feelings and environments
to free new possibly stable and repeatable sources of
information about hidden moral knowledge and con-
straints (when dealing with the moral problem of capi-
tal punishment we can spontaneously handle people,
for example with statistics, interviews, scientific re-
search, associations, to artificially reconfigure social
orders’ in a way suitable to get real and not hypocritical
information, for example about the real relief generated
in the victim’s relatives by killing the criminal); 4.
various contingent ways of spontaneous moral acting:
looking from different perspectives, checking the dif-
ferent information available, comparing subsequent
events, choosing, discarding, imaging further manipu-
lations, re-ordering and changing relationships in the
world by implicitly evaluating the usefulness of a new
order (for instance, to help memory) (in the ethical case
they certainly are all useful ways for getting suitable
evidence and for stimulating the derivation of further
consequences to test our previously established moral
judgments; analogous of all these manipulative tem-
plates are active in epistemic settings, as illustrated in
Magnani, 2001a and Magnani, Piazza, and Dossena,
2002).

CURIOUS AND
ANOMALOUS
FHEMNOMEMNA
{Unexpected in maniage...)

DYMNAMICAL ASPECTS
(Mew perspoctives in frong of
abaetion...)

MORAL
TEMPLATES

ARTIFICIAL AFPARATLS
I Mew environments.. )

EPISTEMIC ACTING
(Testing moral consequences... )

Figure 2.

" On the reconfiguration of social orders that is realized in
science laboratories cf. Knorr Cetina, 1999,




More features of our tacit templates and ethical me-
diators are related to the following additional issues
(Figure 3): 5) moral spontaneous action that can be
useful in presence of incomplete or inconsistent infor-
mation — not only from the “perceptual™ point of view
— or of a diminished capacity to morally act upon the
world: 1t 1s used to get more data to restore coherence
and/or to improve deficient knowledge; 6) action as a
control of sense dara illustrates how we can change the
position of our body (and/or of the external objects) to
reconfigure social orders, collective relationships, and
how to exploit various kinds of artificially created
events to get various new kinds of stmulation: action
provides some tactile, visual, kinesthetic, sentimental,
emotional, and bodily information (e.g, in taking care
of people, cf. below in the following subsection), oth-
erwise unavailable; 7) action enables us to build new
external artifactual models of ethical mechanisms and
structures (for example through “institutions™) instead
of the corresponding “real” and “natural” ones.” For
instance, we can substitute to the “natural™ structure
“family” an environment more adequate to agent's
moral needs. In this case we aim at reconfiguring rela-
uionships for instance when we exploit the social re-
shaping role of the “houses” were children molested
inside family are recovered, to rebuild in a whole arti-
ficial framework their moral perception for example of
the sexual molestation received and of the related bad
feelings. Something similar occurs in the case of the
addicted people. We also establish structures to im-
plicitly favor good manners, for example fences, barri-
ers in the lines, etc.

ETHICAL
MEDIATORS

SIMPLIFICATION
OF MORAL TASKS

TREATMENT OF INCOMPLETE
AND INCONSISTENT
INFORMATION (Getting more dats...)

CONTROL OF SENSE
DATA (To reconfligure social orders...j

EXTERNALARTIFACTUAL
MODELS (New institutions...)

NATURAL OBIECTS
AND

PHENDNMENA
=

Figure 3.
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Of course these “real” and “natural” struclures are also
artificial, because we can think of a “family” as a kind of not
merely natural institution.
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4.2 Moral mediators

The whole activity of manipulation is also devoted to
build various external moral mediators’ that function
as an enormous new source of information and knowl-
edge. Therefore, these mediators represent a kind of
redistribution of the moral effort through managing
objects and information in such a way that we can
overcome the poverty and the unsatisfactory character
of the moral options immediately represented or found
internally (for example exploiting the resources in
terms of merely internal/mental moral principles, utili-
tanan envisaging, and model-based moral reasoning).
Not only a way for moving the world to desirable
states, action performs a moral and not just merely per-
formatory role: people structure their worlds to sim-
plify and solve moral tasks when they are in presence
of incomplete information or possess a diminished ca-
pacity to morally act upon the world when they have
insufficient opportunities to know. Moral mediators are
also used to exploit latent constraints in the human-
environment system. These elicited new constraints
grant us additional and precious ethical information:
when we spontaneously act in a way in which we
spend more quality time with our partner to save our
marriage, then our actions automatically cause wvari-
ables relating to “unexpected” and “positive™ contents
of the relationship to covary with perceptible new re-
leased informative, sentimental, sexual, and, in general,
bodily variables. Prior to the adoption of the new re-
configured “social” order of the couple, there is no
active constraint between these hidden and overt vari-
ables causing them of carry information about each
other.

Also natural phenomena can play the role of exter-
nal artifactual moral mediators: | am referring to the
role played by external “natural™ objects as occasions
for suggesting new creative ethical knowledge, like in
the case of endangered species and “cognitive™ tools.
Many external things that usually are {or in the past
were) inert from the moral point of view can be trans-
formed into moral mediators. For example we can use
animals to depict new moral features of living objects
previously unseen, so we can do with earth or (non
natural) cultural objects; we can also use external
“tools™ like writing, narratives, others persons’ infor-
mation, rituals, various kinds of pertinent institutions to
reconfigure previously given social orders morally un-
satisfactory. Hence, not all of the moral tools are inside
the head, many of them are shared and distributed in
external objects and structures which function as ethi-
cal devices.

The extemal moral mediators are endowed with
functional properties as components of a memory sys-

* 1 derive this expression from the one “epistemic mediators”
| intreduced in Magnani (2001a, chapter 3): these consist of
external representations, objects, and artifacts that are rele-
vant in scientific discovery and reasoning processes.



tem crossing the boundary between person and envi-
ronment (for example they are able to transform the
tasks involved in allowing simple manipulations that
promote further moral inferences at the level of model-
based abduction): 1 can only enhance my bodily expe-
rience of pain through action by following the template
control of sense data, 1 previously outlined, that is
through changing — unconsciously — the position of my
body and its relationships with other humans and non-
humans embedded in distressing experiences. In many
people moral training is often related to these kinds of
spontaneous (and “lucky”™) manipulations of the control
o their own body and sense data so that they build their
morality immediately and non reflectively “through
doing”. Women taught all human beings the impor-
tance of attitudes that emphasize intimacy. caring and
personal relationships.'” It would seem that women’s
basic moral orientation is “taking care” of others and of
external things in a personal way, not just being con-
cerned by the humanity or by the world in general. The
ethics of care does not consider “obligation™ as essen-
tial: moreover, it does not require that we impartially
promote the interests of everyone alike. It looks on
small-scale relationships with people and objects. so
that it is not important to “think™ to help disadvantaged
children in all the world (like men aim at doing) but to
“do™ that when needed, just “over there™.

In light of my philosophical and cognitive treatment
of the problem of moral model-based thinking and of
morality “through doing”, this female attitude does not
have to be considered as less rational and deontological
because more related to emotions and passions, in turn
intended as forms of lower level of thinking. I contend
that we can become “more loving parents” in a more
intuition and feeling oriented way because of the rea-
sons - and may be because of “Kantian” rules - that
compel us to do educate our feelings in that way, and
so to privilege the “taking care” of our children in cer-
tain situations. The route from reason to feeling (and of
course also from feeling to reason) is continuous In
ethics.

Consequently, “taking care™ is a “different” way of
looking at people and objects, and, as a form of moral-
ity immediately given “through doing”, is clearly inte-
grated and explained as a fundamental kind of moral
inference and knowledge. Ethics of care relates to the
habit of terminating some people’s urgencies by per-
forming a “caring perception” of non-humans (objects
inside the house, for example). Consequently, these
non-humans can easily be seen as “moral mediators™ in
the sense that | give to this cognitive concept.

"' On the role of feminist skepticism in ethics, and the so-
called “expressive-collaborative model™ of morality cf. Urban
Walker, 1996. This model looks at moral life as “a continuing
negotiation among peup]c. a socially situated practice of mu-
rwalfy allotting, assuming, or deflecting responsibilities of
important kinds, and understanding the implications of doing
so” (p. 276). Or course this is contrasted to the so-called
“theoretical-juridical conception of morality™.
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3. Conclusion

What 1 call thearetical abducrion (sentential and ma-
nipulative) certainly illustrates much of what is impor-
tant in creative abductive reasoning both in humans
and computational programs, especially the objective
of selecting and creating a set of hypotheses that are
able to dispense good (preferred) explanations of data,
but fails to account for many cases of explanations
occurring in science or in everyday reasoning when the
exploitation of the environment is crucial. The concept
of manipulative abduction 1s devoted to capture the
role of action in many interesting situations: action
provides otherwise unavailable information that en-
ables the agent to solve problems by starting and per-
forming a suitable abductive process of generation or
selection of hypotheses. Many external things, even if
usually inert from the epistemological point of view,
can be transformed into what is called episremic me-
diators, which are illustrated in the second part of this
paper, together with an analysis of the related notion of
“external representation steps in a way that discharges
the “internal™ mind of a computational load. To define
a cognilive system it seems we can no longer identify it
only with internal processing devices.

By exploiting the concept of “thinking through do-
ing” and of manipulative ahduction I have tried to shed
new light on some of the most interesting cognitive
aspects of creative ethical reasoning of what I call
“ethical mediators”. Indeed, 1 contend that the whole
activity of manipulation can be seen as an activity for
building various external “ethical mediators™ that
function as an enormous new source of information
and knowledge. Furthermore, while describing moral-
ity “through doing” a list of “moral templates™ as forms
of invariant behaviors that are able to illustrate ma-
nipulative ethical reasoning is furnished. These tem-
plates are forms of behavior which are inclined towards
providing ethical outcomes. The application of old and
new (creative) moral templates of behavior exhibits
some regularities and expresses expert manipulation of
human and non-human objects in real or artificial envi-
ronments. These templates are embodied and implicit
as tacit forms of acting. They are embedded hypotheses
of moral behavior (creative or already cognitively pres-
ent in the people’s mind-body system, and ordinarily
applied) that enable a kind of moral “doing™. Hence,
some templates of action and manipulation can be se-
lected in the set of those available and pre-stored, while
others have 1o be created for the first time in order to
perform the most interesting accomplishments of ma-
nipulative moral inferences. These “tacit” templates
enable us to manipulate external human and non-
human things and structures 1o achieve moral effects.
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Abstract

This paper discusses the use of statistical models for the problem of musical style imitation. Statistical models
are created from extant pieces in a stylistic corpus, and have an objective goal which is to accurately classify
new pieces. The process of music generation is equated with the problem of sampling from a statistical
maodel. In principle there is no need to make the classical distinction between analytic and synthetic models
of music. This paper presents several methods for sampling from an analytic statistical model, and proposes
a new approach that maintains the infra opus pattern repetition within an extant piece. A major component of
creativity is the adaptation of extant art works, and this is also an efficient way to sample pieces from complex

statistical models.

1 Introduction

In his Syntactic Structures Chomsky (1957) used the term
creativity to refer to the unique capacity of humans to
understand and produce an indefinitely large number of
sentences in a language, most of which have never been
encountered or spoken before. The goal of a linguistic
theory was the formulation of general principles for the
evaluation of alternative grammars that could account for
human creativity.

The construction of computational methods for musi-
cal style imitation has been far more difficult than ini-
tially imagined. Pioneening activity and early hope in the
19505 (Pinkerton, 1956; Brooks et al., 1956; Hiller and
Isaacson, 1959), driven by advances in machine leam-
ing and information theoretic musicology (Meyer, 1956;
Cohen, 1962), was soon replaced by frustration as the
models used proved incapable of generating even sim-
ple well-formed melodies. This naturally led to the shifi
of research to hand-crafted algorithms for style imitation
that had only small explicit statistical and empirical com-
ponents (Lidov and Gabura, 1973; Baroni and Jacobini,
1978; Cope, 1991; Sundberg and Lindblom, 1991). While
unquestionably successful, these models are heavily bi-
ased by their developers, and to the extent that they con-
strain the set of possible musical productions, are not ro-
bust and do not exhibit creativity. The promise of ro-
bust, creative, style-independent empirical learning meth-
ods for musical style imitation has not yet been fulfilled.

The study of grammars for music has a long history
that has in many ways paralleled that of natural language.
Chomsky's (1957) criticism of Markov (or fimite-state, or
n-gram) models for language proved to be damaging to
both areas. Chomsky's main position was that a) finite-
state methods could not capture, in a compact fashion,
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non-adjacent dependencies between words in sentences,
b) they could not model the recursive embedding of
phrase structure found in natural language; and therefore
¢) grammatical sentence production cannot be achieved
by a lefi-to-right process. Though the relative impact of
these points can be debated with respect to music, the ef-
fect in the 1970s and 1980s was to initiate the develop-
ment of more powerful grammars for music generation,
while at the same time suppressing the high empirical
component of earlier work. In the 1990s work in com-
putational language modeling, motivated by the applied
task of speech recognition, made a dramatic shift back to
statistical models (Jelinek, 1997). Improved methods for
language modeling were developed that extended the ba-
sic n-gram model while maintaining its tractability and
simplicity. Research in computational music modeling,
partly driven by the growth of on-line music databases,
also made this shift (Conklin and Witten, 1995; Ponsford
et al., 1999), and also expanded into polyphonic music.

In other ways, computational modeling of music and
natural language have taken different directions in their
intended application. Natural language modeling was fo-
cused from the beginning of the rationalist program of the
1960s on developing analyvtic models — those intended
to classify sentences as grammatical or non-grammatical.
The main goal was thereby to demonstrate linguistic com-
petence, while operational issues of sentence generation
and production were relegated to the topics of perfor-
mance and pragmatics. Motivated by astounding suc-
cesses at speech recognition, computer scientists have re-
cently been called upon to develop the best analytic mod-
els possible for natural language; the topic of sentence
production has been confined to a small dedicated group
of natural language generation researchers.

By contrast, in music, the situation has been nearly




reversed. The focus from the early years was on syn-
thetic models — those intended to generate well-formed
sentences from a grammar. This is probably because
the practical application of analytic models has not, un-
til recently, been so clear as it has for statistical lan-
guage models. The generation of music, yielding im-
mediate results that can be listened to and evaluated by
the researcher, is an exciting and compelling research
project. The wholly subjective evaluation of results, how-
ever, is fraught with methodological problems (Pearce
and Wiggins, 2001). Only recently have researchers in
music informatics turned their attention to the analytic
topics of music prediction (Conklin and Witten, 1995;
Reis, 1999; Trivinio-Rodriguez and Morales-Bueno, 2001
Pearce, 2003), phrase structure analysis (Bod, 2002}, and
music classification (Westhead and Smaill, 1993; Sawada
and Satoh, 2000; Cruz-Alcazar and Vidal-Ruiz, 1997;
Dubnov et al., 1998; Chai and Vercoe, 2001). A common
thread to these analytic studies is the imporntance given to
objective measures with which altemative models of mu-
sic can be compared and ranked.

The thesis of this paper is that the topics of creative
music generation and analysis are in fact highly intercon-
nected, and that in principle there is no need to make the
classical distinction (Ruwet, 1966) between analytic and
synthetic models of music. Analytic statistical models
have an objective goal which is to assign high probability
to new pieces in a style. These models can guide the gen-
cration process by evaluating candidate generations and
ruling out those with low probabilities. The generation
of music is thereby equated with the problem of sam-
pling from a statistical model, or equivalently. exploring
a search space with the statistical model used for evalua-
tion. This paper presents several ways that this sampling
may be performed. Perhaps surprisingly, only a few of
the proposed sampling methods have been explored in the
music generation literature. For example, sampling may
be performed in a way that generates incremental modifi-
cations to extant pieces in a style, retaining their overall
repetition structure during the process. In this way, an
obvious feature of human creativity — the use and adap-
tation of existing pieces — may be computationally ex-
plored.

This paper is structured as follows. In Section 2 a re-
view of statistical models of music is provided. Partic-
ular emphasis is given to the prevalent class of history-
based models, which condition events in music based on
features computable from preceding events. In Section 3
methods for music generation from statistical models are
outlined. The music generation process i1s equated with
the problem of sampling high probability pieces from a
statistical model. The prevalent random walk methods
are discussed and shown to be flawed-in that they do not
guarantee that pieces with high overall probability will be
produced. For certain simple types of statistical model, it
is possible to compute the optimal pieces from the model.
For complex models, computing the optimal pieces can
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be infeasible, and heuristic search or stochastic sampling
is required. Modifications to extant pieces in a style is a
very efficient way to sample high probability pieces from
a model. The section concludes with an outline of a sam-
pling approach that maintains the intra opus pattern repe-
tition within an extant piece in a style.

2 Statistical models of music

A piece of music is represented by a sequence of events,
which are music objects together with a duration and an
onset time after instantiation into a piece. Notes are mu-
sic objects, as are (recursively) sequences or simultane-
ities of music objects (Conklin, 2002). In addition to lin-
ear melody, this scheme allows for the representation of
phrase structure and polyphony.

A statistical model of music assigns to every possible
piece of music a probability. A statistical model captures
regularities in a cfass of music, be this a genre, a style,
a composer’s style, or otherwise. A good model assigns
high probabilities to pieces in the class, and low probabil-
ities to pieces that are not in class. The probability of a
piece p according to a model m is denoted P(p | m).

In the Bayesian classification framework, there are sev-
eral statistical models ni;, each of a different class i. A
piece p is classified into the class i for which P(p | m;)
15 the highest (this assumes equal prior probabilities on
all models, a detail which is not of concern in this paper).
One of these models may be a null model which assigns
equal probabilities to all valid pieces and is not permitted
to assign a piece a higher probability than its true class
model.

Statistical models of music are created empirically by
induction. A corpus of training picces in a class is used to
instantiate the parameters of a statistical model. Compet-
ing models for the same class are evaluated according to
their performance on a blind test set, or alternatively, by
simulation using a cross-validation technique.

2.1 Context models

The most prevalent type of statistical model encountered
for music, both for analysis and synthesis, are models
which assign probabilities to events conditioned only on
earlier events in the sequence. By the general term con-
fext model, we intend to include Markov, hidden Markow,
n-gram, and finite state models. There are several reasons
for the prevalence of context models in the music genera-
tion literature:

* ¢vents in a piece can be sometimes be predicted from
preceding events;

e context models are easy to induce from examples:
this typically involves storing subseguences in a data
structure providing rapid access (such as a suffix
tree);



e context models are usually very fast: efficient data
structures can be used to rapidly match contexts.
This allows their use in real-time algorithmic com-
position systems;

o the probability of a piece according to a context
model is easily computed, being simply the product
of probabilities of events in the sequence;

s it is straightforward to generate new music with a
context model.

Muodels which employ highly specific contexts to make
predictions are bound to fail when applied to new music,
because training corpora arc always limited in size and
few sequences of events will be encountered inter opus.
Solutions to this sparse data problem range from simple
data preprocessing steps such as transposition to a com-
mon key, to smoothing of short and long contexts (Jelinek,
1997) and the related PPM technique (Conklin and Wit-
ten, 1995).

2.2 Complex statistical models

The sparse data problem recalls the nativist position that
children cannot possibly learn grammars from the limited
amount of primary data encountered. Chomsky (1957) ar-
gued for innate human capacity and cogmitive structures,
with learning being more a form of abductive grammar
selection rather than inductive inference from examples.
In a piece of music, events can be ascribed properties,
encoded into and derived from background knowledge,
and these properties will be far less numerous than ac-
tual events. The method of viewpoints (Conklin and Wit-
ten, 1995; Conklin and Anagnostopoulou, 2001; Conklin,
2002) therefore deals with the sparse data problem by ap-
plying knowledge of music. Events are predicted by an
interpolation of the predictions of multiple viewpoinis.
Similar ideas have been employed in statistical natural
language modeling (Brown et al., 1992), where context
models over lexical categories are developed.

The technique of viewpoints is an instance of the gen-
eral class of history-based models, wherein any features
computable from preceding events can be used to condi-
tion the probability of the current event. Furthermore, the
current event can be predicted by an interpolation of two
separate models: one which captures short-term phenom-
ena specific to the current piece, and a long-term maodel
which captures regularities of the general style (Conklin
and Witten, 1995).

Statistical models are not restricted to general history-
based models. More powerful grammars in the Chom-
sky hierarchy, such as context-free grammars, can have
a statistical interpretation. Leaming the-parameters of
these statistical models, however, presupposes an exist-
ing grammar for a musical style. A type of context-free
grammar, called the dependency grammar (Chelba et al.,
1997), may have promise for music. This type of model
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could elegantly capture dependencies between, for exam-
ple, chord and non-chord tones in tonal music.

In a final analysis, however, music requires features
even beyond the capabilities of context-free grammars.
For example, the simple phenomenon of a repeated phrase
in a piece cannot adequately be expressed using a context-
free grammar. The sampling techniques discussed below
for the generation of music from statistical models are ap-
plicable regardless of the power and complexity of the
statistical model. The next section will outline a way to
preserve pattern repetition in a piece.

3 Generation of music from statisti-
cal models

As outlined in the previous section, the goal of an ana-
Iytic statistical model of a corpus of music is to assign
high probabilities to pieces in the class, and lower prob-
abilities to all other pieces. In the Bayesian framework,
given multiple class models, a piece is classified by the
model which assigns it the highest probability.

To generate a piece from an analytic model is therefore
to sample a piece which has a high probability accord-
ing to the model; presumably higher than its probability
according to competing models. It 1s important to note
that a high probability picce need not comprise only high
probability events.

3.1 Random walk method

The simplest way to generate music from a history-based
model is to sample, at each stage, a random event from the
distribution of events at that stage. After an event 1s sam-
pled, it i1s added to the piece, and the process continues
until a specified piece duration is exceeded. This method
has been employed by many, if not most, synthetic mod-
¢ls of music (Brooks et al., 1956; Mozer, 1994; Conklin
and Witten, 1995; Ponsford et al., 1999).

The random walk method, while applicable for real-
lime music improvisation systems that require fast and
immediate system response ( Assayag et al., 1999; Pachet,
2002), 1s flawed for generating complete pieces because
it is “greedy” and cannot guarantee that pieces with high
overall probability will be produced. The method may
generate high probability events but may at some stage
find that subsequently only low probability events are pos-
sible, or equivalently, that the distribution at subsequent
stages have high entropy.

Allan (2002) provides a demonstration of this effect in
music. The probability of the optimal sequence of har-
monic symbols generated from a hidden Markov model
(see next section) is compared to a sequence produced by
the random walk method. The probability of the sequence
produced can be significantly lower with the random walk
method.




3.2 Hidden Markov models and Viterbi de-
coding

A hidden Markov model (HMM) is a statistical model in
which observed evenis are generated from underlying hid-
den states. After generating an event from a state, a miodel
moves into a new state based on its transition probabili-
ties. The term hidden derives from the fact that many
different state sequences can generate the same observed
sequence of events. Different state sequences can there-
fore have different probabilities.

A key concept of HMM theory is the decoding step:
given a sequence of observed events, find the most prob-
able hidden state sequence. For a first-order HMM, this
decoding can be computed by a dynamic programming
algonthm (called the Viterbn algonthm) in time propor-
tional to the length of the observed event sequence times
the number of states in the model. A similar dynamic pro-
gramming algorithm can be applied to non-hidden first-
order Markov models to find the most probable sequence.

HMMs have recently been applied with success to mu-
sic generation. Farbood and Schoner (2001) describe a
system for producing a counterpoint line to a cantus fir-
mus in the style of Palestrina. For a given cantus firmus,
the most probable counterpoint line is found by Viterbi
decoding. Allan (2002) describes an HMM approach for
chorale melody harmonization, where Viterbi decoding is
used to produce the most probable underlying sequence
of harmonic symbols for a given melody line,

3.3 Stochastic sampling

A drawback of Viterbi decoding is that its computation
time increases exponentially with the context length of the
underlying Markov model on states. Furthermore, more
complex and powerful statistical models are not readily
transformed into a form in which Viterbi decoding is ap-
phicable. Producing the highest probability pieces from
complex statistical models is therefore a computationally
expensive task, and heuristic search and control strategies
must be applied. With an increase in computation time,
techniques such as A® search can be used to compute
the n best state sequences (Jiménez et al., 1995). How-
ever, a system that produces only a few high-probability
pieces obviously cannot be called creative, and more ro-
bust methods are required.

Sampling from complex statistical models can be per-
formed in various ways (Rosenfeld et al., 2001). To gen-
erate a piece using Gibbs sampling from a model m, we
start with some initial picce p. The following process is it-
erated: a random event of the piece is chosen and all valid
events are substituted into that position, each producing a
new picce p'. One such piece g, having the probability
P(p' | m), is chosen at random for the next iteration.

The Gibbs sampling method can be slow because the
term P(p’ | m), which might itself be expensive to com-
pute, must be computed many times. In Metropolis sam-
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pling from a model m, a random event in the piece p is
chosen, and a single event is substituted into that posi-
tion, producing a new piece p'. This piece is accepted for
the next iteration if P(p’ | m) > P{p | m). and oth-
erwise rejected with a rejection probability that increases
with each iteration.

Both sampling methods discussed above can fall into
local valleys, where valid substitutions at all locations
cannot improve the probability of the current piece. Both
methods can be assisted by providing a high probability
extant piece as a starting point. This brings up the inter-
esting fact that modifications to extant pieces in a style is
a very efficient way to generate high probability pieces in
a style.

3.4 Pattern-based sampling

The application of statistical sampling techniques to mu-
sic faces two main challenges. First, it is unlikely that
single-event substitutions can provide the necessary di-
versity to exhibit creativity. Motif or phrase-level sub-
stitutions seem to be required, and this again raises the
1ssue of the high computation time needed to compute all
valid motifs for substitution. This limitation is beyond
the scope of this paper. Second, musical cohesion (Anag-
nostopoulou, 1997) is not preserved by the sampling pro-
cedures. For example, in a piece in which repetition of
a certain pattern should be preserved a substitution of an
event within one occurrence of the pattern should also be
reflected in the other.

An early attempt to handle inrra opus repetition with
a complex statistical model involved the use of a short-
term model that adapted to the current piece being gener-
ated (Conklin and Witten, 1995). A flaw with this ap-
proach is that while pattern continuation can easily be
handled, there 15 no way to specify at the outset of gen-
eration where repeated patterns should begin and end.
One way to handle this effect is to apply modem pat-
tern discovery algorithms (Cambouropoulos, 1998; Rol-
land and Ganascia, 2000; Conklin and Anagnostopoulou,
2001) which can discover infra opus repetition, often at
deeper levels than the basic musical surface.

A pattern-based sampling approach can first apply a
pattern discovery algorithm to an extant piece to reveal
patterns at various levels of abstraction. During stochas-
tic sampling, the discovered pattern structure can be con-
served. This is one way to overcome the limitations with
n-gram models of music discussed earlier.

4 Conclusions

Analytic statistical models have an objective goal which
15 to construct models for a stylistic corpus that assign
high probability to new pieces in the style. This essay
has argued for increased attention to analytic models of
music. Operational i1ssues of music generation, expressed
as the problem of sampling from a statistical model, can



be separated from the issues of model selection and train-
ing. The generation of music should not be confined to
the prevalent random walk method for sampling from a
history-based model. With music generation rephrased as
a classical search and sampling problem, generation algo-
rithms are free to apply deep knowledge and draw from
extant pieces to reduce the search space and more rapidly
focus on high probability pieces. The generation of music
can use modern pattern discovery methods applied to ex-
tant pieces to reveal their repetition structure and provide
musical cohesion to new productions. A major compo-
nent of creativity is the adaptation of extant art works,
and this is also an efficient way to generate music from
complex statistical models.
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Abstract

A new kind of multi-modal image representation that results in computer generated images is introduced. This
image representation has been motivated by human visual perception. We call the style of images ‘Symbolic
Pointillism" since it resembles certain impressionist images drawn by the sub—group of Pointillists. However,
instead of points, symbolic icons represent condensed and meaningful local information,

1 Introduction

We introduce a new kind of multi-medal image repre-
sentation that results in computer generated images with
considerable aesthetic value (see figure 1, 4 and 5). This
image representation is used in the artificial visual sys-
tem described in (Kriger et al., 2002ab; Kriiger and
Worgotter, 2002; Kriiger et al., 2003a; ModIP, 1998—)
and 15 a central pillar of the ongoing European project
ECOVISION (ECOVISION:, 2002-2004). This image
representation has been motivated by human visual per-
ception (Kriiger et al., 2003b). We call the style of images
*Symbolic Pointillism™ as will be motivated below.

Pointillism is a style of art that was part of the impres-
sionist movement. This movement aimed to paint images
not in a realistic way but 1n a way ‘humans perceive the
world’. The sub—group of impressionists called Pointil-
lists (most notably Seurat and Pissarro) decided to basc
their paintings on small coloured dots (or even small ori-
ented patches). The observer then constructs the image
by mixing these dots. Perceived reality 1s, thus, a concept
constructed by the observer.

It is by now known that the human visual system op-
erated on a similar level. First, condensed and meaning-
ful image information (like orientation, colour, distance,
form, shape) is generated by localised processors (neu-
rons) (Hubel and Wiesel, 1979; Gazzaniga, 1995). These
neurons are highly connected and communicate with each
other (Gazzaniga, 1995; Watt and Phillips, 2000). The
need to reduce the cost of this communication process
drives the condensation to meaningful information in the
first place. As the consequence, it is almost as those nerve
cells would in the end communicate symbols. 1t scems
to be this specific neuronal communication process by
which our perceived ‘reality” is generated.-. n

Having the aim of building technical systems with sim-
ilar power and similar structure than the human visual sys-
tem, we invented an image representation that consists of
such abstract, symbolic icons. We include, for example,
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information about colour, orientation and contrast transi-
tion (sce figure 2). A communication process is estab-
hished by grouping related information (as represented by
linking lines). In this way our electronically generated
paintings visualise internal principles of image process-
ing in the brain.

In section 2, we give a short description of the compu-
tation of our image representation as well as its relation to
human perception. We then discuss this approach in the
context of the modelling of ‘creativity” in section 3. As a
central thesis, we suggest that the understanding and mod-
¢lling of creativity can be supported by the understanding
and modelling of human perception.

2 Computation of ‘Symbolic

Pointillist’ Images

In section 2.1, we describe the processing of the basic en-
tuties of our images which are symbol-like icons. These
icons carry condensed information about multiple aspects
of local image structures and organise themselves into
groups. In section 2.2, we discuss the specific role of the
icons in visual processing.

2.1 Symbolic Icons and Early Visual Fea-

ture Extraction

In our artificial system we process an image representa-
tion that codes different feature domains.

Position and Orientation: In our icons (see figure 2a)
orientation i1s represented as a local line with appropri-
ate angle. Edge detection and orientation estimation is
based on the isotropic linear filter (called monogenic sig-
nal (Felsberg and Sommer, 2001)). The monogenic signal
performs a splir of identitv: 1t orthogonally divides a sig-
nal into energetic information (indicating the likelihood
of the presence of a structure), its geometric information



Figure 1: Symbolic Pointillism: A computer generated image and an enlarged frame.
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Figure 2: a,b: Icons as basic elements of *Symbolic Pointillism’. ¢: Grouping 1s represented by linked lines.

{onientation) and its contrast transition. We look for en-
ergy maxima in the posihon-onentation space. We use
hexagonally arranged patches with a diameter of approx-
imately 15 pixels. To avoid the occurrence of very close
line-segments produced by the same image structure we
demand that line segments have a certain minimal dis-
tance.

Contrast Transition: The contrast transition is displayed
by a small arrow (see figure 2a). Using contrast transi-
tion, we can for example distinguish between lines and
step edges (see figure 2b). Contrast transition is coded
in the phase at a local maximum in the (z,y,0) feature
space (Kovesi, 1999), It refers to the kind of grey level
structure existent at the local image patch (as dark/bright
edge, or bright line on dark background). The continuum
of contrast transition can be expressed by the continuum
of phases. Therefore, it allows for a coding different kinds
of edge—like structures by one parameter.

Colour: Colour is processed by integrating over image
patches in coincidence with their edge structure. In case
of a line we have in addition a colour value in a middle
strip that carries colour information (see figure 2b). To
code the modality color at intrinsically one~dimensional
image structures we perform a Gaussian integration in the
RGB color space over the left and right part (’left’ and
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‘right’ defined by the associated line segment) of the im-
age patch (see figure 2). Since the distribution of phases
indicates the dominance of edges (Kriiger and Worgotter,
2002), this kind of integration corresponds to the most
likely model of intrinsically one—dimensional structures.
Energy and Orientation Variance: The *homogencous-
ness’, ‘edge-ness’ or ‘junction-ness’ of a local signal
patch can be computed from the variance of the local ori-
entation and the energy in this area. The variance is dis-
played as the diameter of a square (see figure 2a) while
the local energy is displayed as the grey value of the up-
per part of this square.

There is a huge amount of evidence that the above—
mentioned modalities are processed in early stages of vi-
sual processing in so called *hyper—columns® (see, e.g.,
(Hubel and Wiesel, 1979; Jones and Palmer, 1987; Gaz-
zaniga, 1995)). However, it is not only a local image pro-
cessing that is going on in early visual processing. As
mentioned above, there occurs an extensive communica-
tion within visual brain areas as well as across these areas.
The communication process leads to a binding to groups
(v.d.Malsburg, 1981; Watt and Phillips, 2000) of local
entities. In (Kriiger and Worgdtter, 2002), we have de-
scribed a process in which such a binding develop based
on statistical measurements in natural scenes. These sta-
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Figure 3: Different stages of image processing: First basic features in different domains (orientation, color, contrast
transition) are being processed which are then grouped. Feature processing in the different domains as well as grouping 1s

closely intertwined.

tistical measurements start a self-emergence process in
which groups organise themselves. In our images, icons
of the very same group are represented by links of very
same colour (see figure 2c¢). The complete image pro-
cessing is schematically displayed in figure 3.

2.2 Symbols as Carrier of condensed Infor-
mation

All the low level features described in section 2.1 face
the problem of an extremely high degree of vagueness
and uncertainty (Aloimonos and Shulman, 1989). How-
ever, the human visual systems acquires visual represen-
tations which allow actions with high precision and cer-
tainty within the 3D world under rather uncontrolled con-
ditions. The human visual system can achieve the needed
certainty and completeness by integrating visual informa-
tion (see, e.g., (Hoffman, 1980)) that occurs for example
in the displayed grouping processes.

However, integration of information makes it necessary
that local feature extraction is subject to modification by
contextual influences and this communication has neces-
sarily to be paid for with a certain cost. This cost can
be reduced by limiting the amount of information trans-
ferred from one place to the other, i.e. by reducing the
bandwidth. Therefore our symbolic icons represent a con-
densed description of a local image patch, which however
contains the relevant information: Although a usual 1m-
age patch has a dimension of, e.g., 15 x 15 = 225 pixel
values, the output of our symbolic icons has less than 10
values.
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3 Creativity and Human Perception

As described in section 2, our computer program pro-
duces images that display a certain amount of aesthetic
value. People tend to find the images appealing, espe-
cially when they are displayed in a large format. Three
images have been displayed (with a size of 1m* each) in
“The Lighthouse’, a well known museum for modern art
and design in Glasgow. A larger exhibition is on the way.
Some images have been sold to a public institution. So
they carry also financial value. But possesses our com-
puter program creativity?

There is at least one aspect that may lead to a nega-
tive judgement plausible: Our computer program ‘paints’
natural objects and does not create ‘paintings’ using its
‘imagination’. However, it has some understanding of vi-
sual structures in general and this understanding is dis-
played in the images by the design of the icons and their
grouping. Therefore, the generated ‘painting’ is not a
reproduction of nature but a significant restructuring of
the perceived image. In this way, our computer program
shows its own sivie.

We see the ability to be confronted, to process and to
a certain amount understand visual input as an important
property which is linked to creativity: It was this con-
frontation with the natural world that has been dominated
the work of most artists and even in most abstract paint-
ings general rules about aesthetic are applied that (with
high likelihood) have their origin in certain statistical or
geometric regularities in natural scenes (Mumford and
Gidas, 2001; Kriiger, 1998).

AARON, developed by Harold Cohen, was the first




Figure 4: Symbolic Pointillism: Ape.

example of an *artificial artist’ that is able to paint im-
ages with considerable aesthetic value. Harold Cohen
nevver claimed AARON to be creative. In contrast to
our system, AARON was not equipped with the ability
to perceive the world. It may well be that future artificial
artists make experience in natural environments and de-
velop their work in a process of similar confrontation with
nature than many artists do. It may even be that the rules
on which exploratory—creativity and transformational-
creativity (Boden, 1990) is based upon, need to be learned
from rules valid in natural environments. And it is the use,
modification and deliberate violation of such well estab-
lished rules that makes successful artists. In this way, we
see our image representation as well as the produced im-
ages not only as an accidental *by—product’ of computer
vision research but as a step towards artificial artists that
are creative, and in this sense, can go beyond AARON.
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Abstract

This paper outlines Swarm Music, an improvisational musical system based on the dynamics of insect
swarms. It is proposed that the interactions amongst performers in a freely improvising ensemble can be
modelled using the self-organisational abilities of swarms. In a multi-swarm, each swarm is a musical entity
which interacts with a target group. Each swarm is comprised of particles and each particle corresponds to a
musical event. The targets are derived from other swarms, or from collaborating humans. The indirect
interaction between swarms and humans is an example of stigmergy and can be expected to lead to temporal
organisation. It is also proposed that the self-organisation of particles within a swarm leads to pleasing note
patterns, so that each swarm is itself an interesting musically source.

1 Introduction

Real-time interactive music making with a machine is
surprisingly rare. For example, a recent review finds
only four systems that provide real-time music
production (Miranda, 2001). Even rarer are systems
that play improvised music — George Lewis’ Voyager
system is the most prominent (Lewis, 1999). Much
effort has been spent on systems that only interact
weakly with humans (for example, accompaniment
programs that adjust pre-prepared material according
to external parameters), of music composition
programs, that embody some encoding of musical
knowledge (as a grammar, for example) but do not
produce music i1n real time. But the chief
characteristic of improvised music 1s that 1t happens
in real time and without revision. In fact interaction
and improvisation have a symbiotic relationship, and
this is to be heard most clearly in ‘free
improvisation’,

Freely improvised music (which differs from
form-based improvisation as exemplified by jazz), is
so named because it is free from many conventional
musical constraints. In  particular, no prior
agreements are made on form or structure. Any
temporal structure can only arise from the local
interactions of the participants. In other words, it
must be self~organising.

Examples of freely improvised music are to be
found in the free jazz works of John Coltrane, Sun Ra
and Cecil Taylor and, within the classical tradition,
by composers such as John Cage, Comelius Cardew
and Karlheinz Stockhausen (this list is far from
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complete). A wide ranging review 15 given by Dean
(1992).

Since improvised music operates without any
prior agreement on tonality, pulse or dynamics, the
question arises as to whar the musicians actually
respond to. One answer is that the musicians are
altentive 1o the expressive qualiies of their musical
environment. Expressive qualines are high level
descriptions of the music, including attributes such as
event density, average loudness and pitch. The
participants interact by either trying to match the
expressive quality of the musical environment, as
they perceive it, or by attempting to change it in some
way.

One novel approach for the design of an artificial
improviser 15 to abandon schemes with in-built
musical rules, and to look towards nature for systems
that are self-organising. Then, a mapping must be
made from the extra-musical system onto actual
musical events. This mapping would not encode
musical syntax: musicality should be an emergent
property (Blackwell, 2001, Blackwell and Bentley,
2002b). The collective behaviour of social animals
offers a tempting analogy.

Insect swarms and avian flocks are examples of
natural systems that exhibit self-organisation
(Bonabeau, 1999) and seem to be analogous to
improvised music. For example, a flock has a
persistent shape and it may suddenly change its
direction of flight, with every member almost
spontancously responding. Flocks and swarms may
split, or they may join. Swarm members are
“attracted’ towards the swarm as a whole, vet avoid



colliding with their meighbours. This remarkable
behaviour appears to be choreographed or led. In
fact, merely local interactions between adjacent flock
members are sufficient explanation (Reynolds, 1987).

The same de-centralised patterns are also evident
in improvised music. Despite the lack of any pre-

arranged form or material, improvisations can -

produce remarkable structures. For example, sudden
changes in musical direction can arise whereby every
member of the improvising ensembles departs on a
new trajectory, as if orchestrated and conducted. And
at a different level, the pattern of notes arising from
the contributions of an individual may be swarm-like.
The succession of notes may move around a key
centre with a characteristic ‘shape’ — the pattern of
rising and falling tones. Melodic variations can be
visualised as gradual changes in shape. Notes may
avoid ‘collisions’. Similarly, the placement of notes
in time gives patterns. There may be attraction to a
beat, resulting in a simple organised pattern. Ofien,
though, rhythms are a pattern of accents and
placements about a beat, implying a degree of
‘collision avoidance’. Chords are groups of notes
with an avoidance of small intervals and an attraction
to consonant intervals. Good harmony follows the
rules of voice leading — notes make the minimum
movement necessary for the harmonic progression.
Chord progressions are ‘attracted’ to a key centre, but
they may actually avoid the tonic for some time,
delaying resolution.

The idea underlying Swarm Music is that the
musical improvisations of an individual can be
generated by a swarm of musical events. Individuals
then interact with one another by expressive
couplings. This interaction is realised by groups of
attracting targets. Each target in a group is a captured
event from another swarm, or from an external
gsource. The swarm moves towards the targets,
outputting musical events. These events are captured
by other swarms, and become targets in their own
target group. Here the term multi-swarm will refer to
a colony of swarms with indirect target mediated
interactions.

Previously published work on Swarm Music
(Blackwell, 2001, Blackwell and Bentley, 2002b)
outlines a single swarm system with simple
animation. This paper extends that work by
considering multi-swarms. The animation algorithm
has been extended and the relationship of the
parameters to the musical output is now better
understood. Other improvements noted here are in
event parsing and target placement.

Although Swarm  Music may  operate
autonomously, it may also be direcied by a process
analogous to the conducted improvisations practised
by the musicians Butch Morris and John Zorn and
known as ‘conduction’. In this* approach, a
vocabulary of gestures influences but does not
specify the improvisations of a group of musicians.
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Recent work on conducted swarms is also described
here.

This paper continues with an account of some of
the theoretical principles underlying Swarm Music.
The next section fills in some details and descnibes
the three constituent modules in each swarming
system of the multi-swarm. Then, the generation of a
number of improvisations, is discussed In some
detail.

The aim of Swarm Music is both to show that the
dynamics within an improvising group can be
modelled by interacting swarms, and to develop a
practical apphcation. In fact the two aims concide,
sincc a convincing performance by any such
application would support the hypothesis. With this
in mind, an attempt to evaluate the system from the
perspective of the end user is given in section V. The
paper closes with a discussion of the system and 1ts
place within the wider context of computer creativity.

2 Background

2.1 Self-organisation and stigmergy

The self-organisation of a system is the appearance of
spatiotemporal structure due to low level interactions
amongsi 1ts constituents (Bonabeau, 1999). There are
believed to be four contributing mechanisms: positive
feedback, negative feedback, amplifications of
fluctuations and multiple interactions. For example,
the pheromone trails of foraging ants are self-
organised. The laying of a trail by an ant and the
antraction of other ants to this trail 15 a positive
feedback, but the evaporation of established trails 1s a
stabilising negative feedback. Ants also wander
randomly and may discover a new food source. This
can then be amplified by positive feedback. Multiple
interactions exist amongst the ants: they can make
use of the results of their own activities and of the
colony as a whole (i.c. they can follow their own
trails, or trails left by other ants).

The interactions between individuals in a self-
organising system may be direct or indirect. Direct
interactions  include  actual conmtact  between
individuals, or contact mediated by sound, smell or
vision. Indirect interactions occur when an individual
modifies the environment, which other individuals
respond to at a later time. this form of
communication is known as stigmergy (Bonabeau,
19997,

2.2 Particle swarms

The animation of each swarm in Swarm Music is
inspired by the classic flock animations of Reynolds
(1987). In these animations, the individuals or boids
are small objects with flapping wings, an orientation,
a position and a velocity. Each boid expenences a
number of accelerations. An attractive acceleration



draws boids together, and a velocity matching
acceleration encourages parallel motion. A third
acceleration prevents collisions and enables the flock
to fly around obstacles.

In a particle swarm, the finite-sized boids are
replaced by point particles, and the velocity matching
term is removed. In particle swarm optimisation,-the
attraction of a particle towards a local neighbourhood
is replaced by attractions towards good solutions
found by the particle and by the swarm as a whole
(Kennedy and Eberhart, 1995). The particle swarm in
Swarm Music, however, retains particle-swarm
attraction, but introduces the concept of ‘charge’
(Blackwell and Bentley, 2002c). Charged particles
experience Coulomb repulsion; this is collision
avoidance and serves to enhance the diversity of the
swarm, a useful property for dynamic optimisation.

2.3 Swarm Intelligence

Self organisation enables a colony to solve many
problems (e.g. discovery of food sources, building
nests). Swarm intelligent systems are directly
mspired by this problem solving ability. Two recent
publications demonstrate the use of ant colony and
particle swarm algorithms in optimisation problems
(Bonabeau, 1999, Kennedy and Eberhart, 2001).

Swarm Music uses self-organising particle
swarms. Particles within the multi-swarm interact
directly with fellow members from their own swarm,
and indirectly with particles form other swarms via
targets in their own target group. The size of the
target group is finite and limited to the corresponding
swarm size. This means that targets will be replaced
as new events are captured — they have a finite life
time. Moreover, the target groups will represent
captured events from any swarm or external source,
depending on the order of capture. The result is a
stigmergetic relationship  between the swarms,
Positive feedback is present because targets are
attractors for all particles, and because all particles in
a swarm feel a mutual attraction towards the swarm
centre. However negative feedback is also included
in particle-particle and target-particle collision-
avoidance accelerations. This negative feedback
operates between particles in the same swarm and has
the effect of introducing disturbances and
maintaining the spatial distribution of the swarm
(Blackwell and Bentley, 2002a). The disturbances are
then amplified by stigmergy.

3 System Overview

Swarm Music has a number of independent systems,
each responsible for one swarm in the multi-swarm.
Each system has three functions: capture, animation
and interpretation. The animator updates the positions
of each particle. The swarm is then interpreted by
mapping positions onto musical events in music
space. Each event is then played on the internal

4

3

synthesizer and visually displayved as a 3D animation.
Concurrently with animation/interpretation, external
evenis and events originating from other swarms are
captured, parsed and placed as targets in the physical
space of the swarm. There are a number of adjustable
parameters for each function. These may be changed

in real-time (conduction) or just lefi fixed
{autonomous).
3.1Animation

Each swarm 1s made up of particles, and each particle
has a position and a velocity in a Euclidean or
‘physical” space. Each particle is subject to one or
more of four accelerations. These accelerations are
summed and added to the velocity. This updated
velocity is then added to the particle position in order
to advance the particle by one time step. The
accelerations are indexed by & and described in Table
I

Table 1: Particle Accelerations

k Deseription

I Attractive acceleration towards the swarm
centre of mass.

2 Attractive acceleration towards the target
group centre of mass.

3 Altractive acceleration towards a particular
largel.

4 Repulsive acceleration away from a
neighbouring particle or from a particular
targel.

Each acceleration is a power-law of the form a; =
=) = A
Ci|r|™ " r where r is the separation vector lo a

particle or target and n, is the associated index.
Negative wvalues of C; correspond to attraction,
positive values to repulsion. For the case of negative
index, the acceleration is scl to a constant for
separations smaller than a small value (core radius).

in order to remove the singularity at r = 0.
Additionally, a limit of perception is set so that so
that particles do not experience repulsions from other
particles or targets at scparations beyond this limit.
The first version of Swarm Music (Blackwell,
2001) used spring-like accelerations (n,. = 1)
towards the swarm and target swarm centres of mass
and an inverse square inter-particle repulsion,
ny; = -2.0. Acceleration parameter C'; was set to zero
so that there was no attraction to individual targets.
Subsequently, different acceleration indices were
tried, but the musical results did not vary much
{(whereas the indices would be more crucial for
optimisation purposes). The important factors, from a
musical perspective, are how much attraction and
repulsion is present (determined by the acceleration
constants) and which particles serve as attractors.
Swarm Music currently implements all  four




accelerations, and allows
combinations and strengths.

The accelerations balance individual and group
behaviour. For example, particles are attracted
towards the swarm centre, which preserves the
identity of the swarm as a whole, yet may also feel
attractions to targets that lie outside the swarm,
tending to fragment the swarm. Also, the inter-
particle repulsion (which is only appreciable at small
distances) balances the attraction towards the swarm
centre, preventing collapse. Musically, this prevents
the swarm from clumping together, thereby playing
identical notes.

Table 2 specifies the main animation loop in
detail.

the user to specify

Table 2: Main Animation Loop

k Description

l Attractive acceleration towards the swarm
centre of mass.

2 Attractive acceleration towards the target
group centre of mass.

3 Attractive acceleration towards a particular
targel.

4 Repulsive acceleration away from a

neighbouring particle or from a particular
targel.

Here, each particle i, i = 1, 2..M has a 3-
dimensional position x; and velocity v. The targets
have a position y; and are distributed in the target
cube T of extent x,,, in each dimension. A single
swarm update or iteration now involves an update of
each particle in turn. Each spatial dimensiona = 1, 2,
3 has an associated clamping velocity vy . No
velocity component v.e, (e, is the associated unit
vector) is allowed to exceed this speed limit. Particles
that do stray outside T are reflected back.

The update parameters are those specified in the
main animation loop. The acceleration parameters Cy,
limit of perception and core radius can be adjusted
for each swarm. In addition, each of the four
accelerations can be switched on and off The
components of v, are adjustable between zero and
an arbitrary maximum. If jv,.| 15 small in each
dimension, the swarm will only vary slightly in shape
from update to update. The result is a slowly
evolving riff. Alternatively vua puse may be small
and Vaor pick AN Vagy joudness large. The swarm will
then respond quickly to new events in the pitch and
loudness dimension, but slowly to new pulses. New
melodies will be generated, but each melody will
share a rhythmic patiern. Finally, v,.. can be
automatically scaled according to particle-target
separation so that the particles slow down as they
approach a targetl.

3.2 Interpretation

Swarm interpretation is directly analogous to the
interpretation of a score. A simple interpretation
must be found that is musical and which does not
presuppose too much. The motivation and details of
interpretation have been described by Blackwell and
Bentley (2001, 2002b). A brief summary will be
given here.

Figure 1 shows a view of the swarm in physical
space.

Figure 1: A view of the Swarm

Interpretation is a mapping from this space to the
space of musical events — Music Space. Music space
is populated by musical events, each one of which
corresponds to a note played at a certain time and
with a definite loudness. The three axes of music
space are therefore loudness, pulse and pitch, which
equates to the expressive parameters mentioned
above (Blackwell, 2001).

Figure 2 shows a single event in music space.
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Figure 2: An event in Music Space

The event corresponds to middle C (C3), played
al loudness MIDI 68, and sounding at a time interval
corresponding 1o a beat of [120BPM after the
preceding event. The mapping iself depends on the
seltings of the style parameters (see below) and is
linear in loudness and pitch. The pulse mapping is
more complicated and involves interpreting the
physical separation along a given axis as a lime
interval Ar between notes. This is inverted to give a



rate (i.e. beats per minute) and stretched so that very
high and low BPM's are suppressed.

The style parameters govern this interpretation
and how each note is played by the synthesizer. The
swarm can be played by ascending order of pitch, and
each note can be sustained. The rhythm of the notes
can be stabilised by taking the pulse from the swarm
centre of mass, rather than from each particle. The
size of T may be adjusted to restrict the interpretation
of a swarm to, for example, a specified instrumental
range. Finally, the choice of MIDI instrument can be
specified and the interpretation can be locked into a
particular key and scale.

3.3 Capture

Each system captures both internal MIDI events
generated by other swarms and external MIDI and
audio events, parses these eventis for pitch, pulse and
loudness, and sets targets in the physical space of the
swarm. (The audio stream is sphit into events by a
pulse height analyser — pitch is determined with a
real-time fast Fourier transform.) At this stage there
15 much scope for directing the improvisations since
the placement of the targets provides the stimulus for
particle motion. Although the process can be
completely transparent, a number of scripts can also
be implemented to give the user some measure of
control.

For example, one script will randomise the target
group if the swarm converges on the target centre of
mass. This will happen if there is no stimulus from
outside the swarm, or if the stimulus is constant. The
effect is to give the swarm a new musical direction in
response 1o cither an absence of ideas from its
collaborators, or from too much similarity. In terms
of the biological analogy, this is equivalent to the full
exploitation of a food source; the swarm then scatters
to enhance diversity until a new source is found.

Another script parses captured notes for key and
scale (which can be tonal or synthetic). Interpretation
15 then made within this key and scale. Key and scale
changes are invoked in response to harmonic changes
in the input. The script also tolerates *mistakes’, only
instigating key or scale changes if the number of
incorrect notes surpasses a certain number. This is
important since, within the context of improvised
music where no form has been previously agreed, the
only way to know if a note is an error or a deliberate
dissonance (in which case no action should be taken)
or an implied change (in which case some type of
action could be taken) is to see if the event is
repeated. The effect of this simple algorithm is to
produce fascinating chases from key to key, from
moments of bi-tonality (with two swarms) to periods
of consensus.

Other new scripts include improved target
placement. Targets can be scaled so that, for
example, a swarm playing in a low bass range will
adjust incoming events by subtracting octaves so that
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targets are placed in the appropnate pitch range. The
responsiveness of a swarm 10 new target posilions
can now also be controlled by altering the target
update time. Usually this 15 an almost continuous
process, but the target update time can now be
adjusted to longer intervals.

In another ‘chordal’ script, a number of particles
can be allowed to sound at one time — part of the
swarm is interpreted as a chord. This 1s governed by
an adjustable parameter, A¢.4..;. which is chosen by
the operator; if » evenis are caplured within ¢ ..
then n particles are sustained. The chord fimishes
probabilistically, where the ‘notes-off” probability
per iteration 15 also adjustable,

4 Recordings

A written analysis of musical improvisation is
lengthy and difficult. However, two cds (Blackwell
and Higgins 2001, Blackwell 2002) of Swarm Music
improvisations with humans and of solo multi-swarm
performances have been recorded and excerpts are
available at http://www. timblackwell.com. Three of
these excerpls are discussed below.

4.1 Follow Me (conducted improvisation)

This is an example of a conducted improvisation.
Two three particle swarms were used. One of these
swarms (A) plays susiained chords. At each update,
three more notes are added to the growing chord.
When the chord becomes too dense, the conductor
kills the chord. Swarm B 1s playing a melody, mainly
on a vibraphone, although the instrumentation does
change during the piece. At certain places we can
hear the swarm rapidly bouncing up and down in
pitch. This was achieved by squeezing the pulse axis
s0 that particles are interpreted within a narrow (and
fast) range of beats per minute. At these times, and in
pursuit of swarm A, swarm B began to oscillate with
large amplitude in the pitch dimension. The 3D
animation showed a gripping chase in music space.
The behaviour was quite a surprise to the conductor!

4.2 Autumn Missed (autonomous)

Autumn Missed is a piano improvisation, performed
by two five particle swarms - swarm A is playing lefi
hand and swarm B is playing right hand. This was
achieved by placing all targets below or above
middle C for swarm A and B respectively. It 1s
evident that both swarms are playing both melodies
and chords. This was achieved by adjusting two sets
of parameters. Firstly, MIDI “all notes off” messages
are sent only at the start of each interpretation of the
swarm (rather than afier each particle has been
interpreted) with probability one half. In other words,
it 15 as if the sustain pedal is pressed down but
momentarily released every five notes with



probability one half - except the piano has two
sustain pedals, one for each half of the keyboard! The
second parameter that is set to achieve the
melody/chord effect is At,4 This parameter is a
time window for identifying chords. Since all MIDI
events occur scparately, the event parser needs to

recognise chords as events armving within a time :

interval. Normally this is set to a small value (5ms)
so that chords can be clearly distinguished from very
fast melodies. However, in this case, Al Was set to
0.5 s. The event parser will force the interpreter to
play interpreied notes as chords, where the number of
notes in the chord corresponds to the number of notes
in the captured chord. This setting will persist until
two melody notes are heard, in which case all
particles in the swarm will be interpreted as melody
notes.

Despite the simplicity of these algorithms, when
coupled with the self-organising properties of the two
swarms, the effect 1s very musical, sounding very
much like a piano improvisation of human origin.

4.3 Wind Up (autonomous ensemble with
human)

This improvisation is an attempt to re-create a
typical free jazz quartet with percussion, piano, bass
and saxophone. In this recording a 3-swarm was used
for the rhythm section (percussion, piano, bass) and a
human supplied the saxophone improvisation. The
bass can be heard to play a "walking’ line of steady
tempo, only slowing towards the end of this excerpt.
(This sense of pulse is typical of most of free jazz,
which is not strictly freely improvised in the sense
alluded to in the introduction. For example, much of
the work of Omette Coleman who is considered to be
a founder of free jazz, retains a pulse and a song
form, but is ‘free’ harmonically (Jost, 1994).) The
percussion sounds were achieved by restricting the
pitch dimension of one of the swarms to MIDI 35 -
MIDI 52 and routing the output to MIDI channel 10,
s0 that the each note corresponds to a percussion
instrument on the standard GM drum kit. The bass
and percussive swarms are well matched for pulse,
but the piano-voiced swarm plays at a slower pulse
with short melodies punctuated by chords. This was
achieved with the chordal script described in section
3.3. The effect 1s certainly not unlike the ‘comp’ style
of jazz accompaniment.

The correlation of activity within the mult-
swarm is evident from the coherence of the roles of
piano, bass and percussion throughout this excerpt.
Particularly interesting from the perspective of self-
organisation is a piano chord at 2:10 {min:s) near the
end of the excerpt. At this point the pulse slows
considerably form somewhere near 230 BPM 1o
about 80 BPM. All three swarms take pari in this
temp change, possibly caused by the amplification of
a fluctuation (as described in section 2.1). The
saxophonist responds 1o the new direction.
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The subtle response of the multi-swarm 1o the
external input is harder to determine and requires
careful listening. For example, two high notes from
the saxophone at 1:20 prompt the bass line to rise at
1:25. Small crescendos and diminuendos involving
the swarms and the saxophone are evident through
the excerpt. In another pleasing episode, two
multiphonic notes from the saxophone at 0:52
provoke another rising bass melody at 0:58 (targets
being set from the higher harmonics of the captured
multiphonic), and a flurry of saxophone notes is
matched by a rapid beating from the percussion.

Overall, the excerpt does resemble free jazz, with
evidence of interaction between the ensemble
members, and a change in musical direction very
characteristic of swarms.

5 Evaluation

5.1 Aims

The aim of Swarm Music is to produce a human-
comparable improviser within the context of freely
improvised music. This objective, if achieved, would
indicate that freely improvised music is self-
organising. The context 15 a ensemble improvisation,
conducted improvisation or a solo improvisation. In
conducted improvisation, the individual autonomy, as
compared to an ensemble improvisation, 15 reduced
gince each member is expected to react to gestures
emanating from the conductor. A solo improvisation
which lacks interaction would have to be
distinguished from a composition (also lacking in
interaction) by the uncertainty of the musical output
and the absence of any prepared musical structure.,

5.2 Methodology

A modified Turing test is an obvious way of
evaluating this aim. The test though 1s problematical
since the listening experience of the subject is clearly
very important. To the uninitiated (or even the most
experienced) listener, free improvisation may always
sound incoherent, in which case an artificial system
would produce human comparable results just with a
random output. On the other hand, a wvery
experienced critic would begin to rate the performers,
with the result that the artificial system would have to
out-perform at least one of the humans if it were to
pass. But it may be the case that the system is indeed
human comparable but just not as good as the rest of
the ensemble.

In the lack of such a test, a recent concert
involving Swarm Music provides some indication as
to how close Swarm Music is to fulfilling its
objectives. Feedback from the musicians involved
provides anecdotal evidence, and 15 prone to many
problems of bias, but it can form the basis of a
preliminary assessment.



5.3 Swarm Music in Performance

A concert, which was utled “Somic Explosion™, took
place at Brunel University, UK, on February 26"
2003. Swarm Music was involved in three
performances. The first was a duet with saxophonist
Tim Whitehead who is a wvery experienced
improviser, This was followed by a duet with
Kathleen Willison, a professional jazz singer. The
final piece was an ensemble improvisation with
Whitehead, Willison, the composer Colin Riley
(keyboards) and percussionist Robert Millet. The
three pieces amounted to some 35 minutes of
Imprﬂ‘ﬁflﬁﬂflﬂn.

Both duettists had rehearsed with Swarm Music
for 30 minutes prior to the concert, and interestingly
chose different ways of working. Whitehead arranged
three cues with the operator (me). Working with a
single swarm, the style parameters were set so thal
the key and mode could not be changed by the
swarm, but were only changed by the operator when
cued to do so. This enabled Whitehead to force a
change of key and mode. On the other hand, Willison
wished to work with the set up of section 4.2
(Autumn Missed) - namely 2 autonomous swarms
which can chose keys and modes from captured
events. This results in periods of bitonality and
introduces a degree of uncertainty since the pitch
recognition algorithm can sometimes ‘mishear’, and
identify a higher harmonic (Blackwell, 2001}
However this can (and was) used to artistic effect by
Willison.

It is important to comment on the involvement of
the operator in the process, since the style parameters
and scripts can be altered in real time, and whilst this
does not amount to control of the multi-swarm, it
clearly does have some influence. Again the
improvisers had different preferences. Whilehead
thought that any conduction could complicate his
understanding of the swarm, so no adjustments were
made to style parameters or to scripl. Willison was
happy for there to be a degree of conduction, and the
operator introduced the chordal script into swarm B
from time to time, with occasional instrument
changes.

The third ensemble improvisation was set up so
that Swarm Music only received input from Willison.
The ensemble could then react to the duet between
Willison and the 2-swarm (and of course to cach
other). New musical directions imitiated by the
ensemble could therefore be indirectly passed to the
multi-swarm via Willison. This configuration, which
was chosen by Riley, i1s notable because he wanted to
experiment with indirect as well as direct interactions
between improvisers. This can be interpreted, from
the poimt of view put forward in section 2, as
stigmergy (1 had not previously discussed these idea
with him). In addition, the operator conducted the
swarm, once more by switching the chordal seript on
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and off and by making adjustments to the limits of
the pulse dimension of either swarm.

5.4 Results

The audience seemed happy enough with the
performance, and directly afterwards | interviewed
the two duettists.

Whitehead thought that Swarm Music was “more
assertive and much easier to converse with™ in the
ensemble improvisation. He also commented that
“...the lyricism was so high that | felt compelled to
follow it, mimic it, reply to it..." However he found
the standards sampled sounds in the sound module
were limiting “...needs some really good sounds!™

Willison was surprised to find in the first
improvisation that Swarm Music seemed to be
imitating her “(the swarm) hit the same note at the
same time — the harmonies worked”. However, there
was some tension; “At times | would have liked it o
slow down... it has a mind of its own...give it some
space”. Her solution 1o the “forward motion™ of the
swarms was to “wail and allow the music to caich
up”. In general she thought that “performers must be
prepared to be open minded (and) sure of your notes
or (the music) could fall apart... (but you) don’t need
to be the best improviser, it will react to you.”
Owverall she did seem happy with the performance -
“(it) felt like we were making music!™

5.5 Assessment

The positive reaction of the audience and the
performers to the three improvisations, and indecd
the willingness for professional musicians to
participate, demonstrates that Swarm Music is, at
some level, successful. However this does not by
itself show that the aims have been achieved.

The remarks are again encouraging but need to
be assessed critically. For example, it may be argued
that the observation by Whitehead concerning
“assertiveness” in the third piece, suggests that the
increased activity of the operator is important.
However, alteration of the style parameters and
scripts does not determine in detail the melodic,
rhythmic and harmonic content of the output, or the
self-organisation of the swarms around the targets.
Rather, the operator sets boundary conditions, and
parameter values which influence the swarms. In
other words, if the swarm produced random
unorganised musical material, alteration of style
parameters and scripis would not amelioraie the
output. Operator meddling could of course diminish
the musical output, and this might have been a factor
in Whitehead's request for no conduction during his
duet! The quality of his own response whilst playing,
and his later comments on lyricism, suggest that he
found Swarm Music to be a human-comparable
pariner.



Willison also found the swarms 1o be musically
intriguing. Her frustration at the occasional
disobedience of the swarms is also typical of human
improvising partners, and is ofien a source of creative
tension. To be disobedient also implies the ability to
be obedient, and her remarks show that she did feel

there were times when she and the swarms were .

collaborating, eventually giving her the impression
that they were “making music™.

Ultimately, the judgement will be aesthetic. For
example, it is not enough just to demonstrate that the
multi-swarms respond: they must be shown to do so
in a musically fresh way. Also, the music must have
appeal beyond the experience of the performers; with
this end in mind, it is hoped that a recording of Sonic
Explosion will soon be available.

6 Discussion

The recordings and concert demonstrate an ability to
participate in improvisations with humans or with
other swarms. An exciting new development, made
possible  with  multi-swarms, is  conducted
improvisation. The recordings demonstrate that the
multi-swarm is self-organising. Indeed, the resulis are
surprisingly musical; little intervention is needed to
sustain an interesting improvisation. In fact the result
is almost too intricate. Whitehead remarked during
the rehearsal for Sonic Explosion that there are “too
many 1deas!™.

The crucial update parameters are now better
understood. The introduction of velocity clamping in
each dimension is a very useful device (evident on
some of the recordings from the ed “Autumn Missed™
(Blackwell, 2002) but not described here). The
attractive accelerations are spring-like, and this might
be expected to give rise to oscillations in each
dimension. However the interactions amongst
particles and between swarms distort this regular
motion. Even so, a remnant of the oscillatory motion
does persist and it might be one reason for the
musicality of the melodies (Blackwell, 2001 and
Blackwell and Bentley 2002b).

All the style parameters are sclected by the
operator (although scripts can override them - sec
below) and can be changed at any time. The system
can be extended by adding dimensions to the physical
space so that swarming would be possible along
directions corresponding to other musical attributes.
The duration of each note .., is an obvious
candidate.

Sonic explosion demonstrated that Swarm Music
may perform autonomously, or may be ‘conducted’.
It would be interested to determine some heuristics
that apply when an operator feels compelled to make
adjustments to the style parameters.and scripts. For
example, if a random target script is switched on,
then what prompted this decision? The music may
have appeared boring to the conductor, but is
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boredom an absolute quality? The adjustable
parameters will allow a performer to program in a
‘boredom threshold’, and maybe even a dynamic
boredom threshold adjuster - but what determines
this? These are complex issues and Swarm Music
does not operate at this level.

However it would be very interesting 1f swarming
in these higher levels could take place. To begin, the
higher levels would have to be quantified so that
attraction could be defined. For example, the
boredom threshold (convergence radius around the
targets) could itself become a target. This target
would be placed according to analysis of captured
events. If captured events clump together in Music
Space for a certain time before separating and then
re-grouping, an estimate of the boredom threshold of
the source can be made, and a target set.

Another possibility for higher level swarming
would be in frequency of repetition. Since a swarm
can be made to riff by setling vy, zero, a riffing
frequency of captured material can be worked out,
and targets set along this dimension. Similarly, the
rate of phrase development is determined by moving
Voor away from zero, which would be another target,
if this quantity was estimable from the captured
events.

As it stands, Swarm Music can only structure its
output by the self-organisation of low level events. It
may, by chance, discover a sonata or a sixteen bar
form, but this is very unlikely. Swarming in the space
of possible forms is a fascinating idea, but it 15 hard
to see how parsing the incoming low level events can
lead to target setting 1n this space.

Although Swarm Music has been mainly used in
an improvisational context where the music is
performed without revision, it could also be used as a
compositional tool. The context for this is set out in a
publication on Creative Evolutionary Systems (CES)
(Bentley and Corne, 2002). Within CES, systems
evolution is open-ended rather than goal orientated,
and this can lead to creative problem-solving. These
systems have been used by designers, artists and jazz
musicians to provide novel and creative solutions.

The multi-swarm is also not intent on a specific
goal (such as the optimisation of an external
objective function). On the other hand it is not
aimless; attracting targets deliver a purpose,
analogous to the search for food in an actual swarm.
A composer can experiment with scripts which
govern this search, retaining any interesting patterns
that the swarms produce.

This paper has outlined some of the recent
development in the Swarm Music project. Swarm
Music will continue to perform with improvisers at
various events. Undoubtedly the experience gained
from live performance, where unprepared music must
be generated by a machine, and in interaction with
humans, will lead to further modifications and
insights.
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Abstract

Conceptual Blending (CB) is a framework for the integration of knowledge from different sources onto one,
known as the blend. For example, the concept “edutainment” is the blend of “education” and “entertainment™,
This paper presents an approach on producing a natural language reading of the blends that are generated by
Divago, a system that applies a computational implementation of CB to transform a search spacc. Represented
through a semantic network (the concept map), the blend demands considerable effort In its interpretation.
Obtaining its Natural Language description raises several issues and is an interesting challenge for the field of
Natural Language Generation. In this paper, we propose a reading based on diagnostic features with respect
to a reference concept. We make some reflections on the choice of these references, namely regarding the

creative potential associated.

1 Introduction

In this paper, we propose¢ a methodology for produc-
ing Natural Language texts from knowledge structures
called blends, which are generated from the combination
of other knowledge structures called input spaces. These
structures (the blend and the input spaces) are represented
as concept maps. A concept map should represent the
explanation of one or more main concepts by means of
a graph structure having directed arcs connecting pairs
of nodes, where each arc represents a relation and each
node a concept. For example, we can explain the con-
cept of “eating” by association to other concepts like “di-
gesting”, “absorbing”, “food”, “energy” or “survival™. Or
a concept like “bird” by association to “wings”, “feath-
ers”, “beak™ and so on. From the point of view of Natural
Language Generation (NLG), an immediate contribution
from concept maps can be as an explanatory core for the
lexicon that allows associative reasoning, like metonymy
or metaphor. The non-literality emerging from these and
other linguistic devices is, we think, an important brick
for creativity in language.

The approach we arc currently following is based on
the principle that, when communicating a new concept in
natural language, it is common to use previously estab-
lished concepts as a support. For example, for describing
the concept of “laptop computer”, we do not have to enu-
merate all the specific features of computers in general,
instead we take them all for granted (by just saying that
“it is a computer™) and focus the differentiating features
(being portable, light, using a battery, etc.). This idea for
reading blends is thus based on finding salient (Milosavl-
jevic and Dale, 1996) or diagnostic (Costello and Keane,
2000) features and using them to describe the concept.

Conceptual Blending (Fauconnier and Turner, 1998) 1s
a framework for integration of knowledge (e.g. “digesung
a book™ comes from an integration of “"eating” and “read-
ing™") and we will explain it in some detail in section 2.2.
It should be clear, though, that we are proposing the read-
ing of the blends that are generated by our computational
model of blending, not blends in general or generated by
whatever forms the framework of Fauconnier and Turner
may take. For our purposes, the first and most important
notion to catch now is that of a domain, which is repre-
sented primarily by a concept map. Therefore, reading
a concept map is the necessary first step towards reading
a blend. The other step of exploration is that of reading
instances, and we should point out that we have already
done some work and experiments at this level', which
took the form of exploring visual constructions obtained
from a blended instance, instead of natural language de-
scriptions.

In the next section, we give more information regard-
ing the blending mechanism, after which we dedicate a
section to describing existing work on the subject of com-
paring and describing objects. The general idea of our
NLG system is presented in section 4. As the reader will
notice, this is clearly a work under development, as also
confirmed in the examples shown. We finish some discus-
sion of important issues to be considered.

2 The Blending Mechanism

A detailed description of our implementation of Concep-
tual Blending is beyond the scope of this paper, however a

| See the “house-boat visual blending experience™ (Pereira and Car-
doso, 2002a)



fiew basic notions about the knowledge representation for-
malism and the algorithm for obtaining blends are needed
to understand the general idea of the paper.

2.1

Before entering this section, we should clarify that, from
the point of view of Al, a concept map is “just” a seman-
tic network, a rather classical knowledge representation
structure, in general terms. Yet, we would like to pro-
vide the background and philosophy that lead us towards
this choice as well as some specific methodology we are
applying.

Semantic networks have been used for generating
discourse from early on (Simmons and Slocum, 1972;
Shapiro, 1982). Novak and Gowin (1984) were the first to
focus concept maps under a study on education and com-
munication in humans and they considered them a very
intuitive and commonly used graphical representation of
knowledge structure in domains. A concept map is a di-
rected graph in which arcs connect pairs of nodes, each
node corresponding to a concept, each arc to a relation.
This definition covers a very big set of formalisms and ap-
plications we can find in Al, namely semantic networks,
ontologies — e.g. WordNet (Miller, 1995) -, Semantic
Web (Berners-Lee and Miller, 2002), among others. In
our current focus, the Divago project (Pereira, 1998), we
use concepl maps to represent a domain theory, the ex-
planation of the concepts of a domain. In principle, our
notion of domain is not restricted to any pre-defined ab-
straction, but to the user’s choice, being any concept map
she builds around a theme or goal. Yet, for normalization
purposes, we are using an extra constraint: all the rela-
tions must come from the hierarchies of the Generalized
Upper Model (Bateman et al., 1995}, a general top-level
ontology that has two hierarchies (elements and relations)
that comprise abstract relations, properties, spatial rela-
tionships, among others. Figures | and 2 show an extract
of the concept maps of the domains of horse and bird .
Each relation is described by a predicate rel (D, C1,
R, C2), where the relation R is a labelled arc from the
concept C1 to the concept C2 in domain D.

In comparison to Sowa's Conceptual Graphs (Sowa,
2000), it is clear that the language we use is much more
limited: we only allow the valence of 2 arguments (every
relation is binary), there is no possibility for specifying a
quantifier for each relation, context or descriptor. to name
a few differences. This makes clear that making the natu-
ral language reading of Conceptual Graphs (CGs) is more
straightforward (if the full potential of these is used) than
in our concept maps, given the ambiguity that may anse
in these.

It 1s important to say. though, that our specific choice
for the concept map representation as opposed to CGs is
much more attached to its simplicity (with regard to the
blending process) than to any other aspect. Yet, we are
currently studying and implementing further evolutions

Concept Maps

rel (horse, horse, exiscence, wilderness).
rel (horse, farm, isa, human setting).
rel (horse, house, isa, human_setting).
rel thorse, snout, pw., horse).

rel (horse, mane, pw, horse).

rel (horse, tail, pw, horse).

rel (horse, leg, pw, horsa).

rel thorse, leg, purpose, stand).

rel thorse, heoof, pw, leg).

rel (horse, horse, taxonomicg, ruminant} .
rel (horse, horse, eat, grass).

rel (horse, horse, ability, runj.

rel (horse, horse, carrier, human) .
rel (horse, human, ride, horse].

rel thorse, horse, purpose, cargo).
rel (horse, horse, purpose, tracktion).
rel (horese, horse, purpose, food).

ral (harse, mane, coler, dark).

rel {horse, mane, Ss5ize, laong).

rel ihorse; mane, material, hair).

rel (horse, hoof, quantity, 4).

rel (hoxrse, leg, guantity, 4).

real (horse, eye, pw, snoukt).

rel (horse, ear, pw, snout).

rel (horse, mouth, pw, Snout).

rel (horse, aye, guanticy, 2.

rel (horse, ear, guantity, 2).

rel (horse, eaye, purpose, sea).

rel (horsa, ear, purpose, hear).

rel (horse, mouth, purpose, eat).

rel (horse,horge, sound, neighl.
rel (horse, horse, motionprocess, walk) .

Figure 1: Extract of facts from the hiorse domain

to our representation, namely by allowing quantifiers and
context specifiers.

2.2 Conceptual Blending

In the simplest version of Conceptual Blending, as de-
scribed by Fauconnier and Turner (1998), four distinct
mental spaces are considered: the generic space, which
should contain the generic background knowledge of a
cognitive agent; two input spaces, which should com-
prise specific knowledge (e.g. the concepts that define
horse and bird) that 15 to be integrated in the blend: and
the hlend, which contains a (potentially) novel concept
(or set of concepts), and has a structure that results from
the other three spaces and from its own emergent logic.
For cxample, the fictional character of Count Dracula can
be analysed as resulting from the blend of “vampire bat™
and “evil person™, thus having properties and structure
from both input spaces. Yet, while giving [ife to the char-
acter, some new features emerge, like “hates garlic™ or
“only dies if his heart is pierced with a wooden stake™.
This process they call “running the blend”. The process of
generating the blend demands a mapping correspondence
between clements from the input spaces, which, accord-
ing to a set of principles (the optimality constraints) are
subject to be transferred (projected), potentially bringing

“We do not argue this is how Dracula was imagined. ye1 it serves as
an example of the blending progess,



rel (bird, bird, smaller.than, human} .
relibird, lung, pw, bird).

rel{bird, lung, purpose, breathe).
rel (bird, paradisebird, isa, bird).
rel{bird, bird, abilitcy, Ily).
rel{bird, feathers, pw, bird).
rel{bird, beak, pw, bird).

rel(bixd, beak, purpose, eat).
reli{bird, bird, sound, chirp).
rel{bird, eve, pw, bird).

rel {bird, bird, existence, house).
rel(bird, bird, existence, wilderness).
rel (bird, eyve, guantity, 2).
rel{bird, wing, guantity, 2).

rel {bird, claw, quantity. 2].
rel{bird, wing., pw, bird).

rel{bird, wing., conditicnal, £ly).
rel (bird, wing, purpose, f£ly).

rel (bird, claw, purpose, catchl.

rel {(bird, leg, pw, bird).

relibird, leg, purpose, stand).
rel{bird, claw, pw, leg].

rel(bird, leg, guantity, 2}.
rel(bird, parrot, isa, bird).
rel{bird, parrot, abilicy, speak).
rel(bird, bird, roleplayving, freedom).
rel{bird, straw, pw, nest).

rel{bird, cviparous, lay, egg).
rel(bird, bird., purpose, pet).

rel (bird, bird, purpose, food).
rel{bird, eve, purpose, sae).

rel {bird, beak, purpose, chirp).
rel{bird, bird, motionprocess, fly).

Figure 2: Extract of facts from the hird domain

attached their surrounding structure. This projection is
selective in the sense that some elements are projected
to an identical existence in the blend, some are projected
to a different existence (normally their counterpart in the
mapping) and some are not projected at all. In the Drac-
ula example, the “big canine teeth™ are projected to “big
canine teeth”, the “bat wings™ are projected to the “man’s
cloak”, and the “sonar™ is not projected at all.

In our computational model of CB, currently under
development, we apply our implementation of those
processes and principles (Pereira and Cardoso, 2001,
2002a,b, 2003a) 1o generate the blend. Each of the spaces
is called a domain, and is represented via a concept map,
rules, frames, integrity constraints and a set of instances.
For the present purposes, the reader need only imagine
each domain as being a concept map.

In figure 3, we show a diagram with the four spaces in-
volved in the example we use in this paper: the blend of
a “horse” and a “bird”. The reader must understand this
15 a very simplified diagram (with only three concepis for
each domain) in order to make it readable. Figures 1 and
2 have already given an idea of the input spaces, while fig-
ure 4 presents a (very small) extract of the generic space,
which is expected to contain domain-independent knowl-
edge such as isa taxonomies, integrity constraints’ and

*The example shows the Divago notation for two: “X cannot have
1wo different shapes at the same time”, and “X cannot exist in two dif-
ferent quantities™

Figure 3: Example of a Conceptual Blending of horse and
bird

frames®.

It should be obvious that, given the mappings, there
15 potentially a multitude of projection combinations in
the blend (e.g. “a horse that chirps and has wings"”, “a
bird that neighs and has legs”, “a horse that neighs and
has legs”, etc.). This explosion is controlled by the con-
straints (Pereira and Cardoso, 2003a), yet the search space
15 very large and complex so we apply a Genetic Algo-
rithnr to assure a parallel, non-deterministic search mech-
anism. Thus, we obtain a variety (though considerably
reduced when compared to the unconstrained version) of
different results (Pereira and Cardoso, 2003b).

In order to get an objective measure on the novel as-
sociations originated in the blend, the system finds the
two lists of distinctive facts, one for each input domain.
Each one of these lists, known as exrra lists, contains ba-
sically all the relations in the blend that do not exist in
the domain. Conversely, and also to assess the difference
between the blend and the input domains, there are also
missing lists (also one for each input), which contain the
relations that are in the domain, but do not exist in the
blend. As the reader will see, these lists are also funda-
mental for the NLG readings we are discussing here.

In figure 5, we can see an example of a generated blend
(in this case, identified as being the individual [02/0 of
the genetic algorithm run) of *horse™ and “bird" and,
in figure 6, we show the respective extra and missing
lists with respect to the “horse™ domain. The syntax of
these lists is straightforward: each element has the form
X/R/Y, where R is the relation and X and Y are the pa-

*One is shown in the example, which can be interpreted as: “ In
the Blend. Concept X has an ability A, which didn't exist before in X's
original domain, D1, I1is P, a subpan of X, which enables this abality™.



rel (generic,entity, isa, someching) .

rel (generic,situation, isa, something) .
rel (generic, cemporal.enticy. isa,entityl).
rel (generic, spatial entity, isa, entity).

rel (generic, person, isa, human) .
rel (generic, human, isa, animall.
rel (generic,animal, isa, living.entity).

ral (generic, speed, isa, property) .
rel{generic, size, isa,propertyl .

rel (generic,color, isa,property) .

rel (generic,weight, isa,property) .

rel (generic,behavior, isa, propercy).
rel (generic, heavy, iga, waight).

integrity (generic, ([(shape(X., ¥l.

gshape (X, E).
{¥\=2}1,[1).

incegricy(generic, [guantity(X,Y),

quancity (X, 2),
{¥\=2}1.[1).

frame (generic, new_ability(D1),
[abilicy (X,A),purpose (P, A), pwiP.X),
{current blend(Blend),
projection({Blend,Dl, X, X},
other input domain(Dl,D2},
projection{Blend,D2,A,A) },
oplexists ( [projection/D1/X/X,
projection/D2/ASA]IN],
[{rel(Dl,X, abilicy, a)}],
[new_ability(X, A)]., []).

Figure 4: The generic domain

rameters —e.g. the elementwing/conditional /fly
in the extra list means the “wing™ in the blend has a “con-
ditional” relation with £ 1y, a relation that did not exist in
the “horse” input domain, i.e. there is no rel (horse,
wing, conditional, fly).

We are thus faced with a fundamental problem: how to
“read” the results? In a previous work, we have alrcady
approached the visual reinterpretation of the instances ac-
cording to the new associations. We applied CB to the
domains of “houses” and “boats”, and re-generated the
drawings we had for instances of those domains (e.g. “A
boat has a window™, being the representation of a “win-
dow™ given by a square, implied the drawing of the “boat™
would have a “hatch” of square form instead of round).

Now, we are interested in the understanding of the con-
cept maps themselves via natural language descriptions.

o4

rel (indl10210,
rel (indlo2l0,
rel (indl0ozlo,

cail, pw, horse)
leg, pw, horse)
leg, purpose, stand)

rel (indl0210, hoof, pw. leg)

rel (indl0210, horse, taxonomicg, ruminant)
rel (indl0210, horse, &at, grass)

rel (indl0210, horse, ability, run)

rel (indl0210, horse, carrier, human)
rel (ind10210, human, ride, horse)

rel (ind10210, horse, purpose, Ccargol
rel (ind10210, horse, purpose, traction)
rel (indl10210, horse, purpose, food)

rel (indl0210, mane, color, dark)

rel (indlo2l0, mane, size, long)

rel (indl10210, mane, material, hair)

rel (indl0210,
rel (indl0210,

hoof, quanticty, 4)
leg, quancity, 4)

rel{indl0210, eye, pw, snout)
rel (indl0210, ear, pw, snout]
rel (ind10210, mouth, pw, sSnout)
rel (indl10210, eye, quantity, )

rel (indl10210, ear, gquantity, 2)

rel (ind10210, eye, purpose, see)
rel {ind10210, ear, purpose, hear)
rel {indl0210, mouth, purpose, eat)

rel (ind10210, horse, scound, neighl
rel (indl0210,.horse, motion process,
rel (indl0210, horse, ability, £1y)
rel {indl0210, wing, purpose, Ely)
rel (ind10210, wing, pw, horse)

walk)

Figure 5: Blend generated for horse and bird

Excra:

[wing/conditional ffly, wing/pw/horse,

horse /motionprocess/fly, horse/abilicty/fly,
wing/purpose/fly]

Missing:

[

Figure 6: Extra and missing lists for the horse domain

3 Generating Descriptions and

Comparisons

Two lines of existing research had to be taken into account
before attempting the task outlined above: work on es-
tablishing compansons between objects at the conceptual
level, and work on generating natural language descrip-
tions of objects from their conceptual definition. In some
cases, actual research work had brought together both en-
deavours.

3.1 Establishing Comparisons between Ob-

jects

In their C3 model of Conceptual Combination (Costello
and Keane, 2000), the authors present three constraints
(plausibilitv, diagnosticity and informativeness) for the
interpretation of noun-noun compounds. It 1s not within
the scope of this paper to explain or compare them to our
approach, vet we would like to retain diagnosticity for
the present analysis. This constraint consists on identify-
ing the differentiation (or diagnostic) aspects of a concept



in comparison to its neighbouring concepts. For exam-
ple, the diagnostic features of a cell phone are that it is a
phone that is (normally) very small, wireless and one can
speak with it 1f we are within the range of the provider’s
“cell™. In this case, non-diagnostic features could be 1ts

colour, having a keyboard or being a communication de- ~

vice, which could at best say it is a phone. The idea of di-
agnosticity has much in common to the work of Milosavl-
jevic (1997a,b) around salience properties of concepts.
An interesting observation on salience is that it is depen-
dent on the user-model (geographic location, level of ex-
pertise in the domain, etc.), thus differentiating properties
depend on the relations users have with the concept (e.g.
describing a “llama” to two kids by comparison to the
animals they already know may bring salience to differ-
ent sets of properties). We think the philosophy behind
salience and diagnosticity is the same, yet its realization
is different. In Milosavljevic (1997a,b), the authors hard-
code salience ranking (some properties should be more
salient than others, according to user models), as well as
many other features of the system, which was justifiable
given the specific application they had in mind, a dynamic
hypertext system (Peba-1l) for description of animals. In
Costello and Keane (2000), the domain is that of nouns
in general, and so finding diagnostic properties was done
by automatic mining the corpus of all nouns in memory,
not giving special value to specific properties or relations.
Still, we think, if the nouns were animals that a kid knew
about (as in the example just given), the results would
be similar to those of Peba-Il, and therefore diagnostic-
ity would be the same as salience. An important feature
in Milosavljevic's work, which is directly related to our
present concern, is that Peba-11 can describe an unknown
entity, the focused entity (e.g. an echidna), by comparison
to a known entity, the porential confusor (c.g. a porcu-
pine) generating a text that enhances the common salience
properties and the contrasting salience properties.

3.2 Generation of Descriptions in Natural
Language

Research on natural language generation over the years
has come to proposc a pipelined architecture (Reiter,
1994) as the simplest engineenng solution to generate
texts meant to convey information. This solution is not
optimal and the gencration of other types of texts calls for
different architectures (DeSmedt et al., 1995; Beale et al.,
1998). However, for the present purposes, the modulanity
presented by a pipeline architecture outweighs any other
disadvantages that it may have.

The pipelined architecture establishes a number of ba-
sic tasks to be carried out when generating a natural lan-
guage text: content determination - finding what to say
-, document structuring - organising what is to be said -
, sentence ageregation - grouping together the pans that
allow it -, lexicalization - selecting the words that will
realize each concept -, referring expresion generation -
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choosing the right expression to refer to each element in
its actual context - and surface realization - urning the
result into a linear natural language sentence. These tasks
tend to be grouped into bigger modules that operate in se-
quence over the imtial input: a rexr planning component
that deals with content determination and document struc-
turing, a sentence planning component that deals with ag-
gregation, referring expression generation and lexicaliza-
tion, and a swrface realization component. In this pa-
per we focus particularly on text planning, in the sense
that the imnovative contribution lies in the way concep-
tual blending is applied to solve part of this task. The
rest of the tasks are solved by resorting to state of the
art solutions, in most cases by simple expeditive methods
borrowed from existing work.

Matural language techniques have been applied in the
past to generate textual descriptions of data that existed in
a digital form that was not easily readable by humans, for
domains like describing object-oriented models (Lavoie
et al., 1997), information stored in a museum database
(Dale et al., 1998), or time series data such as metheoro-
logical reports (Sripada et al., 2001).

Of particular interest is the body of work on natural lan-
guage generation from conceptual graphs (Velard: et al.,
1988:; van Rijn, 1992; Smith et al., 1994; Svenberg, 1994;
Wagner et al., 1995; Nicolov et al., 1996). These efforts
take advantage of the well defined operations of concep-
tual graphs to explore the task of generation. Although
some of the insights obtained in this way are applied in
the present paper, the differences in complexity between
this knowledge representation formalism and the concept
maps used here required that further exploration of pos-
sible connections be postponed until a basic generation
capability was integrated with Divago’s process of con-
ceptual blending.

For the current endeavor, an existing surface realization
module, FUF/SURGE, (Elhadad, 1993) has been used
to take care of the final stage. This delegates the task
of dealing with the linguistic knowledge required to lin-
earize and realize the text plans resulting from the previ-
ous stages into their final form as natural language sen-
tences. The work presented here deals therefore with the
task of plannning an NL realization for a given concept
map.

The communications between the different modules in-
volved takes place in terms of the generic data structures
defined for generic architectures for NLG systems in the
context of the RAGS project (The Rags Project, 2001).

4 Reading Concept Blends

In our first approach, we generated a reading by transcrib-
ing individually each relation of the resulting concept
map. The resulting factual description of a domain, a hst
of sentences, with one sentence for each fact, made arid
reading. We thus arrived to the conclusion that, unless



with intensive knowledge and processing, this method
was bound to arrive at very unnatural outcomes. The
dead-end we apparently had encountered lead us to re-
versing the direction, i.¢., instead of starting with the max-
imum possible of sentences (one for each relation/fact),
we decided to look for minimal descriptions, and eventu-
ally elaborate them towards a “natural” description.
Usually, humans refine these descriptions by grouping
together sentences about related facts, constructing chains
of discourse that can be read as a related paragraph. This
task is simplified by taking into account additional infor-
mation such as a discourse goal - what goal is to be ad-
dressed by the generated text -, a user model - what are the
particular needs of the user for which the text is intended
-, or a discourse history - which information has already
been conveyed by the system to the user. This information
can be used to deterministically plan the required text.
Unfortunately, in attempting to provide a reading for a
concept map in no specific context, such information is
available only in a sketchy form. At best we can say that
the discourse goal, taken here as default, i1s to describe the
domain expressed in the concept map in a way that makes
it easy to apprehend for a human reader. We are adding a
further constraint to the extent that we are trying to obtain
the mimimal description that will identify to the user the
relevant differences between the focused entity and the
potential confusor. The conceptual map that describes the
domain that has been chosen as referent (Milosavljevic’s
potential confusor) is in fact acting as a reference for what
the user already knows. In this sense, it can be understood
as encoding the information about the user that is relevant

for the task.

4.1 Text Plannning

The text planning component must provide a plan for the
text that is to be generated. In our case, this plan must
be a semantic specification of what is to be said to de-
scribe the concept blend that has resulted from a process
of Conceptual Blending as described above.

The rationale we are trying to bring here is that a “nat-
ural” procedure that humans regularly apply for describ-
ing concepts is by recurring to the diagnostic (or salient)
features, and this leads us to the stated goal of “read-
ing a blend”. Once we identify a reference concept (or
Milosavljevic's potential confusor) that is close enough to
the blend, we are more likely to build a “natural™ reading.
This reading can be creative in as much as the system 1s
able to find unexpected references. For example, a blend
of a horse and a bird can be read as “a horse that has a
pair of wings to fly” or as “a plane without an engine and
that uses food instead of fuel” (both can carry humans and
have a pair of wings and fly), the former taking a horse as
reference and the latter taking a plane. Of course, these
more “creative” readings demand a space of choices with
higher complexity (in the plane example, some features
are ignored, some are emphasized). Here, taking a less

creative starting point, we propose the use of the input
spaces as references for the description, and this will con-
sist on the use of the extra and missing lists as a source
for diagnostic features.

Apart from explonng the referred creative aspects, the
practical goal of the application of diagnosticity in the
MLG readings of the blends 1s twofold: to provide an intu-
itive reading of the blend, which, if made by hand in a rel-
atively small concept map, demands considerable effort:
and to help in the validation of the system, when con-
fronted with Costello’s empirical experiments with peo-
ple, in which the descniption follow the same kind of rea-
soning (e.g."A X Y is a Y with this and that feature of X,
without this and that feature of ¥...”).

In the 1deal case, the text planning module would re-
ceive as input: the concept maps that describe the do-
mains that have been blended, the blend, and the statis-
tics generated by Divago while running the blend. As ex-
plained above, we intend to describe the blend by com-
parison with one of the original domains. One of the two
possibilities must be chosen. We have opted for taking
the domain that 1s most similar to the blend. Altema-
tive options (like focusing on the most different domain)
are possible, and they will be explored in detail in further
work. However, at the present level of refinement of the
NLG modules, they resulted in output that was too ver-
bose to be processed fruitfully, in the sense that it entailed
re-descnbing a high proportion of the most similar con-
cepl.

During the blending process Divago carries out vari-
ous operations that entaill comparing the input domains
and searching for analogies between them. The results
of these operations are present in its output in the form
of additional statistics regarding the observed character-
1stics. These statistics arc generated with respect to both
input domains. Once we have chosen the most similar
one, we concentrate on the statistics that deseribe the dif-
ferences between it and the blend: the list of facts in the
blend that were not in the original concept map (the extra
list), and the list of facts that were in the original concept
map and have dissapeared from the blend.

Additionally, in order to produce adequate natural lan-
guage output, the system must be provided with a name
for the concept that has been chosen as reference, and a
name for the blended concept. These are used by the sys-
tem to identify data from each domain when generating
the description.

The system operates by structuring the output in terms
of a simple schema for comparison. First the comparison
15 established between the blend and the chosen referent
(L.e. “A horsebird is a horse™), then the description is gen-
crated by processing the extra and missing lists.

The process of converting those lists into semantic de-
scriptions of the intended content follows a number of
sieps that progressively refine the input.

The fist step involves transforming the information
conveyed by the facts in the extra and missing lists into



blocks of information susceptible of being converted at
a later stage into linguistic expressions. The representa-
tional simplicity of the concept maps used by Divago is
oriented toward easing the task of conceptual blending,
but it is at times ill-suited for linguistic expression. For

instance, a concept map may contain separate facts to rep-

resent the following information about a bird: that a bird
has wings, that the number of its wings is two, that the
purpose of its wings 15 flying. In fact, the information
linking the number or the purpose of wings is only im-
pheitly linked to the bird by the co-occurrence of the cor-
responding facts in the description of the same domain.
At this stage of the processing, such implicit informa-
tion (that a bird has two wings for flying) 15 made ex-
plicit, and expressed in terms that the rest of the modules
of the system will later recognise. This operation repre-
sents an elementary kind of aggregation at the conceptual
level. The output of this process is already divided into
units that will later correspond to linguistic clauses. Be-
cause the description is to be phased in terms of a com-
parison between the two main concepts involved (i.e. a
“horse™ and a “horsebird”), this process of aggregation is
geared towards generating clauses in which the main con-
cept acts as the head of the clause. This operation is akin
to the incremental consiruction used for generating sen-
tences from conceptual graphs in Nicolov et al. (1996), in
the sense that the facts corresponding to the original con-
cept map are progressively consumed to produce semantic
representations that already correspond to sentences. The
order of consumption is determined by prioritics over the
mapping rules, to ensure that those rules resulting in max-
imum aggregation are applied first.

Once all the facts in each of the lists have been con-
densed into semantic formulations as concise as possible,
a further step of aggregation is applied at the semantic
level. For each list, the semantic descriptions are grouped
together whenever two of these clauses share a subject or
an object, forming a single clause with conjunctive ex-
pressions as subjects or objects.

Having obtained the most compact version possible of
these lists, a single list is built by appending all the facts
in the extra list and the list formed with the negations of
all the the facts in the missing list.

The resulting list is then submitted to a further process
of semantic aggregation to ensure the most concise solu-
tion possible.

The output of the text planning module is converted
into a simple rhetorical representation where the resulting
list of semantic representations of clauses i1s included as
elaborations on the opening statement (“A horsebird is a
horse™).

4.2 Sentence Planning and Surface Reiliza-
tion

Little need be said about the sentence planning and sur-
face realization components. Basic state-of-the art pro-
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cessing is applied to eliminate redundant mentions of the
same concept during reference, substituting by referring
pronouns wherever possible. The size and complexity
of the text plans that are being obtained with the cur-
rent inputs do not require further complication. This may
change in the future as more elaborate cases are consid-
ered.

The lexicalization module enriches the terms that have
been employed so far to include all the additional infor-
mation that is required by the FUF/SURGE surface real-
ization module. The list of sentence representations re-
ceived by this module i1s converted into Functional De-
scriptions of FUF. Although the conversion that takes
place in this module is straightforward look-up on a one-
to-one semantic-lexical association table, this does not
necessarily imply that there is no rrue lexical choice
(Cahill, 1999) involved. For each of the lexical real-
izations that the system provides in its output, there are
usually alternatives that it might have chosen. The fact
that choices are limited at this stage is due to the strict
criteria applied during content determination, where se-
mantic constructions that might lead to lexicalizations in
which the main concepts are not heads of the respective
clauses are pruned from the text plan in favour of others.
In this sense, the decisions that govern lexical choice are
taken in previous stages, and the actual lexicalization of
the each sentence plan is reduced to levical realization
(Cahill, 1999).

The output of the final module is a sequence of natural
language sentences as shown in the examples.

4.3 Results

The procedure described here was applied to thirty con-
ceptual blends generated by Divago from the concept
maps for a “horse™ and a “bird”. In each case, the out-
put was a concept map describing the blend and the set
of statistics that describe the relationships between the re-
sulting blend and each one of the original domains.

Not all the resulting blends correspond to concepts that
are interesting to describe from our point of view. For
some reason, Divago seems to prefer to project facts from
the *bird” domain onto the “horse™ domain, and the re-
sulting blends are therefore all to be described by com-
parison with a horse. No single blend resulted where the
most similar concept was a bird. This 15 related to the
way in which the integrity constraints and the frames in
the generic space interact when running the blend. In
some cases the only facts that are projected from the bird
domain onto the blend are impossible to relate with the
facts about horses in the original domain (e.g. information
about nests appears is projected the blend, by no explicit
relation between “horsebirds™ and nests appears). In such
cases, the automatically generated descriptions come out
as nonsensical.

In other cases, mismatches between the level of detail
of the descriptions between the two domains result in un-



(1} A horsebird is a horse. A horsebird can
fly, it has feathers, a beak, and wings for
flving and ic moves by £flying.

(2} A horsebird 15 a herse. A horsebird has
four eyes, it can fly and it has wings for
flying and moves by flying. A horsebird does
not have four legs.

(3) A horsebird is a horse. A horsebird has
hooves for flying, 1t can fly and it moves by
Elying.

{4} A horsebird is a horse. A horsebird has
two wings and feathers. It can fly, and it
moves by Elving.

(5} A horsebird is a horse. A horsebird can
fly. It chirps., it has wings for flying and it
moves by flying.

{&)] A horsebird 15 a horse. & horsebird has

wings for flying,; it can Ely, it is smaller
than a human and it moves by flving.

Figure 7: Example readings for the horse bird blends

interesting projections (e.g. the “horse™ domain does not
mention that horses have lungs, whereas this information
is included for birds; Divago considers attributing lungs
to a horse as an interesting blend, since, according to the
information in the *bird” domain and the frame in the
generic space, this will give a horse the ability to breathe).

The selection of readings presented in figure 7 consti-
tutes a selected sample of the total, in which those read-
ings which were uninteresting for reasons such as the
above have been eliminated.

Although these readings are nothing out of the ordinary
from a linguistic point of view, they have already proved
very useful as simple tools for providing a better under-
standing of the peculiarities of the blends that Divago is
currently producing. The observations about the tendency
towards one rather than the other domain, or the differ-
ences in level of detail between domains already provide
insights that will allow further trimming and refinement
of the algorithms.

From a more general point of view, better results will be
obtained after several iterations of such refinements. The
reason for the need of several iterations is that, in truth,
what we have 1s a natural language generation process in
which the text planning process is distributed between the
actual operation of blending carmed out by Divago and
the text planning module. The first step of iteration might
simply revise the processes of transcription onto semantic
units, of aggregation at the various levels, or of lexical-
ization. However, better results may be obtained if the
refinements are taken a step further, to affect the actual
representations employed for each domain (the concept
maps) or the set of integrity constraints and frames that
are provided in the generic domain.

5 Discussion and Further Work

Contrasting the blend with the input spaces 15 possibly the
clearest way to understand its meaning, and thus provide
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a natural language reading. This observation could be ex-
tended to every unknown concept described via a repre-
sentation similar or equivalent to a concept map. This
leads us to the description of concepts by comparison, a
field already being explored by others. We are not sure
whether the work presented here provides any specific
contribution to this field, other than being another prac-
tical example of 1ts application. Yet, we would ke to
bring a short discussion around the creative aspects of the
description of concepts by comparison.

The first aspect is related to the choice of the reference.
Above, we gave the example of the two choices of refer-
ence for describing a “horse-bird™ (as the one showed in
figure 3): the input domain with shortest extra and miss-
ing lists (the “horse™) and an apparently “distant™ one,
the “plane™. Although without having implemented the
“plane” data, we believe using the “bird” domain as a
reference to that example of figure 5 seems to us a less
natural or creative descniption. MNamely because a plane
and our “horse-bird” both fly, have wings, carry and are
driven by humans, they end up being semantically closer
than initially expected. The interesting fact now is that the
reading with the plane as a reference still seems unnatural
or, at the least, a non-literal interpretation of the concept
map. In other words, and this 15 a (bold) conjecture de-
manding further study, choosing as reference the closest
input space (the one with smaller missing and extra lists)
provides the clearer insight on the blend, while the choice
of a third entity (other than the input spaces) may bring
alternative readings, enhancing other aspects or triggering
metaphoric associations. Proving this hypothesis will de-
mand the application of the reading mechanism described
here to a wide range of blends, input spaces and “exter-
nal™ references.

Another aspect that may reveal creativity in such a sys-
tem lies in the similarity abstraction between the blend
and the reference. In the present stage, this similanty 15
based on pure set difference, i.e., we compare the sets
of relations from the blend and from the reference. Yet,
other levels of similanty, such as those based on struc-
ture may provide additional insights. For instance, in the
“trashcan basketball™ example, 1t 15 not correct to say that
“trashcan basketball is a basketball game where...", yet
these two “games” have some structural similarities that
must be explored in the reading (e.g. there is something
being shot towards a container; the goal in both is to get
as much shots in the container as possible, etc.). Here we
see structure similarity as happening when we can find a
mapping between objects between the domains based on
identical relational structure (e.g. having “person shoots
crumpled paper™ and “player shoots ball”, we have a map-
ping between “crumpled paper” and “ball™ and “person™
and “player”). The textual interpretation of these cases
seemns more complex than in set difference comparison
and. as in the discussion of reference choice, there may
be a multitude of options to choose from. This discussion
leads naturally to other less central intentions we have be-



hind this work, which we will explore in further develop-
ments: to move from the static reference reading - “X is
a ¥ with..”. Y being the reference — to metaphoric refer-
ence where a concept is described with another’s structure
— e.g."In trashcan basketball, the player shoots the crum-
pled paper to the waste basket in order to score™* —, the
latter demanding a more subtle reasoning. On this issue
we intend to explore possible sinergies with the work of
Jones (1994) regarding the generation of transparently-
maotivated metaphors.

From the point of view of natural language generation,
the present work was faced with the obstacle of not having
a set of human-generated natural language descriptions
of the domains that were to be described. Where such
a source is available, knowledge acquisition techniques
can be applied either to the corpus of examples or to the
experts that produced them, and a wealth of information
about how the descriptions are constructed by humans
can be obtained in this way (Sripada et al., 2001). The
kind of information that may be obtained in this way n-
cludes text-level resources such as discourse-plans (Dale
et al., 1998) which help to provide a pre-designed struc-
ture along which to organise the content. In the present
case, no such corpus was available, so the text planning
process is currently a freely creative process, with on-
going work progressively elaborating useful heuristics to
guide it along the vast search space of possible organi-
zations of the descriptions that can be extracted from the
facts.

The question of how to evaluate the performance of
natural language generation applications is still an open
problem. For a related text planning problem, Sripada
et al. (2001) propose an evaluation set up where the re-
sults are evaluated at the content level as well as at the
text level. This involves having a conceptual representa-
tion of the texts generated, and having humans construct
equivalent representations based on the same input data.
Comparison of human and machine generated conceptual
representations (as well as human evaluation of the output
texts) would allow to calibrate the system both in terms
of the quality of text generated and the appropriateness of
the organization chosen for the content. As we said ear-
lier, we plan to use Costello and Keane’s examples, and
compare their textual descriptions (e.g. “a parrot robin
is a parrot that can talk™; “a rhinoceros horse is a horse
with horns™) with our readings. This will provide us with
an estimate of how “natural” our automatically generated
readings are.

From the NLG point of view, when covering also “ex-
temal” domains (such as the “plane™ and many others),
we will be able to produce textual descriptions and finally
study our conjectures around the creative aspects of this
work.

In the Conceptual Blending system, apart from keep-
ing the current developments on the implementations,
we have now identified some fundamental work to do,

S5ee Coulson (2000) for more on the*trashcan basketball™ example.
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namely towards the extension of the concept maps and
using already built knowledge bases (like WordNet) to
make wider range tests. Another interesting idea to fol-
low is that of using the frames as references for NLG de-
scription. In Divago, a frame is a structure that allows the
definition of top-level concepts or pattemns. For example,
a frame can specify the conditions a concept must sat-
isfy in order to be a “transport means”. This leads to the
use of several references (from frames, external domains,
input spaces) simultaneously to participate in the natural
language generation of a blend description.
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Abstract

This paper describes how a backpropagation neural network learnt and reproduced harmonic patterns. These
patterns were related in learning and production to musical tension. The neural network thus leamt to produce
the next chord in a sequence such that listeners perceive a given degree of musical tension. During this
research. it was confirmed that musical tension is measurable and that harmony conveys tension. Ultimately,
the results pragmatically show that harmonic tension patterns exist, can be found and reproduced within the

style defined by adequate pieces of music.

1 Introduction

The original intention of this project was as a step to pro-
duce music in real time —achieving a balance between the
unity and variety in the output. The idea is that a neural
network provides the unity by learning the harmonic con-
text from a given piece of music. This harmonic context is
further related to a measure of musical tension. By vary-
ing the tension level in the input, the output would be ex-
pected to stay within the harmonic context of the original
{providing unity). and the tension would drive the har-
mony, thus becoming the source of variety.

1.1 Tension in music

Tension can be seen as the incompleteness of the music
at any one point. More intuitively, the degree of tension
can be related to how wunfinished the piece of music would
sound if it stopped at the point. Tension thus changes dy-
namically as the piece of music progresses (Krumhansl.
1997).

Tension has been studied for different aspects of pieces
of music. Significantly, Narmour (1990) approaches the
effect of melody in tension has been approached analyt-
ically. The concept of tension is opposed to that of re-
laxation, and derives from certain patterns in the melodic
lines that produce or solve expectancy.

As for harmony, Krumhansl (1997) measured tension
and found that the predictors of chord distance defined
by Lerdhal (1988) related to the tension curves well for a
piano sonata of Mozart. This suggests that harmony has
an effect on tension that is composed with the tension re-
sulting from the melodic lines and presumably from other

*The authors were affiliated to the Department of Artificial Intelli-
gence of the University of Edinburgh when developing the work pre-

sented here.
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aspects of the music.

1.2 Machine learning

Machine learning has been previously used to learn from
a set of examples to predict the next chords in a sequence
(Bharucha and Todd, 1989; Berger and Gang, 1997). This
work extends the concepts by testing whether a back prop-
agation neural network can learn patterns of tension in
harmony and use them to generate sound sequences with
new. specific tension curves.

Machine learning requires examples of the behaviour
the system is expected to learn. It is in fact ideal when
examples are easier to find than rules (Dolson, 1989). Ex-
amples of real pieces of music are of course available in
various formats, and the choice of a representation will
have an effect on the learning curve. The representation
used should favour harmony over other aspects of the mu-
sic used.

Tension curves that run in parallel to the music exam-
ples are required as well in this case, as they are part of
the behaviour that the network should learn. In this case,
the data needs to come from human listeners (rather than
from theoretical models), as part of the interest in this
work is in letting the network find patterns in the raw ten-
sion curves rather than reproducing rules that were stated
by the models in the first place.

The results of neural networks tend to be pragmatical,
and so they tend to be considered to be black boxes. The
primary analysis of the results is thus whether the be-
haviour wanted —the production of a sequence of chords
that produces a given tension curve—can be reproduced
by the network. However, backpropagation networks al-
low analysis and rule extraction to some degree. This is
achieved by analysing the weights of the links, compar-
ing the performance of different architectures and repre-




sentations. and by simulation of basic cases. In this case,
the information provided by the network will suggest the
tension patterns present in the music used in the training
example.

1.3 Procedure

This paper concentrates on the results obtained with a mu-
sical piece: the fourth movement of Prokofiev's Classical
Symphony. This musical piece was selected because the
rhythmical and melodic patterns are relatively uniform,
and the chords change frequently (often every other bar)
and its harmony appears to drive the tension. Its duration
{about four minutes) is substantial. but without compro-
mising seriously the attention of the listeners.

This work consisted of three distinct stages:

1. elicitation of tension curves,
2. development and training of the neural network, and

3. evaluation of the output of the neural network.

The following sections address each stage separately.
Melo (1998) presents further detail of the first two stages.

2 Stage 1: Eliciting tension curves

To obtain tension curves for the musical piece, ten West-
ern listeners were asked to indicate the tension they per-
ceived while listening to it. They indicated the tension by
rotating a sprung wheel (Figure 1). The reaction of the
spring provides feedback on the position of the wheel, so
the listeners have to apply more force to indicate higher
tension. or no force for no tension. Before the Prokofiev
piece of music. listeners used the equipment to record the
tension in one to four pieces of music (according to ran-
dom settings of the test). to make sure that they felt com-
fortable with the equipment and task.

Figure 1: Settings for measuring tension

Before starting the measurement, the concept of ten-
sion was explained to the listeners as the uneasy —as op-
posed to relaxed —sound of the music, and as how “unfin-
1ished™ the piece would sound if it stopped at that precise
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moment. Some of the listeners expressed having initial
doubts about their ability to perform the task, but felt con-
fident that they could do it after the first trial.

The music used was a quantised MIDI file in which all
the instruments were set o piano and the dynamic was
set 1o be constant. This insures that changes in volume,
colour and interpretation are not factors in the perceived
tension.

2.1 Raw tension curves

The tension curves given by the listeners were different
from each other in that some used the whole range of the
wheel whereas others would indicate changes in tension
with very slight movements. This was to be expected. as
the measure of tension 15 not defined in absolute terms.
Still, the listeners seemed to react at the same points and
in the same ways, reacting is the same points. increasing
or decreasing the tension at the same time. Visually, the
peaks and valleys in the curves appear to coincide (see
Figure 2).

The agreement among the curves was confirmed us-
ing using Friedmans test of rank correlation. Friedman’s
lest compares a number of data series for monotonic be-
haviour, that is. tests whether the senes increase (or de-
crease) values at the same points (Brownlee, 1965; Hol-
lander and Wolfe, 1973). This test differs from correlation
analysis in that it 18 non-parameiric: it does not assume
that the data series have the same distribution. This al-
lows for the fact that the tension curves provided by differ-
ent listeners may be expressing their perception of tension
in different ways—that is, not necessarily proportionally.
Friedman’s test showed that the possibility of the curves
not being correlated is under 10",

2.2 Obtaining a single tension curve

The ten tension curves obtained have to be condensed into
one to be used for training. Condensing the data is ex-
pected to make up for differences in the "style™ of the
curves provided by different listeners. as well as for er-
rors in the curve because of a listener losing attention.

The median is vsed to condense the data series. The
argument 15 the same as when choosing Friedman's test:
that the interest is to show that the curves are monotonic.
The median is non-parametric because it does not assume
a data distnbution in the series. To apply it, however,
it was found appropriate to normalise the ten curves ob-
tained by scaling them between () and 100.

Figure 2 shows the way the median represents the ten
curves in a section of the piece of music. This figure il-
lustrates how the median represents the general tendency
of the ten curves and how each one of the curves con-
tributes to the resulting curve in the measure that it agrees
with the majority of the other curves. The median for the
whole piece is shown in Figure 3. The curve reflects the
underlying structure of the piece: AABA’. A goes ap-
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Figure 2: Ten tension curves and their median

proximately from bar 0 to bar 90, then repeats from 90 to
180. and then its variation A" begins at approximately bar
240. This and the statistical agreement in the responses of
the listeners give confidence in the curve as a representa-
tive indication of the development of the piece.

3 Stage 2: Training neural net-
works to produce chords based on
given tension curves

The concept of this system is that it should produce the
chord that continues a sequence to convey a given degree
of tension. The input of the neural network is thus the set
of preceding chords. and the degree of tension. With the
piece of music chosen, time slices of one bar are appropri-
ate, as in most cases in it, the chords take integer numbers
of bars. The set of chords used in the input is then the n
chords in the preceding n bars (where n is the size of the
time window),

Besides the structure of the network itself and the learn-
ing parameters, the main variables in the definition of the
system were the representation of the chords and the win-
dow size. Different representations of chords and window
sizes (n) were tried. to find those with which the network
could produce the best results.

The chord representations tried were based on the oc-
currence of each one of the twelve tones in each bar.
Some variations in the representation included the spe-
cific identification of the lowest tones in the bar and the
consideration of the percentage of time that each tone oc-
curred in the bar.

In each case, the architecture of the neural network was
optimised. The training procedure was standard: one fifth
of the data from the musical piece was chosen at random
and used for testing the network (and excluded from the
data used for training). Each datum contained an output
chord. its average tension, and the n preceding chords.

G2

Training data was presented to the network at random.
Training stopped when the accuracy of the network on
the testing data started to decrease — which means that the
network is starting to memorise more than it is generalis-

ing.

3.1

The representation found to be the best indicated the frac-
tion of time that a given tone would sound during the bar.
Doubling was considered in the representation, so if, for
example. the same tone is being played simultaneously in
two different octaves, that would count twice. Each chord
would thus be represented by twelve parameters. one for
each of the 12 tones.

The ideal window size for this representation was of
13 bars. It was found to be ideal because the median of
the error with the test data with three different random
seeds was lower than for other window sizes. These two
properties —especially the window size —relate directly
to characteristics of the piece of music used. as will be
discussed later.

Parameters of the best network built

3.2 Analysis of the trained network

Meural networks behave like black boxes in the sense that
the knowledge is distributed rather than localised, so rules
cannot be extracted by looking at the network itself. How-
ever, it is possible to gain some knowledge about the be-
haviour learnt by the network by 1) training different net-
works with different information and representations, and
comparing their performance; 2) analysing the weights of
the links in a trained network to find out the relative im-
portance of the input factors; and 3) testing the trained
network for different kinds of input and finding the sen-
sitivity of the outputs. All these functions can be seen
as a statistical analysis of the input data; because what
the network does during learning is generalising from the
training data.
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Figure 3: Tension curve for the fourth movement of Prokofiev’s Classical Symphony

In this case, the training data was harmonic information
from Prokohev’s Classical Symphony. and so the analysis
of the properties of the network relate to this piece and do
not necessarily apply to other preces of music.

A close-to-best performance was obtained by the rep-
resentation that included information about doubling. but
that the addition of the bass line does not produce sig-
nificant improvements. Including doubling information
makes the identity of the chord clearer, as this would be
expected to scale down the relative occurrence of aux-
iliary notes. This may also suggest that the density of
the sound is a general factor that affects the chord se-
quence; i.e., some chords sequences appear to be reserved
tor denser parts of the piece of music.

It is possible to perform sensitivity analysis on the net-
work to determine the effect of changing the inputs. This
was done by recording the differences in each output node
after varying each input datum for each example by 5 and
-3 percent of the range of values the corresponding input
node can take. The results for all the examples are av-
eraged. producing values representing the sensitivity of
each output to changes in each input.

Figure 4 shows the average of the absolute values of the
effects of each input chord to the output chord. It indicates
the relative relevance each bar has in the chord the net out-
puts. The chord in the last bar (column 13 in the figure).
for example. has the strongest effect. This is reasonable
considering that the output 1s its immediate continuation,
probably similar in density and often continuing the same
chord. It is significant that the even numbered columns
tend to have a stronger effect than their neighbours, as
this suggests a harmonic rhythm.

By considering the effect of tension on each one of the
tones of the output chord (Figure 5), some insight can
be gained as to the way harmonic tension behaves in the
piece. In the figure, column 1 relates to the sensitivity of
the output ¢ to tension, column 2 relates to cZ, column 3
to d. and so on,
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Figure 4: Average absolute sensitivity of the output chord
to the input chords
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As can be appreciated in the sensitivity values. tension
has an important influence in the output of the net. Con-
sidering these values. it becomes apparent that high ten-
sion biases the output towards the A major (columns 2, 5
and 10). This is not surprising, since A major is the dom-
inant of the main key. Low tension is more ambiguous, as
its main effect is biasing to g. b and d7 (tritone). This sug-
gests that the subdominant (G major) is produced for low
tension effects. It is even more surprising. however, that
the tonic. I? major, seems not to be related to low tension.

High tension in the dominant, ambiguity in the tonic
and low tension in the subdominant appears to be counter-
intuitive. In this context the piece would appear to be
written in & major (rather than D major). as it makes
more sense to consider that low tension is associated to
the tonic, some ambiguity in tension to the dominant, and
high tension to the dominant of the dominant.

This result has an explanation: many phrases of the
piece of music used for training are—on first listening—
harmonically ambiguous. It frequently uses plagal ca-
dences (progressing from the subdominant to the tonic),
which would seem to have been interpreted as half ca-

dences (in the subdominant key) by the listeners'.

4 Stage 3: Testing whether the net-
work’s output fits the given ten-
sion curves

What would be expected at this point is that by giving 13
preceding bar-chords to the network and a desired degree
of tension to the network. it will output the chord for the
next bar. The chords for the 13 preceding bars are inter-
preted in the context of the musical piece used for train-
ing. and the chord output by the net would be expected to
produce the degree of tension wanted. In this way, it may
be possible to obtain a sequence of chords that is within
the harmonic context of the training piece and that has the
wanted tension curve. The next stage is to test whether the
tension obtained is actually the one given to the network.

To test this, random initial chords and two tension
curves were used to initialise the system. The objective is
to measure the tension in these sequences (using the same
procedure as in Stage 1) and compare it to the two ten-
sion curves used. In this way, it can be found whether the
sequences produced by the network actually produce the
wanted tension curves. However, the procedure described
in Stage | requires a piano-roll (or a similar representa-
tion).

"This ambiguity was reportedly introduced intentionally. as it was
frequently exploited by Haydn, who was one of the models Prokofiev
used for the Classical Symphony.

4.1 Obtaining a piano-roll version of the
network’s output

A second backpropagation neural network was used to
produce a piano-roll version of each bar output by the
network. Each column in the piano-roll contains 70 tones
(the range of the original piece) and has a duration of one
quaver (the minimum duration in the piece). Each tone in
the column will be either on or not.

The input of this second network is the chord of the
current bar, four piano-roll columns (i.e., a time window
with the previous four quavers), and the desired tension.
Its output is the following two piano-roll columns.

A small_time window was chosen because the pur-
pose of this network is to convert chords into prano-roll
columns rather than to memorise melodies or the piece of
music. The output contains two columns to exploit the
fact that the first quaver is on the beat while the second is
not.

This network was trained using data from the original
piece. The output nodes represent notes in the piano-roll
columns: but their values are real numbers between 0 and
| —not binary. The original piece was used to determine
the thresholds for each output node that maximise the ac-
curacy of its output.

The whole system is illustrated in Figure 6. The main
network ("bar-scale net")is used at the beginning of each
bar to generate the chord (the "bar suggestion™) that will
produce the degree of tension in the input. The piano-roll
network is used every two quavers to produce the follow-
ing two piano-roll columns (“next two quavers”), based
on the chord, the four previous piano-roll columns and
the tension.

At the end of the bar, after eight piano-roll columns
have been generated, the chord equivalent to these eight
columns (rather than the chord output by the main net-
work) is used to update the time window at the input of
the main network. This is to allow for the fact that the
piano-roll network may distort the chords in the main net-
work output.

For testing purposes, two sets of pieces were created
using this system. All sound sequences were under 80
seconds long. The first set consisted of two pieces gener-
ated to produce a section of the tension curve of the orig-
inal piece. The second set consisted of eight pieces gen-
erated using a skewed sinusoidal wave as tension curve.
The chord and piano-roll windows were initialised with
random data for each one of the pieces. Importantly, the
random seeds and the resulting sound sequences were not
evaluated or selected before the experiment.

As expected, the piano-rolls produced by the system
described are not melodic, and listeners expressed that
they sounded almost like random music, while admitting
that some “order™ and even “style” could be noticed in
them.
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Figure 6: System to produce piano-rolls

4.2 Test procedure

At this stage, 16 Westem subjects listened to the original
piece of music and recorded the tension they perceived us-
ing the sprung wheel —both to let them get used to the ex-
perimental settings and to find differences between their
response and the original tension curve used to train the
network. After this, each participant recorded the tension
for the two pieces in the first set and for four of the pieces
in the second set. Listeners heard the sound sequences
generated by the system in random order.

The data obtained was normalised and processed in the
same way as in Stage 1, scaling the individual curves from
(0 to 100 and extracting the median.

4.3 Results and analysis

Figures 7. 8 and 9 illustrate the results of Stage 3. Figure
7 shows the tension curve obtained for sequence A of the
first set. In this case, the fitness of the resulting curve 1o
the input tension is quite clear,

Figure 8 shows the tension curve obtained for sequence
B of the first set. In this case, even though at some points
the resulting curve moves in the same direction as the in-
put tension, their fitness is poor. The problem in this case
is that the random seed used to initialise the piano-roll
produced very dense columns which were unconfortable
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to the listeners and allowed no noticeable changes in the
chords or piano-roll.

Figure 9 shows the input tension curve used for the sec-
ond set and the average of the tension curves obtained for
its eight sequences. This curve has a good correlation in
the first half and a tendency to a steady state in the sec-
ond half. This curve is an average, and reflects the results
obtained from the eight sequences in the set. Individual
pieces fall into one of the following categories:

e Good fitness, with an obvious relation between the
input and the resulting curves.

¢ Good fitness at the beginning, but tension falls into a
steady state by the end.

e Delayed response: the resulting curve is an offset of
the input tension.

The system can enter a stable state of saturation in
which the inputs and outputs maintain high values, and
this clearly depends on the random data used to initialise
the input piano roll columns and chords,

4.4 Statistical analysis of the results

To test the fitness of the tension curves, they were com-
pared to the tension curves used to generate the sound
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Figure 9: Input tension and average perceived tension for the second set

sequences. The comparison was done using the test of
rank correlation (which is equivalent to applying Fried-
man’s test to two data series only). The choice of a non-
parametric test is once again justified by the fact that a
distribution of tension cannot be assumed.

The rank correlation between the input tension curves
and the tension indicated by the listeners was statistically
significant in all the cases, but suspected not to be as
strong as that found among the listeners in the original
test.

The tension curves recorded for the original piece of
music can be used as reference to test whether these dif-
ferences could have originated from the different set of
listeners that participated. The procedure for this com-
parison involves calculating the rank correlation for the
tension curves obtained in Stage |1 and Stage 3 for the
original piece. This value is then compared to each-one
of the correlations. considering the degrees of freedom in
the data seried. The results indicate that the correlation
between the two sets of listeners is better by far—so the
perception of tension of the listeners that participated 1n
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Stage 3 is similar enough to that of the listeners in Stage
L

In most cases, the correlation between the input ten-
sion and the perceived tension has high statistical signif-
icance nonetheless. The results are encouraging in that
they show that the network learnt to reproduce aspects of
the harmony to produce a given tension. The network in-
terpreted the random input data in terms of the harmonic
context it learnt, and produced the sound sequence based
on it. In some cases, however, the initial random data
forced the system into a stable state of saturation.

5 Discussion

The backpropagation network appears to have learned
patterns that exist between harmonic information and the
tension measured, within the harmonic context of the mu-
sical piece used. In some cases it is able to produce sound
sequences that produced responses in the users equivalent
to those measured for the original musical piece. These



“successful” sequences are new as they are clearly distinet
from the original musical piece. However, they are copies
in the sense that they are based on the harmonic context
of the eriginal. What was not learnt from the original was
the result of random factors that affect the neural network
or of external inputs. :

The random factors in this case are the data that is re-
moved for testing purposes and the order in which the
training data is presented to the network. These factors
affect the way it contains the patterns harmony-tension
patterns. Once training has finished, the network can be
considered to be deterministic. but still its structure and
outcomes will be affected by the random factors in its
training.

The chords used for initialisation and the input tension
curve are inputs to the system and not necessarily ran-
dom. They affect the resulting sequence, probably at the
same level that the musical piece used for training does,
as they represent the material that goes through the har-
monic context learnt by the network. The novelty of the
sequence produced by the network could thus be traced
back to the random factors during learning and the inter-
action of the system inputs and the systems complexiry.

Al a more basic level, the results showed that listeners
tend to agree in what they understood as musical tension,
The tension they perceived in the musical piece used was
found by the neural network to correlate to the harmony,
to the point that it could produce chords appropriate for
the context and desired tension. The resulting structure of
the backpropagation network reflects important features
of the way harmony is perceived by listeners. The results
ultimately suggest that the concept of tension can be used
to drive the production of musical sequences.
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Abstract

An algorithm is presented that uses a multiple n-gram method to learn and compose fugal expositions from a
training corpus. The method of analysis used by the algorithm is described and sample output is given with

evaluation.

1 Introduction

This project set out to apply n-gram techniques to the
composition of counterpoint, in particular the composi-
tion of fugal exposition. N-grams are a probabilistic lan-
guage model that originate in natural language process-
ing. They are a simple model where N-grams and Markov
language models have previously been used to model mu-
sic. usually melody. for instance, Pinkerton (1956) used
a high-order Markov model to generate nursery rhymes,
and both Jr. et al. (1993) and Conklin and Witten (19935)
used models for generation of chorale melodies. Ponsford
et al. (1999) and Barbaud (1966) have both used n-grams
for modeling harmony, while the work of Cope (1991)
uses n-gram based models for stylistic replication of com-
posers work and the work of Pachet (2002) uses a Markov
model of musical styles to provide a real-time interactive
systern for improvisation.

Both Conklin and Witten (1995) and Ponsford et al.
{1999) note the success of the models that are used for
creation of original and acceptable strings and the infer-
ence of harmonic framework using n-grams. These suc-
cesses in different areas of music suggest that the individ-
ual approaches can be combined to create a framework
for creating counterpoint, a type of music where musical
lines sound simultaneously according to a series of rules.
However, counterpoint raises some specific problems for
n-grams: they are unable to replicate long-distance de-
pendencies and they are unable to model more than one
string at a time, unless those strings are encoded together
in some way. Both of these are problematic for composi-
tional processes, except when they can easily be modeled
linearly (such as harmony or melody), but are particularly
problematic for counterpoint, where the individual lines
are to some extent independent and material does have
long-distance dependencies, both in time and between
voices. Indeed, Cope admits that “contrapuntal music
poses serious problems to machine composition™ Cope
(1991) and his attempts to use EMI (Cope (1996)) to

*This work was carried out whilst A Craft was at the Computer Lab-

cratory. Cambridge University.
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create counterpoint depend upon special programs that
replicate structure - his system cannot inherit contrapuntal
forms in the same way as homophonic forms.

The current work sets out to produce a framework
where the problems of dimensionality and long-distance
dependency can be constrained and dealt with by using
multiple n-grams to describe a contrapuntal work, and by
the construction of a lexicon specific to a piece to deal
with re-use of motivic matenal.

2 Implementation

2.1 Operation of algorithm

For the purposes of the model. for an exposition with n
voices, 2n <+ 4 different n-gram representations are neces-
sary. 4 of these are global to the piece: the harmony, the
structure, the subject-contour and the subject rhythm. The
remaining 2n n-gram representations are specific to each
voice and consist of voice-contours and voice-rhythms:
the overall contour of each voice and the local diminution
of the voice are dealt with separately.

2.2 Structure of pieces

Whilst both the harmony and the individual voices can be
recreated using n-grams, there are dependencies both be-
rween voices, resultant from imitative counterpoint, and
within any voice, resultant from the re-use of material.
Some hybridised n-gram method that can consider an item
greater than a note when appropriate could overcome this
problem. The length of this variable unit is defined and
constrained by a structural description of the corpus: by
combining a pattern-matching and n-gram process a de-
scription is achieved that describes the structure of the ex-
position (based upon the motivic material used) and this
15 used to constrain the composition process.

Huron ( 1989) demonstrates that it is difficult for a lis-
tener (including trained musicians) to correctly identify




an inner entry . or even to identify it at all. when listening
to contrapuntal writing and that as the number of con-
current voices in the texture increases, participants were
slower to identify the addition of new voices. Huron and
Fantini {1989) went on to demonstrate that fugal writing
reflects this in the cases where the number of voices is
high. This suggests that simple rules determining the in-
troduction and decrementation of voices in a piece can be
madeled in some simple way, given a description of the
entries. and exits of voices.

2.3 Harmonic analysis

2.3.1 Operation of harmonic analysis

The harmonic analysis algorithm used is a modified ver-
sion of Temperley (1998), which bears closest resem-
blance to Pardo and Birmingham (2002), in that it uses
chord templates rather than relations to chord roots. as
Temperley’s algorithm does. The algorithm produces a
description of the harmony of each piece. and these are
used to produce probabilities for 4-gram generation of
new harmonic frameworks for fugues. In addition to the
progressions stored, the lists of spellings of notes found
in the source data are recorded.

2.3.2 Chord-spacing and voice leading

Whilst a 4-gram is used to construct the harmonic frame-
work of a piece, it alone is not sufficient to create full
counterpoint other than first species, and even then with
the risk of violating standard contrapuntal rules. Informa-
tion on chord spacing (which notes occur where and at
what relative height in a chord) and voice leading (possi-
ble movements from one chord to the next) for this to be
remedied. Tables are constructed from the corpus of pos-
sible spacings of chords and possible chord transitions.

2.4 String analysis and string matching

The string analysis and string matching algorithm results
in two pieces of information per exposition from the cor-
pus: the fugue subject and a structural description.
Before the string matching takes place proper. there is
4 pre-processing stage, where the diminutions of the tac-
s’ starting on each beat are removed, the strings to be
analysed are repopulated with a reference to the diminu-
tion used at that point, its starting pitch and its duration. If
there is an item that is greater in length that the beat (such
as ties, or longer-duration notes), then diminutions are re-
moved in whole number multiples of the beat. Diminu-
tions that have the same scale-degree movement (that is.
that match for their entire length their name codes). but
have differing pitch codes are recorded as variations of

"That is an entry of a fugue subject where the entry oecurs in an
inner-sounding voice. that is that there are voices currently sounding
both above and below it

* Diminution in its ornamentation sense.
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the same diminution. In addition to the diminution. two
additional pieces of information are stored: the entrance
and exit vector, being the directions by which a diminu-
tion is approached and exited and which fall into six cate-
gories: leap-wise above, where it is approached or exited
by greater than a scale degree: step-wise above, where it
is approached or exited by a scale degree; step-wise be-
low; leap-wise below; same-height. where the diminution
15 approached or exited on the same scale degree as it be-
gins or ends: and none, which occurs if the diminution
is preceded or followed by a rest, or start or end of file
marker.

The pattern matching then operates such that any sub-
strings seen as matches satisfy one of the following con-
ditions:

Perfect match For the entire length of the sub-strings
seen as matches, SY to 5", the name-code inter-
vals between any pair of adjacent events S7 and 57, |

are the same and the diminution of each event 57 is
identical, for all j.

Special case 1 At some point, p, in all sub-strings.

Sf‘: ..... P and IE";n+l ..... eered are seen as pEl'f'E-‘CT matches
for all j and the difference in name-code intervals
between events S and S, for all j is no greater

than one.

Special case 2 At some point, p. in all sub-strings.
Sy pand S, . are seen as perfect matches

for all j and the rhythm of the diminution at S _ | is
the same for all j, and the difference in name-code
intervals between events S and 57, for all j is no
greater than one,

Each piece is then described in terms of the repeating
patterns that occur in it. their duration, the voice that they
occur in, their starting pitch and their starting time. A
full description of the operation of the pattern matching
algorithm, and of the entire algorithm, is in Craft (2002).

2.5 N-grams for each voice

As noted in 2.4 above, each voice is reduced to its contour
and diminution. Probabilities are calculated for a 3-gram
description of the contour and for the diminution, proba-
bilities are calculated for a 2-gram description based upon
the rhyythm of the diminutions alone. Any maximally re-
peating material is excluded in this general description,
but is used to calculate probabilities for the subject in the
same way.

2.6 N-gram regeneration of pieces

For an exposition with n voices, 2n + 4 different n-gram
representations are necessary. 4 of these are global to the
piece: the harmony, the structure, the su bject contour and



the subject rhythm. The remaining 2n n-gram representa-
tions are specific to each voice and consist of voice con-
tours and voice-rhythms.

The algorithm for creating a new fugue is given in Fig-
ure |.

3 Ewvaluation

3.1 General Evaluation Constraints

If the model presented in this algorithm is accurate, the
expositions should be typical of Bach-style fugues, major
and minor, three-part and four-part. As elements of the
algorithm, and ideas about music generally are not well-
formed there can be no absolute way 1o demonstrate the
correciness of the algorithm. However, it is still possi-
ble to evaluate the efficacy of the algorithm by testing the
output against a set of questions or aims. Questions to be
answered about the generated pieces are:

¢ are subject/answer progressions learned
o are both tonal and real answers learned
e are any contrapuntal rules violated

o is the counterpoint produced idiomatic
¢ are harmonic progressions learned

e are cadences learned

3.2 Discussion of Sample Output

Sample fugue expositions generated
by the algorithm are available from
www.Sol.city.ac.uk/ cpd456/fugue.htm.
The 4-part fugal exposition, created using seven fugal
expositions” from Das Wohltemperierte Klavier Bach
(1989) Bach (1995) and 3-part fugal exposition, created
using five fugal expositions* from Das Wohltemperierie
Klavier

In all the expositions generated by the algorithm, the
standard pattern of subject followed by answer was fol-
lowed. However, due to the simplicity of the pattern
malching algorithm, which sees both tonal and real an-
swers as the same, the algorithm can currently only pro-
duce real answers. This is of no matter to the resul-
tant new fugues if the structural model generated for re-
composition allows for modulation of the piece back to
the tonic for the third entry, as happens in the 4-part fugue,
but if, as in the 3-part fugue, such a modulation does not
occur, an abrupt harmonic change happens. It is this in-
ability to replicate tonal answers that partly causes the

"The expositions used were taken from BWV B46, BWV E50,

BWY 862, BWY 863, BWV 574 BWVY E77 and BWV 885,

The expositions used were taken from BWV 847, BWV 853,

BWYV 875, BWY 879 and BWYV 883,
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harmonic ambiguity that is in this fugue. but the choice
of an inappropriate starting figure does not help.

None of the fugues generated by the algorithm violated
any rules of counterpoint - this is due to the constraint put
upon the output by only being able to re-generate trans-
positions of voice-leading that it has already seen. The
counterpoint produced by the algorithm is variable. Con-
sider 47 ¥ and bar 5 of the 4-part fugue (Figure 2), which
demonstrates the variability of the counterpoint created.
41 is considered bad, as all of the voices are still for an
entire beat, but such moments are generally rare. Bar 5.
on the other hand is an example of reasonably good coun-
terpoint,

with decent contours to the lines and maintenance of
rhythm. Harmonic progressions used are good, and ca-
dences created (usually at the end of the exposition) are
also idiomatic.

Whilst the resultant fugues are reasonable. the contours
of their subjects could be argued to follow too closely
those of the source data - the 4-part fugue follows the
contour of BWY 850, although it populates the subject
with sufficiently different motif-leaves that the contour-
similarity does not make the two seem too similar.

One issue that is of interest, as not representation for it
was coded explicitly, is the generation of sequences by the
algorithm. Consider 7° to 8% of the 3-part fugue (Figure
3). Because the subject is a sequence at that point. and
because already-used motif-leaves are used in preference
to those not yet used, the sequential nature of the passage
is replicated in all parts by the algorithm.

3.3 Further Issues

Attempts at re-creation of structures larger than the expo-
sition are less well dealt with by the algorithm - this is
partly due to the time constraints in preparing source data
(which takes upwards of a day per fugue) meaning that
no real representative source data of a fugue as a whole
could be constructed, as no sutficiently large corpora was
presented to the algorithm, leading to verbatim replica-
tion of the source structures, and partly due to repetition:
some passages, being statistically more likely than oth-
ers tended to be re-composed more than once, leading to
uninteresting fugues. This implies that the unification of
structures is not altogether capable in its current guise for
replication of fugues. However, being able to replicate a
fugal exposition does demonstrate the ability of this al-
gorithm to perform the task that is currently unfulfilled
by Cope's EMI, namely to create imitative counterpoint
using recombinance without recourse to special code.
One problem that has not been able to be explored,
is the problem of backtracking in the algonthm. As ex-
plained in Section 2.6, the algorithm builds the lexicon
of repeated patterns in a lefi-to-right manner, with back-
tracking to the point at which a particular pattern first oc-
curs to modify it. Whilst creating relatively short pieces

SBar 4. beat 4




I. Generation of structural element 0

(a) A key-signature and a fime-signature are chosen at random from the input pieces.
{(b) An initial structural unit is chosen. using the n-gram method described above.
(¢) A second structural unit is chosen, using the n-gram method described above.

(d) Any labelled pattern that occurs in the first structural element is constructed. As this is always the subject, the
rules for subject construction are used to generate a subject-contour. Any subject contour that does not terminate
at the correct position in the bar is rejected.

(¢) The rhythm of the motif-leaves to populate the subject-contour are chosen, using the n-gram method described
above.

(f) Motif-leaves are chosen that match the rhythm chosen in step le. These are then used to populate the subject-
contour, using the entrance and exit vectors to ensure good-shape in the melodic line. Inversions of motif-leaves
are allowed, resulting in a larger lexicon of motif-leaves. If a motif-leaf is inverted, so are its entrance and exit
vectors. If no solution can be found, the algorithm backtracks. and attempts with a different subject-contour,
slarting again at step 1d. The subject, being a repeated pattern is then additionally stored in a separate list, or
lexicon of repeated patterns. The motif-leaves used in populating the subject-contour are also stored in another
separate list, and are used in preference over motif-leaves as yet unused in composing later passages.

(g) A harmonic analysis of the subject is taken. This is checked against the information stored about spellings of
notes given a harmonic context, and spellings of notes are adjusted as necessary.

2. Generation of structural element n + 1

(a) Any patterns that are determined by the structural unit n + 1 are populated with corresponding elements from
the lexicon.

(b) The patterns are checked for correct progressions. If invalid, the alzorithm backiracks to the point at which the
mMost recent pattern was generated and re-composes it at that point.

(¢) Generation of new patterns

i. The harmonic analysis taken in g is presented to the harmony n-gram representation to find possible next
harmonies. Only possible next harmonies which include the starting pitch of the answer and the starting
pitch of the counter-subject as a harmony note are chosen. and one of these is chosen at random.

ii. A duration for the starting pitch of the new pattern is chosen from the n-gram method for regeneration
of string contours. It is then populated with a motif-leaf of the same duration, which is chosen so as to
conform to the restraints of the chord-spacing, voice-leading information as well as the exit vector of the
end of the subject.

iii. The spellings of the notes in the motif-leaf of the first event of the new pattern are modified to conform to
the harmony.

Iv. A harmonic analysis is taken of the piece up to the point so far completed. to find possible next harmonies.
Only possible next harmonies which include the pitch in the answer at the current point are chosen.

v. The n-gram method for regeneration of melodic lines is used to suggest possible next notes for the pattern.
The first which corresponds to the harmonic analysis is accepted.

vi. Steps 2(c)i to 2(c)v are repeated until the pattern is entirely populated. If at some point. i + 1, no solution
can be found, then the algorithm backtracks to point i and tries a different possible solution. If this too fails,
the algorithm backtracks to point i — 1 and so on.

(d) Generation of free parts

i. Steps 2(c)i to 2(c)v are repeated for all other parts that are active in structural unit 7 + 1. If no solution can
be found the algorithm backtracks to modify the patterns that cannot be changed locally.

Figure 1: The compose algorithm
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Figure 3: Bars 7 and 8 of the 3-part fugue

{(which an exposition is). this creates no real problem, but
if the algorithm was used in its current guise for gener-
ation of a whole fugue, this could rise to wasted com-
position. An example where this could be utterly waste-
ful is the composition of strerto, where the voices enter
with the fugue subject, but the entries overlap. so that the
fugue subject is played against itself. Strettos usually oc-
cur right at the end of the fugue. and if all the input fugues
had stretto, this would be expected in the output fugues.
However, if the subject chosen is not suitable for stretto,
there would-be vast amounts of backtracking - in effect all
the composition done up to that point would be wasted.

4 Conclusions

Whilst the results achieved by this algorithm represent an
advance on the results achieved by EMI. there are still
a number of areas in which the algorithm could be im-
proved. The harmonic-analysis component. whilst not
producing results that would be produced by an expert
given the same task are sufficient for the purposes of the
algorithm. The two major areas that could be refined are
the string-matching and the structural analysis and unifi-
cation components.

4.1 String Matching and Structural Analy-
sis

Currently, the string matching component will not find all
possible matches. In particular, matches that would be

T2

found by a music analyst, such as diminution® (reducing
the length of notes in a passage by a constant, usually
making all notes have half the original duration). aug-
meniation (increasing the length of notes in a passage
by a constant. usually making all notes have twice the
original duration) and inversion are not found: neither are
Jfalse entries (an entry that begins with the subject. but di-
verges from it some way along its length). These are all
techniques that are commaonly used to transform a fugue-
subject for use later on in the piece. Also, the failure of the
algorithm to replicate larger structural units than just the
exposition implies that either n-gram modelling of musi-
cal structure is not suitable, except over short periods. or
that the unification of differing analyses is not sufficiently
capable. Possible future work on the algorithm could in-
troduce ways of deriving more general structural analyses
of music.

4.2 Re-composition

The backtracking problem could. at best, be wasteful and,
at worst, possibly prevent the composition of new pieces.
This suggests that the structural framework for a piece
should be calculated in its entirety and then parsed for
potential problem moments, that is moments which have
the most number of constraints in terms of motivic mate-
rial and that these are composed first, in effect, filling the
lexicon for a piece as the first stage of composition, rather

SRather confusingly. the word dingimtion gets used for a number of
different purposes by musicologists.



than creating the lexicon as the composition progresses.
This would help to eliminate substantial backtracking that
15 endemic in the algorithm as it currently stands.

4.3 Chord Rhythm

As demonstrated in the sample output (Section 3.2), at
some points the dynamism of the piece is destroyed by
a lack of rhythmic movement at a particular point. This
could be remedied by another global constraint that keeps
tract of the rate at which events happen.

4.4 Future Directions

The current algorithm requires multiple parses of the in-
put data in order to create the various representations
of fugue to generate new pieces. ldeally, an integration
of the harmonic-analysis and string-analysis components
should be developed and used. although how these should
be integrated is less clear, as they would require some
single-string representation of counterpoint, or alterna-
tively. would require some representation that did not use
strings. such as the multidimensional dataset representa-
tion that 1s used in Meredith et al. (2002).

The harmonic-analysis component is weighted strongly
towards common-practice period music. which would
make it entirely inappropriate for some fugues written af-
ter ¢. 1900. Unlike the original on which it is based, how-
ever, it is possible to define the “stable’ chords. and indeed
it is possible with further modification that these chords
can be self-derived. This suggests that it may be possible
to convert the algonthm so that it “leams’ the harmonic
language of the source data, making this element extensi-
ble.

Further extensions to the algonthm would involve gen-
eralising it, so that it can replicate other structures other
that imitative counterpoint. This would invelve adding a
classification element that determined the similarity be-
tween input pieces and used information from similar
pleces to create new ones.
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Abstract

N-gram models have been employed for a number of musical tasks including the development of practical
applications providing computational support for creative individuals as well as theoretical studies of cre-
ative processes. Qur goal in this research is to evaluate, in an application independent manner, some recent
techniques for improving the performance on monophonic music of a subclass of such models based on the
Prediction by Partial Match (PPM) algorithm. These techniques include the use of escape method C, inter-
polated smoothing and unbounded orders. We have applied these technigues incrementally to eight melodic
datasets using cross entropy computed by 10-fold cross-validation on each dataset as our performance met-
ric. The results demonstrate statistically significant performance improvements afforded by the usc of all three
techniques. We discuss these findings in terms of previous research carried out in the field of data COMpression
and with natural language and music corpora and present some directions for future research. It is our hope
that these improvements may be applied usefully to specific musical tasks,

1 Introduction

N-gram models have been employed for a number of re-
search tasks in music including the development of practi-
cal applications providing computational support for cre-
ative individuals as well as theoretical studies of cre-
ative processes. In the former category, we cite models
for computer-assisted composition (Ames, 1989, Assayag
et al., 1999; Hall & Smith, 1996), automatic improvisa-
tion (Lartillot et al., 2001) and music information retrieval
(Pickens et al., 2002); in the latter category, n-gram mod-
els have been used for stylistic analysis of music (Con-
klin & Witten, 1995; Dubnov et al., 1998; Ponsford et al.,
1999) and cognitive modelling of music perception (Fer-
rand et al., 2002; Reis, 1999).

Our goal here is to investigate the performance of a sub-
set of such models on a range of monophonic music data
in an application independent manner. We are concerned,
in particular, with the application to music data of a par-
ticular technique for combining the predictions of n-gram
models called Prediction by Partial Match (PPM — Cleary
& Witten, 1984) which forms the central component in
some of the best performing data compression algorithms
currently available (Bunton, 1997). PPM has previously
been applied to natural language data (Chen & Goodman,
1999} and to music data (Conklin & Witten, 1995). Since
its introduction, a great deal of research has focused on
improving the compression performance of PPM mod-
els and our specific aim is to evaluate the performance of
these improved models on a range of monophonic music.
It is our hope that these improvements, evaluated here in
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an application independent manner, may then be applied
usefully to some of the specific musical tasks cited above.

The paper is organised as follows. In §2, we introduce
n-gram modelling in general and the PPM scheme in par-
ticular, as well as the information-theoretic performance
metrics we shall use. Much of the background for this
research is drawn from the ficlds of statistical language
modelling (Manning & Schiitze, 1999) and text compres-
sion (Bell et al., 1990). We hope to demonstrate that prac-
tical techniques and methodologies from these fields can
be usefully applied in the modelling of music. As noted
above, n-gram models have been applied to a number of
musical tasks and in §3, we discuss research in the mu-
sical domain which uses related models and methodolo-
gies. The data and experimental methodology employed
are described in §4. The results of our experiments are
presented in §5, discussed in §6 and, in §7, we conclude
by presenting a number of useful directions for future re-
search.

2 Background

2.1 N-gram Models

For the purpose of describing this research we shall char-
acterise the acquisition of knowledge about melodic mu-
sic as a sequence leaming problem (Dietterich & Michal-
ski, 1986). The objects of interest are sequences of events
where each event consists of a finite set of attributes and
cach attribute may assume a value drawn from some fi-
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nite alphabet £. Here our events are musical notes as no-
tated on a score and we restrict ourselves to the attribute
of chromatic pitch. We shall use the notation ¢/ € &" to
denote a sequence of eventse;...e; where i, je M™ and §°
denotes the set of all sequences composed of members of
g including the empty sequence €. The goal of sequence
leaming is to derive from example sequences a model
which estimates the probability function p(e;|ej™").

If we make the assumption that the probability of the
next event depends only on the previous n — | events, for
some n € M™:

F[fr'l"'-"‘r I )= .f-’[.l"?rle‘ ;r+|]|
then we have an (n — 1) order Markov model or n-gram
model. An n-gram is a sequence ¢_, ., consisting of a

context e,_, ., and a smgte—event prediction ;. Since the
use of a global order bound imposes assumptions about
the nature of the data, the selection of an appropnate n 15
an 1ssue when desigming and building n-gram models. If
the order is too high, the model will overfit the training
data and fail to capture enough statistical regularity; low
order models, on the other hand, suffer from being too
general and failing to represent enough of the structure
present in the data. The appropriate order for any particu-
lar corpus of data can only be determined experimentally.

An n-gram parameter is the probability of the predic-
tion occurring immediately after the context. The parame-
ters are typically estimated on some corpus of example se-
quences. Of several different means of estimating n-gram
parameters, the simplest is maximum [ikelihood (ML) es-
timation which estimates the parameters as:

ﬂ{é‘,lé‘! u+l}
ErE;C[EiEI .rr-rl]

where c(e}_, ., ) denotes the frequency count for n-gram
'?:'---'r-'-l =
Due to data sparseness, problems arise when using
fixed order ML models due to the occurrence of as yet
unseen n-grams. In particular, if a novel n-gram con-
text 1s encountered or a novel symbol occurs in an exist-
ing context (the zero-frequency problem — see Witten &
Bell, 1991), the ML estimate will be zero. In these situa-
tions, the estimated probability of a novel n-gram will be
too low and consequently the estimated probability of n-
grams with non-zero counts will be too high. In addition,
the information theoretic performance measures that we
shall use (see §2.2) require that every symbol is predicted
with non-zero probability.
In statistical language modelling, a set of techniques
known collectively as smoothing are commonly used to
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address these problems. The central idea of smoothing
is to adjust the ML estimates in order to generate prob-
abilities for as vet unencountered n-grams. This is typ-
ically achieved by combining the distributions generated
by an h-gram model with some fixed global order bound
Jr with distributions less sparsely estimated from lower or-
der n-grams. Most existing smoothing techniques can be
expressed using the framework described in Equation 1
(Kneser & Ney, 1995).

If an w-gram e, , occurs with a non-zero coumt
then the estimate (e et~ ”,,1} 15 used; otherwise, we

recursively hackoff” to a scaled version of the (n —2)"
order distribution p[e,le‘_"d} where the scaling factor
T{e,le H,] 15 chosen to ensure that each conditional dis-
tribution sums to one: 3 ..: pl:-E‘lEr__ﬂ +1) = 1. Recursion
15 typically terminated with the zeroth order model or by
taking a uniform distribution over . Different smooth-
ing algunthms vary in the methods used for computing
oleslel=) . ) and yleilel=) . ).

An alternative to backoff smoothing is imterpolated
smoothing in which the probability of an #n-gram 1s always
estimated by recursively computing a weighted combina-
tion of the (n — 1)"* order distribution with the (n —2)""
order distribution as described in Equation 2.

F{ﬁk::,:-._.d E,.IEI nl ) +¥e ,._u-.-|}' {Eal"-’, ,,.q]' (2)
Detailed empirical comparisons of the performance of
different smoothing technigues have been conducted on
natural language corpora (Chen & Goodman, 1999; Mar-
tin et al., 1999). One of the results of this work is the find-
ing that, in general, interpolated smoothing techniques
outperform their backoff counterparts. Chen & Good-
man { 1999) found that this performance advantage is re-
stricted, in large part, to n-grams with low counts and sug-
gest that the improved performance of interpolated algo-
rithms 1s due to the fact that low order distributions pro-
vide valuable frequency information about such n-grams.

2.2 Performance Metrics

It is common in the field of statistical language modelling
to use information theoretic measures to evaluate statisti-
cal models of language. Given a discrete random variable
X distributed over an alphabet £ according to a probabil-
ity distribution P such that the individual probabilities are
independent and sum to one, the entropy H(P) is defined
as:

H(P)= - ple)log, p(e) (3)

l"EE.



Shannon’s fundamental coding theorem (Shannon, 1948)
states that entropy provides a lower bound on the average
number of binary bits per symbol required to encode an
outcome of X. The corresponding upper bound occurs in
the case where cach symbol in the alphabet has an equal
probability of occurring: Ve € &, p(e) = 1:—

Hiar(E) = I'Dgl |ﬁ| (4)
Entropy has an alternative interpretation in terms of the
degree of uncertainty that is involved in selecting a sym-
bol from an alphabet: greater entropy implies greater un-
certainty.

In practice, we rarely know the true probability distri-
bution of the stochastic process and use a model to ap-
proximate the probabilities in Equation 3. Cross entropy
is a quantity which represents the divergence between the
entropy calculated from these estimated probabilities and
the source entropy. Given a model which assigns a prob-
ability of pw(e|) to a sequence of outcomes of X, e,
we can calculate the cross entropy H,"{-E":- ) of model m

with respect to event sequence E'; simply by having very
large sequences of outcomes available. In particular, if
we make some assumptions about the stochastic process
which generated the sequence, the cross entropy Hy(e])
may be calculated as:'

e |
Hule]) = —}Elﬂgzpm{ede’."} (5)

Since H,,(e]) provides an estimate of the number of bi-

nary bits required on average to encode a symbol in e
in the most efficient manner and there exist techniques,
such as arithmetic coding (Witten et al., 1987), which can
produce near optimal codes, cross entropy provides a di-
rect performance metric in the realm of data compression.
However, cross entropy has a wider use in the evaluation
of statistical models. Since it provides us with a measure
of how uncertain a model is, on average, when predict-
ing a sequence of events, it can be used to compare the
performance of different models on some corpus of data.
In statistical language modelling, cross entropy measures
are commonly used: “For a number of natural language
processing tasks, such as speech recognition, machine
translation, handwriting recognition, stenotype transcrip-
tion and spelling correction, language models for which
the cross entropy is lower lead directly to better perfor-
mance.” (Brown et al., 1992, p. 39).

'n particular, we assume that the process is statfonary and érgodic.
A stochastic process is stationary if the probability distribution govem-
ing the emission of symbaols is stationary over time (i.¢.. independent of
the position in the sequence) and ergodic if sufficiently long sequences
of events generated by it can be used to make inferences about its typical
behaviour.
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2.3 The PPM Algorithm
231

Prediction by Partial Match (Cleary & Witten, 1984) is a
data compression scheme the central component of which
is an algorithm for performing backoff smoothing of n-
gram distributions. Variants of the PPM scheme have
et the standard in lossless data compression since its in-
troduction (Bunton, 1997). We shall describe several of
these variants in terms of Equations | and 2 where recur-
sion 15 terminated with a model whi-:h predicts each event
e € £ with equal probability mass, F— This model is usu-
ally referred to as the order — | model and allows for the
prediction of events which have yet to be encountered.

Overview

2.3.2 The Zero-frequency Problem and Escaping

We shall now describe how the probability estimates
ale;lel=! . ) and y(e;lel=! ) in Equations 1 and 2 are
computed in PPM models. The problem 1s usuali;.r char-
acterised by asking how we estimate y(e;le}_! ) - the
amount of probability mass to asmgn to events which are
novel in the current context ¢~} . a(e;le{"). ) is then
set such that the djstrlbutmns sum to one. As noted by
Witten & Bell (1991), there is no sound theoretical basis
for choosing these escape probabilities in the absence of
a priori knowledge about the data being modelled. As a
result, although several schemes exist, their relative per-
formance on any particular task can only be determined
experimentally. In the following discussion, r[e{ ) denotes
the total number of symbol types that have occurred 1n
context e

Method B (Cleary & Witten, 1984) classifies a symbol
occurring in a given context as novel unless it has already
occurred rwice in that context. This 1s achieved by sub-
tracting one from all the counts and has the effect of filter-
ing out anomalhies. In addition, the escape count increases
as more types are observed.

Tl:: | :I f{i‘r_,l,-l-l
&y ‘-4 ir-- =
zl..E_af{E"—m-lj
j=1 (Ertfl ﬂ*'] vl
[I[fjlfr—r.l+1} EFF’; [ _,,-|.+I:|

Method C (Moffat, 1990) retains from method B the
effect that the escape count increases as more types are
observed but symbols are predicted immediately.
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One particular smoothing technique called Witten-Bell
smoothing, often used in statistical language modelling, is
based on escape method C (Manning & Schiitze, 1999).
These escape methods have been subjected to empir-
ical evaluation in data compression experiments which
demonstrate that method C typically yields better perfor-
mance than method B (Bunton, 1997; Moffat et al., 1994).

1.3.3  Interpolated Smoothing

We have discussed the difference between backoff and in-
terpolated smoothing in §2.1 and shown how they can be
deseribed within the same framework. While the origi-
nal PPM algorithm uses a backoff strategy (called blend-
ing), Bunton (1997) has experimented with using inter-
polated smoothing within PPM. Bunton notes that for
blending (and other backoff methods), the estimates for
novel events are slightly inflated while the estimates for
events which are not novel are slightly deflated. Re-
placing blending with interpolated smoothing remedies
this and yields significant and consistent improvements
in compression performance (Bunton, 1997).

2.3.4 Unbounded Length Contexts

One of the goals of universal modelling is to make mini-
mal assumptions about the nature of the stochastic pro-
cesses responsible for generating observed data.  As
we discussed in §2.1, n-gram models make assumptions
about these processes to the effect that the probability
of an event depends only on the previous n — 1 events.
Cleary & Teahan (1997) describe an extension to PPM.,
called PPM*, which eliminates the need to impose an ar-
bitrary order bound. The policy used to select a maximum
order context can be freely varied depending on the situa-
tion,

A context e/ is said to be deterministic when it makes
exactly one prediction: r(e/) = 1. Cleary & Teahan
(1995) have found that for such contexts the observed fre-
quency of novel events is much lower than expected based
on a uniform prior distribution. As a consequence, the en-
tropy of the distributions estimated in deterministic con-
texts will tend to be lower than in non-deterministic con-
texts. Since the event will have occurred at least as many
times in the lowest order matching deterministic context
as any of the other matching deterministic contexts, it will
produce the lowest-entropy probability distribution (Bun-
ton, 1997). Cleary & Teahan (1997) exploit this in PPM*
by selecting the shortest deterministic matching context
if one exists or otherwise selecting the longest matching
context. Unfortunately, the original PPM* implementa-
tion provided modest improvement in compression per-
formance over the original order bounded PPM. When
combined with interpolated smoothing, however, PPM*
does outperform the corresponding order bounded PPM
models in data compression experiments (Bunton, 1997).

T

2.3.5 Implementation Issues

Since PPM* does not impose an order bound, all sub-
sequences of the input sequence must be stored which
makes for increased demands on computational re-
sources.  Suffix-tree representations provide a space-
efficient means of achieving this end (Bunton, 1997: Lars-
son, 1996). We have implemented our PPM models as
suffix trees using the online construction algorithm de-
scribed by Ukkonen (1995). The application of this al-
gorithm to the construction of PPM models was first de-
scribed by Larsson (1996) and the construction devel-
oped independently by Bunton (1997) is similar to the
Ukkonen-Larsson algorithm in many respects. In addi-
tion to being online, these algarithms have linear time and
space complexity and, as demonstrated by Bunton (1997),
the resulting models have optimal space requirements (in
contrast to the original PPM* implementation). The ex-
istence of path compressed nodes in suffix trees compli-
cates the storage of frequency counts and their use in pre-
diction. We have followed the strategies for initialising
and incrementing the counts employed by Bunton (1997)
to address these complications.

2.4 Long- and Short-term Models

In data compression, a model which is typically empty
initially is constructed incrementally as more of the input
data is seen. However, experiments with PPM using an
initial model that has been derived from a training text
demonstrate that pre-training the model, both with related
and with unrelated texts, significantly improves compres-
sion performance (Teahan & Cleary, 1996). A comple-
mentary approach is often used in the literature on statis-
tical language modelling where improved performance is
obtained by augmenting n-gram models derived from the
entire training corpus with cache models which are con-
structed dynamically from a portion of the recently pro-
cessed text (Kuhn & De Mori, 1990).

Conklin (1990) has employed similar ideas with mu-
sic data by using both a fong-term model (LTM) and a
short-term model (STM). While the LTM parameters are
estimated on the entire training corpus, the STM is con-
structed online for each composition in the test set and
is discarded after the relevant composition has been pro-
cessed. The predictions of both maodels are combined
to provide an overall probability estimate for the current
event. The motivation for doing so is to take advantage
of recently occurring n-grams whose structure and statis-
tics may be specific to the individual composition being
predicted.

A simple way of achieving the combination of predic-
tions from the LTM and STM is to use a weighted average
of the individual predictions (Conklin, 1990). Let e & £ be
the current symbol to be predicted, M be a set {{tm, stm)
containing the LTM and STM and p,,(e) be the probabil-
ity assigned to symbol e by model m € M. The weighted
mean of the two predictions is;
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Conklin describes a method for calculating the weights, .

Wirm and Wy, based on the entropies of the distributions
generated by the LTM and STM such that greater entropy
{and hence uncertainty) is associated with a lower weight,
Let £, be the probability distribution generated by model
m. The relative entropy of a model is:

H(Fu)/ Hiax (8)

Hyotwive(m) = { 1 if Hmar(E) > 0

otherwise

where H and H,,. are as defined in Equations 3 and 4
respectively. The weight wy,0of model m is computed as
W = Hrelaive(m) =P where b € M is a parameter giving an
exponential bias towards models with lower relative en-
tropy. The combined use of long- and short-term models
vields better prediction performance than either the LTM
or STM used individually (Conklin, 1990). Finally, Con-
klin & Witten (1995, p. 61) have used a different scheme
based on the Dempster-Schaffer theory of evidence for
combining the predictions of long- and short-term mod-
els “with some success™ but do not provide any details of
the scheme or the performance improvements it vielded.

3 Related Work

N-gram models have been used for music related tasks
since the 1950s when they were investigated as tools for
composition and analysis (see e.g., Brooks et al., 1957;
Hiller & lsaacson, 1959; Pinkerton, 1956). Since exten-
sive reviews of this early research exist (Ames, 1989;
Hiller, 1970), we shall focus here on more recent ap-
proaches.

Ponsford et al. (1999), for example, have applied tri-
grams and tetragrams (without smoothing) to the mod-
elling of harmonic movement in a corpus of 84 seven-
teenth century sarabandes. The aim was to find out how
adequate a simple n-gram model would be for the de-
scription and generation of harmonic movement in the
style. Higher order structure was represented in the cor-
pus through the annotation of events delimiting bars,
phrases and entire piecces. A number of pieces were gener-
ated from the models and subjected to an informal stylis-
tic analysis. The generated harmonies were “charactens-
tic of the training corpus in terms of harmony transitions,
the way in which pieces, phrases and bars begin and end,
modulation between keys and the relation between har-
mony change and metre” (Ponsford et al., 1999, p. 169).
The generation of features such as enharmeny, which was
not present in the corpus, and weak final cadences was
attributed mainly to the use of low order models.

Conklin & Witten (1995, see also Conklin 1990) de-
veloped PPM models of the soprano lines of 100 of the
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chorales harmonised by J.5. Bach. The escape method
used was B and both long- and shori-term models were
employed. The global order bounds of the LTM and STM
were set at 3 and 2 respectively and the predictions com-
bined using a Dempster-Schaffer scheme. One of the cen-
tral features of this work was the representation of multi-
ple attnbutes, or viewpoinis, of a melodic sequence. Con-
klin & Witten (1995) describe a number of multiple view-
point systems consisting of several PPM models trained
on different viewpoints whose predictions were combined
in the same manner as described in §2.4. Several evalu-
ation techniques were employed. First, split-sample val-
idation with a training set of 95 compositions and a test
set of five compositions was used to compare the perfor-
mance (in terms of cross entropy) of different multiple
viewpoint systems. Conklin & Witten were able 1o de-
rive multiple viewpoint systems whose entropy was sig-
nificantly lower than that of a single viewpoint system
modelling chromatic pitch. The second means of evalu-
ation was a generate-and-test approach from which Con-
klin & Witten concluded that the generated compositions
seemed to be “reasonable”. Finally, Witten et al. (1994)
conducted an empirical study of the sequential chromatic
pitch predictions made by human listeners on the same
test set of compositions. The entropy profiles derived
from the experimental results for each composition were
strikingly similar in form to those generated by the model.

Hall & Smith (1996) have extended the approach used
by Conklin & Witten (1995) to a corpus of 58 twelve-bar
blues compositions. The aim was to develop a compo-
sitional tool that would automatically generate a melody
when supplied with a twelve-bar blues harmonic struc-
ture. In order to model pitch, zero, first and second order
models were derived from 48 compositions in the corpus.
Separate first and second order models were derived for
each individual chord occurring in the corpus. Rhythm
was represented using an alphabet of short rhythmic pat-
terns (e.g., two semiquavers followed by a quaver) and
zero, first and second order models were derived from
the training set over this alphabet. The model was eval-
uated by asking 198 human subjects to judge which of a
pair of compositions (of which one was human- and the
other machine-composed) was machine-generated. The
data consisted of the ten remaining compositions in the
corpus and ten compositions randomly selected from the
model’s output all of which were played to the subjects
over a standard harmonic background. Statistical analysis
of the results demonstrated that the subjects were unable
to distinguish reliably between the human and machine
generated compositions.

Reis (1999) has extended the work of Conklin & Witten
(1995} in a different direction through the incorporation
of psychological constraints in n-gram models. In partic-
ular, he argues that storing all n-grams (with order less
the the global bound) which occur in the data 1s highly
ingfficient and unlikely to accurately depict the manner
in which humans represent melodies. Reis describes a
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Folk songs and Ballads from Nova Scotia, Canada

Chorale soprano melodies harmonised by 1.5, Bach

Alsatian folk songs from the Essen Folk Song Collection

Yugoslavian folk songs from the Essen Folk Song Collection

Swiss folk songs from the Essen Folk Song Collection

Austrian folk songs from the Essen Folk Song Collection

German folk songs from the Essen Folk Song Collection (kinder dataset)
Chinese folk songs from the Essen Folk Song Collection (shanxi dataset)

Table 1: Melodic datasets used in this research.

model which segments the data according to perceptual
cues such as contour changes or unusually large pitch or
duration intervals. The order of the n-grams stored by the
model 15 then determined by the sequence of events back
to the previous segmentation point. If a novel n-gram is
encountered during prediction, the distribution delivered
by the variable order model is smoothed with a uniform
distribution over the alphabet. The model also incorpo-
rates perceptually guided predictions for more than one
step ahead. The performance of the model was evaluated
on the chorale dataset used by Conklin & Witten (1995)
and folk melodies from the Essen Folk Song Collection
(Schaffrath, 1995) using entropy as the performance met-
ric with a split sample experimental design. Although the
results demonstrated that the model failed to outperform
that of Conklin & Witten (1995), the work is useful since
it addresses the question of which segmentation and mod-
elling strategies work best when model-size is limited.

4 Experimental Methodology
4.1

A PPM model has been implemented in Common Lisp
such that each of the vanant features described in §2.3
are accepted as parameters to the top-level call. We shall
use the following shorthand to refer to each of the model
parameters: the model type is indicated by *LTM’ and
"STM” for the long- and short-term models respectively;
the escape method is indicated explicitly by 'B” or 'C";
the order bound is indicated by an integer or "*° if un-
bounded: and interpolated smoothing is indicated by an
‘I (blending is the default). Thus, for example, a PPM
long-term model with escape method C, unbounded or-
der and interpolated smoothing is denoted by "LTMC*I".
When combined with a short-term model with the same
parameters, the model would be denoted by 'LTMC*I-
STMC*I" (for readability the two models are separated
by a hyphen).

Model Parameters

4.2 Data

The aim of this research was to assess the performance
of PPM variants over a range of different musical styles.

fit!]

The datasets used were all obtained in the **kern for-
mat (Huron, 1997) from the Centre for Computer As-
sisted Research in the Humanities (CCARH) at Stanford
University, California (see http://www.ccarh.org)and
the Music Cognition Laboratory at Ohio State Univer-
sity (see http://kern.humdrum.net). During prepro-
cessing, tied notes were collapsed together and the chro-
matic pitch of each event was converted into a MIDI note
number where 60 represents middle C. Each composition
therefore consists of a sequence of integers each of which
represents a chromatic pitch.

The datasets themselves contain purely melodic mu-
sic. The first is a collection of 152 folk songs and ballads
from Nova Scotia, Canada collected between 1928 and
1932 by Helen Creighton. The dataset is freely available
from the Music Cognition Laboratory at Ohio State Uni-
versity. The second dataset contains 185 of the chorale
soprano melodies harmonised by 1.5 Bach (BWV 253 1o
BWV 438) and is freely available from CCARH. The re-
maining datasets come from the Essen Folk Song Col-
lection (EFSC - Schaffrath, 1992, 1994). The collec-
tion comprises 6,252 (mostly) European folk melodies
collected and encoded under the supervision of Helmut
Schaffrath at the University of Essen in Germany be-
tween 1982 and 1994, A dataset containing all the com-
positions in the collection is published and distributed by
CCRAH (Schaffrath, 1995) and an additional dataset of
2580 Chinese folk melodies is available on request. The
six datasets from the EFSC used in this research con-
tained respectively 91 Alsatian folk melodies, 119 Yu-
goslavian folk melodies, 93 Swiss folk melodies, 104
Austrian folk melodies, 213 German folk melodies (from
dataset kinder) and 237 Chinese folk melodies (from
dataset shanxi).

Each dataset 1s assigned a natural 1D as shown in
Table 1 and will be referred to henceforth by this ID.
More detailed information about each dataset, including
the number of compositions and events contained in the
dataset and the number of chromatic pitches from which
the dataset is composed, can be found in Table 2.



ID | No. Compositions | No. Events
0 152 8553

1 185 9227

2 a1 4496

3 119 2691

4 93 4586

5 104 2306

6 213 8393

7 237 11056

Mean Events/Composition | Alphabet Size
56.270 25
49.876 21
49.407 32
22.613 25
49.312 34
51.019 35
39.403 17
46.650 41

Table 2: Detailed information about the datasets used in this research.

4.3 Performance Evaluation

Many methods have been used to evaluate the perfor-
mance of statistical models of music, some of which have
been described in §3. We have followed the resampling
approach using entropy as a performance metric for two
reasons: first, entropy has an unambiguous interpretation
in terms of model uncertainty on unseen data (see §2.2);
and second, entropy bears a direct relationship with per-
formance in compression and indirectly correlates with
the performance of n-gram models on practical natural
language tasks and is widely used in both these fields.
These factors support its use in an application indepen-
dent evaluation such as this.

Conklin & Witten (1995) used a split-sample (or held-
our) experimental paradigm in which the data is divided
randomly into two disjoint sets, a training set and a test
set; the n-gram parameters are then estimated on the train-
ing set and the cross entropy of the test set given the re-
sulting model 1s computed using Equation 5. Conklin &
Witten used a training set of 95 melodies and a test set of
5 melodies. Although commonly used, split-sample vali-
dation suffers from two disadvantages: first, it reduces the
amount of data available for both training and testing; and
second, with small datasets it provides a biased estimate
of the true entropy of the corpus. A simple way of ad-
dressing these limitations is to use k-fold cross-validation
in which the data 1s divided into & subsets of approxi-
mately equal size. The model is trained & times each time
leaving out a different subset to be used for testing and
an average of the k cross entropy values thus obtained is
then computed. In machine leaming research, differences
in model performance as assessed by resampling tech-
niques, such as cross-validation, are often analysed for
significance using statistical tests such as the t-test (Diet-
terich, 1998:; Mitchell, 1997).

5 Results

To illustrate the performance improvements obtained with
the PPM variants discussed in this paper, we have succes-
sively apphied escape method C, unbounded orders and
interpolated smoothing to our emulation of the model
used by Conklin & Witten (1995) which 1s described in
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our framework as LTMB3-STMB2 (see §2). The results
are shown in Table 3 where each result was obtained us-
ing ten-fold cross-validation. Paired t-tests confirmed the
significance of the improvements afforded by incremen-
tally applying escape method C [r =32.53.d/=79%9.p <
0.001], unbounded orders [+ = 7.34.d/ =79, p < 0.001]
and interpolated smoothing [r = 24.57.df = 79.p <
0.001].2

6 Discussion

Before discussing the results presented in §5, some words
on the methodology employed are in order. Our goal was
to demonstrate that a number of techmiques improve the
prediction performance of PPM models on monophonic
music data. We have approached this task by using cross
entropy of the models as our performance metric and
applying ten-fold cross validatory resampling on eight
monophonic datasets. Since we have been concerned with
optimising average performance over all eight datasets,
the best performing model will not necessarily correspond
to the best performing model on any single dataset. How-
ever, the results increase our confidence that this model
will perform well on a given dataset without requiring fur-
ther empirical investigation of that dataset.

Furthermore, since we have applied the variant tech-
niques incrementally, there is no guarantee that the result-
ing model refiects the global optimum in the space of pos-
sible LTM and STM parameterisations. Once again, we
note that our aim was to demonstrate how some variant
techniques can improve the performance of PPM models
and consequently our interest 15 in the relative, rather than
absolute, performance of the PPM variants.

In our experiments, escape method C yielded consis-
tent improvements in model performance over method B.
Although, as noted in §2.3.2, there 15 no pnincipled a pri-
ori means of selecting the escape method, these results
are consistent with those obtained in data compression
experiments (Bunton, 1997; Moffat et al., 1994; Witten &
Bell, 1991). The use of unbounded orders, as described in
§2.3.4, improves the average performance of PPM models

“These tesis were performed over all 10 resampling sets of each
dataset (1 = B0) which are not shown in Table 3.



Dataset | LTMB3-STMB2 LTMC3-

STMC2 LTMC*-STMC* LTMC*I-STMC*I |
—_—

[l A 2,001 2.604 2.585 2.465
| 2.665 2.470 2 451 2.327

2 3.080 2.759 2.705 2,602

3 2.960 2 686 2.643 2.558

4 3.007 2671 2.556 2.483

5 3.284 2.852 2.728 2.661

6 2.536 2.249 2.167 2,085

7 3.060 2.762 2.770 2642
Average 2.937 2.632 2.576 2478

Table 3: Performance improvements to our emulation of the model used by Conklin & Witten (1995).

though to a lesser extent and with less CONSISIENCY across
the datasets than applying escape method C. This finding
agrees with those obtained in experiments on data com-
pression (Bunton, 1997) and is likely to be due to the
fact that the optimal order bound varies between datasets.
As noted by Bunton (1997, p. 90), order bound experi-
ments “provide more information about the nature of the
test data, rather than the universality of the tested algo-
rithms.” Finally, the use of interpolated smoothing con-
sistently improves model performance regardless of the
dataset. This is in agreement with results obtained in ex-
periments in data compression (Bunton, 1997) and on nat-
ural language corpora (Chen & Goodman, 1999: Martin
et al., 1999). The reason appears to derive from the fact
that backoff smoothing (of which blending is an example)
consistently underestimates the probabilities of non-novel
events (Bunton, 1997) for which the low order distribu-
tions provide valuable frequency information.

7 Conclusions

By way of conclusion, we would like to present some
directions that we feel would be profitable 1o explore
in future research. The first set of suggestions concern
model development. First, an empirical comparison of
the performance of the Demster-Schaffer scheme used
by Conklin & Witten (1995) to combine the predictions
of the LTM and STM with other techniques (including
the weighted mean employed here) would be useful for
future model developers. Second, Bunton (1997) de-
seribes an information-theoretic state selection mecha-
nism which replaces the original state selection used in
PPM* (see §2.3.4) and which consistently IMProves per-
formance in data compression experiments. It remains to
be seen whether this mechanism can be fruitfully applied
with music data. Finally, the extension of the method-
ology used in this research to comparisons between dif-
ferent modelling approaches could yield interesting re-
sults. It would be useful, for example,.to compare the
performance of the PPM variants analysed here with that
of models using other smoothing techniques commonly
used 1n statistical language modelling, such as Katz back-
off (Katz, 1987) and Kneser-Ney smoothing (Kneser &
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Ney, 1995), and models based on the Lempel-Ziv dictio-
nary compression algorithm as used by Dubnov, Assayag
and their colleagues (Assayag et al., 1999: Dubnov et al..
1998; Lartillot et al., 2001), the prediction suffix automata
used by Lartillot et al. (2001) and Trivifio-Rodriguez &
Morales-Bueno (2001) and the neural network models de-
scribed by Mozer (1994),

Our second set of suggestions concern the data used. It
should be emphasised that we have restricted our atten-
tion to a single attribute of musical sequences: chromatic
pitch. None of the conclusions reached in this research
can be guaranteed to hold for other attribute domains and
representations; we shall need similarly detailed experi-
ments 1o assess whether the performance improvements
recorded here remain valid with these new representa-
tions. Therefore, an important consideration is the exten-
sion of the approach to other atiributes of musical events
and more sophisticated representations of musical works.
Conklin & Witten (1995), for example, describe several
means of deriving more abstract representations of the
musical surface as well as developing methods for com-
bining the predictions of n-gram models of these repre-
sentations. In a similar vein, we consider it important to
extend the approach to homophonic and polyphonic mu-
sic. The issue of representing such music for training
statistical models is discussed by, for example, Assayag
et al. (1999), Conklin (2002), Pickens et al. (2002) and
Ponsford et al. (1999). Since the results obtained here
are in broad agreement with those obtained in data com-
pression and statistical language modelling experiments,
we expect the performance improvements to hold some
degree of generality and to carry over to these more so-
phisticated representations of music.

Qur final suggestions are methodological. The first
concerns the fact that many of the directions cited above
concern comparisons between different models. Standard
corpora exist for comparing model performance in both
the data compression and statistical language modelling
communities: e.g., the Calgary corpus (Bell et al., 1990)
and LOB corpus (Johansson et al., 1986) respectively.
Such standardisation facilitates the objective and empir-
ical comparison of different models and would be highly
beneficial to the music processing community. Another




methodological issue concerns the validity of entropy as
a measure of performance; in order to address this ques-
tion we need detailed empirical studies of the relationship
between entropy measures and model performance on a

range of musical tasks such as those outlined in §1. Inthe

meantime, we hope that the techniques described in this
paper can be profitably applied to practical musical tasks
and that the consequent reduction in cross entropy will
translate into actual performance improvement on these
tasks.
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Abstract

We present a method for generative modeling of audio content that performs mappings between minimum
entropy hidden Markov models leamnt from audio data. By training with a minimum entropy prior, compact,
low-complexity models of the latent structure in audio source samples are obtained. Synthesis of new audio
content is achieved by mapping the state sequence of a nominated structure model onto a nominated conrent
model. The mapping is chosen such that the cross-entropies between the state variables of the nominated
models are minimised. This creates an analogy between the models” structures, even when the specific content
of the models varies significantly. The re-mapped content state sequences are inverted to yvield spectral vectors
that consist of the higher-order pattern information of the structure model and the low-order spectral features
of the content model. To illustrate the methods, we present examples of mapping audio structure and content

between drum beat samples in different styles.

1 Introduction

Audio content repurposing has a significant presence in
musical culture. Much of the electronic music currently
being produced is based on transforming sampled materi-
als in some way, and there exist a number of commonly-
used signal processing approaches for such transforma-
tions. Notable amongst them 15 the phase vocoder, (Port-
noff, 1976), which uses the short-time Founer transform
for analysis and modified resynthesis of spectral data and
has been used by composers for creating new acous-
tic content by spectral blending of two or more source
sounds. Phase vocoding 1s a remarkably effective tool that
enables a degree of independence between temporal and
spectral transformations not possible with looping and re-
sampling techniques. However, as with most signal pro-
cessing transformations, it is agnostic to any patterns that
exist in the audio data, thus the transformations are struc-
turally naive. In this paper, we describe a structured cross-
synthesis technique that maps higher-order structural fea-
tures between audio samples; with structure determined
automatically using minimum entropy leaming methods
for Bayesian models.

Hidden Markov models are widely used for acoustic
modeling in speech and for classification of audio, (Ra-
biner, 1989) (Casey, 2002). This is due, in large part, to
the Baum-Welch algorithm for maximum likelihood in-
ference of model parameters. However, little work has
been undertaken on using HMMs to synthesise audio con-
tent outside of the speech synthesis literature, (Yoshimu-
ray and Tokuday, 1998). We use HMMs to extract latent

&4

structure from audio signals and use this structure for gen-
erating novel audio content that exhibits a blend of salient
features from two source samples.

2 Structure Discovery HMMs

A large number of algorithms, and heuristics, exist for
fitting models to data. But one must normally spec-
ify the structure of the model; for example, the number
of states to use and the linkage of the transition matrix
for hidden Markov models. To automatically learn such
structure from features, we use a minimum entropy prior
on the form of the internal variables for an HMM. This
strategy combines the problem of model structure esti-
mation with the problem of optimal parameter estima-
tion from data and is solved using maximum a-posterior
(MAP) estimation. A hidden Markov model consists of
multinomital parameters representing an initial state dis-
tribution, m; = P(s; = i) and between-state transition
probabilities, T;; = Plsis, = jlsy = i), for states
i,j € {1,....K}andtime ¢ € {1,...,T}. States are
parameterised by multidimensional Gaussian probability
distributions over the space of observations. To compute
the entropy of an HMM, the model parameters are con-
catenated into a stochastic vector & = [#,,....8y], thus
creating a multinomial over the model’s parameter space.
The conditional posterior distribution , with respect to the
model parameters # and observable evidence x, can be
factored according to Bayes’ rule:

P(f|x) o P(x|6) F.(0) (n



with entropic prior F.(#) of the form:

P.(0) x e~ = exp [ ) "8 log 6;] (2)
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Brand (1999) provides a method for maximum a-
posteriori (MAP) estimation using the entropic prior, in
Equation 2, that yields models that are biased towards rep-
resenting the structure, sparsity and determinism inherent
in the training data. Figure 1 shows a minimum entropy
HMM of a 16-bar Latin percussion sample. Only the first
two dimensions of the probability space are shown.

Figure 1: A 10-state hidden Markov model with sparse
transition structure. Elipses represent Gaussian probabil-
ity isocontours and lines represent transition probabilities
between states. The size of "X"in each state denotes the
probability of self-transition.

Figure 2 illustrates the structure that is represented by
the HMM state variables. Noisy low-level spectral audio
features are converted into a representation that encodes
the higher-order event structure in the data. It 1s easy to
"pick out’ the states that correspond to onset and sustain
phases of the percussive timbres in the figure.

2.1 Audio Feature Extraction

Log spectral features were extracted according to the
specifications of the MPEG-7 low-level audio descriptors
standard, see ISO (2001). Below, we also extract lin-
ear basis functions and low-dimensional projection coeffi-
cients using the MPEG-7 specification. Thus the feature-
extraction and acoustic Markov modeling methods pre-
sented herein constitute an application of the MPEG-7
standard to structured content repurposing. We briefly de-
scribe these feature extraction methods in this section.
We recorded a set of 20 audio samples from a high-
quality drum machine. Each sample consisted of a unique
drum pattern in one of two styles (Latin or Techno) with
a tempo of 75bpm and 16 bars duration in § metre. Each
sample was therefore 1280 spectral frames in duration and

Sopurce Speclrogram

i

|

Figure 2: (Top) A constant-() spectrogram of a Latin per-
cussive sample lasting 6.4 seconds (10ms frames). (Bot-
tom) Segmentation of the sample into 5 discrete states by
a content-specific hidden Markov model.

the ensemble of training samples consisted of a total of
256 seconds of audio.

The signals were reduced to 16kHz mono 16-bit lin-
ear PCM samples and segmented by 30ms hamming win-
dows, with a 10ms advance per frame, and transformed to
the spectral domain using a 512-point FFT. The FFT ele-
ments were then converted to power spectrum coefficients
and re-binned into i!h-ﬂﬂta‘m bands, taking care to pre-
serve the total power. The resulting log-spectral frames
were 39-dimensional and preserved the power of the sig-
nal over the analysis window. These frames were stacked
row-wise into observation matrices, X, with the ensemble
of stacked matrices representing all source samples, { X }.
Vectors were re-scaled to decibels and normalised by their
L2-norm coefficients to yield unit-length spectral-shape
vectors. The L2-nomm coefficients were pre-pended to the
ensemble vectors to create 40-dimensional vectors con-
sisting of the RMS of spectral power coefficients in the
first element and normalised spectral shape vectors in the
remaining elements.

2.2 Audio Probability Space

To cross-synthesise audio data from multiple HMMs, one
must ensure that the parameters of each model are defined
over a common probability space. To do this, we first
extracted short-time spectral features from each source
audio sample, then we computed a linear basis over the
spectral space.

The spectral linear basis was extracted by computing
the singular value decomposition (SVD) over the ensem-
ble of observation matrices, {X}. The first five basis
functions, V, were retained and used to project observa-
tions into a low-dimensionality probability space:




Y =XV (3)

This approach to audio feature extraction is described
in detail, along with quantitative test experiments, in
Casey (2002) and 1S0 (2001).

3 Content Repurposing

3.1 Structure, Content and Style

Methods for mapping between Bayesian models for style
and content repurposing have previously been proposed
in the fields of machine vision and computer graphics,
(Brand, 2000) (Freeman and Tenenbaum, 1997). Brand’s
method uses learning to capture structure and style in bi-
pedal motion performed by human subjects. Style hid-
den Markov models are used to synthesize new motion
sequences by interpolating parameters between sample-
specific models thus creating novel animations from exist-
ing content. Freeman and Tenenbaum (1997) use bi-linear
models to separate style and content in images thereby
enabling independent control over stylistic aspects of the
data, such as the effects of lighting and pose in images
of faces. There has also been some work in the area of
speech synthesis on controlling HMM state variables for
expressive articulation, (Yoshimuray and Tokuday, 1998).

We adopted a similar framework for music and gen-
eral audio repurposing. As such, this represents a depar-
ture from usual audio signal processing practices in that
higher order structure is considered along with the low-
order spectral structure.

3.2 Structure Mapping

Since the models were constrained to exist in a compati-
ble probability space, by projection onto the linear basis
17, the state parameters in different models could, mean-
ingfully, be computed. Starting with two content-specific
models trained on audio samples, we nominate one as the
structure model, S, and the other as the content model,
C'. The best structural analogy was selected to be the
map that minimised the sum of cross-entropies between
all pairs of between-model states:

M(i) = arg min Hyx(p;i:q;) (4)
b,

The cross entropy, H x (p; g). between probability dis-
tributions p(x) and g(x) over X is defined as:

Hx(p:q) = H(X)+ D(pllq)
= - p(a)loglg(z))

e X

with entropy H(X) and relative entropy D(pllq).
Given two Gaussian states, p; in model 5 and g; in model

(', with mean and covariance parameters (m;, K, ) and
(m2, K2) respectively, and dimensionality d, the cross
entropy calculated by:

Hx(piq;) = %[d log 2me + log | K]
|
+ 5 [log K| — log [K;|

+ Z[Kr_ l]'rrlrl {H;’_l}rrrrl

+ (m; - m;)"K;” (m; — m;) — d|

We define a map, M : S ~— C, using Equation 4, and
denote it using the functional ¢; = A (s, ) for states ¢ in
¢ and s in S with time index . Applying the map to the
structure state sequence, (s, 82,. .., 87 ), returns the new
content sequence, (¢}, 5, .. ., €5 ), which has the higher-
order patterning of the structure model but the low-level
spectral features of the content model.

To maximize the structural analogy between models we
initialized the training process for models ' and S with
a generic model, G, learnt from the ensemble observa-
tion probability space, P({X } ), and minimized the cross-
entropies between corresponding states in each model
during MAP estimation. Therefore the models were con-
strained to exhibit as much structural similarity as possi-
ble whilst capturing the specific content of the individual
samples from which they were trained.

Figure 3 illustrates structural analogy using the min-
imum cross-entropy map between two models of drum
beat patterns. The top model was trained on a Latin style
sample and the bottom was trained on Techno style sam-
ple. Using such maps we computed new audio sequences,
by mapping the states of one model onto the states of the
other.

3.3 Model Inversion

To invert the new state sequence, (c],c5....,07), We
used the means of the Gaussian states in . Whilst this
is clearly a simplication, constraining the emitted obser-
vations to visit only the centre of each state, it is suffi-
cient for generating an approximation to the inverse of
an HMM given a state sequence. New sequences of spec-
tral acoustic vectors were generated by first projecting the
mean vector of each state onto the inverse linear basis,
el

x' = I IFT [5]

then taking the first RMS power element from x*, mul-
tiplying it with the remaining elements, and inverse deci-
bel scaling. The resulting log-frequency power spectrum
coefficients were used to drive a filterbank for synthesis
of an acoustic waveform.
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Figure 3: Structural analogy between two sample-specific
models of a Latin drum sample (top) and a Techno drum
sample (bottom). The arrows between-models depict the
minimum cross-entropy mapping between the Gaussian
states of each model.

Figures 4, 5 and 6 show the results of structure mapping
and model inversion for combinations of drum patterns in
different styles. In each case, two source samples were
used to generate new hybrid state sequences. The entire
process was automatic so the results reflect the ability of
structure discovery methods to find salient higher-order
structure in acoustic data without supervision.
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Figure 4: Generation of new structured audio content
by remapping structure between source models (Top L)
Cross entropy map of between-model states (Top R) spec-
trum of structure source [Latin: 1] (Bottom L) spectrum of
content source [Techno:1] (Bottom R) new spectrum.
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Figure 5: (Top L) Cross entropy map of between-model
states (Top R) spectrum of structure source [Latin:2] (Bot-
tom L) spectrum of content source [ Techno: 1] (Bottom R)
new spectrum,
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Figure 6: (Top L) Cross entropy map of between-model
states (Top R) spectrum of structure source [Latin: 1] (Bot-
tom L) spectrum of content source [Techno:2] (Bottom R)
new spectrum.

4 Summary

To summarise the method of content repurposing by
structural analogy we enumerate the steps for training,
mapping and inverting sample models.

1. Extract audio features from an ensemble of source
samples, generating observation matrices { X},

2. Extract an ensemble linear basis, V', by singular
value decomposition of {X }.

3. Train a hidden Markov model on the ensemble ob-
servation matrix to produce a generic model G.

4. Train an ensemble of sample-specific hidden



Markov models, initialised to &, on individual observa-
tion matrices X;. Optionally constrain the models to have
minimum cross-entropies between model states after each
training epoch. This step produces a set of source models
{S}.

5. Nominate a structure source model and a content
source model, 5. C € {S}. Then, map the state trajec-
tories for model S onto the model ' by finding the min-
imum cross-entropies between model states thereby cre-
ating a structural analogy. This step creates a new state
sequence in C', see Equation 4.

6. Invert the new state sequence with respect to C' to
obtain a series of observation vectors and invert the ob-
servation vectors to generate a series of spectral frames.
Invert the spectral frames via filterbank resynthesis to pro-
duce an audio signal.

S5 Conclusion

In this paper we presented new techniques for automat-
ically discovering structure in audio sample data using
learning in Bayesian models with minimum entropy pri-
ors, and for repurposing such structure to create novel
audio content. The methods were shown to capture
salient event and pattern information in complex au-
dio data. Structural analogy mapping between content-
specific models, using the minimum cross-entropy be-
tween states, was introduced as means for generating new
state sequences from trained models. Methods for invert-
ing such sequences, and examples of novel content gen-
eration, were also presented.

We conclude that the methods presented herein are
a good starting point for exploration of creativity by
Bayesian inference. Whilst the methods produced good
results for representing macrostructure, the current model
inversion methods could be improved for generating spec-
tral vector sequences with morphologies that better rep-
resent the micro-temporal structures in the training data.
One such extension is to use a Bayesian method that maps
smooth state trajectories in a structure model onto smooth
stale trajectories in a content model by learning the dy-
namic between-model relationships from pairs of training
examples. Due to the additional complexity this has not
yet been implemented, but will be the subject of future
extensions to our methods.
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