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Abstract. There is an increasing interest in the design and develop-
ment of smart environments as they can be used to implement valu-
able applications aiming at improving the quality of life. However,
another important issue, which has not been yet fully investigated,
concerns the design and development of agents able to effectively
and efficiently act in the new and emerging smart environments char-
acterized by an increasing complexity and openness. This paper pro-
poses a novel approach for dynamic (re)planning for agents which
come into and would act in such kind of smart environments. The
flexibility of the approach makes it exploitable also in the design of
the replanning capabilities of smart environments both conceived as
single rational entities that as a multi agent systems.

1 INTRODUCTION
A Smart Environment can be defined as “a region of the real world
that is extensively equipped with sensors, actuators and computing
components” [23]; it can sense what occurs within itself and its
surroundings and adapts its actions accordingly to achieve its
specific goals (e.g. to make inhabitants’ lives more comfortable [4]).
There is an increasing interest in the development of smart environ-
ments as they can be used to implement valuable applications aiming
at improving the quality of life [5]. However, suitable paradigms
and technologies are required for tackling the development of
smart environments due to their ambitious goals [4]. Moreover, an
important feature which makes more difficult their development
is their openness: the entities which inhabit the environment are
heterogenous, not known a priori and may change across time.
Several research efforts deal with the design and development of
smart environments [1, 7, 22]. However, another important issue,
that has not been yet fully investigated, concerns with the design
and development of autonomous (artificial) entities (agents) able to
effectively and efficiently act in such kind of open environments [2].
In fact, as a smart environment is endowed with goal-directed and
autonomous behaviors [5], autonomous entities, which come into
and would act in such an environment have to be able to properly
interact with the environment and to constantly adapt their behavior
to the behavior of the environment itself. Even if a smart environ-
ment provides several advanced services which can be used by these
entities for achieving their goals in a more effective manner, the
goal-directed and autonomous behavior of the environment makes it
a complex and dynamic environment in which to act so requiring to
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these entities more smart capabilities. In particular, a key capability
is planning. To support this statement, it can be useful to envisage
a scenario concerning an autonomous entity (agent) which come
into an open smart environment and is engaged in executing a plan
for reaching a goal. Due to the complex and dynamic nature of
the environment, during the plan execution it may occur an event
which does not let the agent to continue the execution of the plan
so it becomes necessary to build a new plan for keeping the goal
reachable. Typically, during the replanning phase the agent reacts
to the occurred event by applying reactive rules. After a certain
amount of time the new plan is ready for the execution so the agent
can switch from the reactive behavior to the execution of the new
plan. However, mainly due to the complexity and the autonomous
behavior of the environment, the state of the environment at the
switching time can be very different from the state in which the
event has occurred. If this possible evolution of the environment is
not accurately considered in building the new plan, the computed
plan could not be executable.
This paper proposes a novel approach for dynamic (re)planning
which is based on a hybrid agent architecture and is specifically
conceived for agents acting in smart environments. In particular, a
prediction module is used to predict the environment state in which
the agent will switch from the reactive behavior to the execution of
the new plan. In addition, as at the switching time the conditions
in which the agent should start the execution of the new plan could
not be exactly the predicted one, it is computed and executed a
“pre-plan” able to bring the agent in the conditions in which it is
possible to start the execution of the new plan.
Although there are several approaches for dynamic
(re)planning [12, 14, 24, 26, 28], the proposed predictive ap-
proach differs from the others in the way that the deliberation is
evaluated with respect to the future state in which the deliberation
output (i.e. the plan) will be executed. As far as the authors are
concerned, there are few similar approaches reported in the litera-
ture [3, 11].
Moreover, although there are several studies and proposals which
aim at providing smart environments with planning capabili-
ties [8, 15, 16, 17, 18, 20, 21, 25], the problem concerning the
planning capabilities of (artificial) autonomous entities which come
into and would act in smart environments has been not explicitly
and deeply investigated. Furthermore, it is worth noting that the
flexibility of the proposed approach make it exploitable also in
the design of the (re)planning capabilities of a smart environment
both conceived as a single rational entity [5] that as a multi agent
system [22]. In the former case the smart environment generates and
executes plans to reach its own goals. Again, due to the possible
events which could occur during the execution of these plans, it



can be necessary to replan to keep the goals reachable, so dealing
with the problems highlighted in the above described scenario.
In the second case, the autonomous agents, which compose the
smart environment and cooperate for achieving the environment
goals, should be provided with suitable planning and replanning
capabilities as they have to deal with several potentially unexpected
events which must be properly managed.
This paper is organized as follows: in Section 2 the proposed re-
planning approach is presented and contextualized for smart agents
which act in smart environments; Section 3 reports an example
application concerning an Agent which acts in a (smart) office;
eventually, in Section 4 conclusions are drawn and future works
delineated.

2 A PREDICTIVE APPROACH TO
REPLANNING

In this section, a new approach for dynamic replanning based on a
novel agent architecture (HPA - Hypersphere and Prediction based
Architecture) is presented. In particular, this approach has been con-
ceived for dealing with the scenario discussed in Section 1 concern-
ing an autonomous entity (hereafter HPA Agent) which come into
an open smart environment and is engaged in executing a plan for
reaching a goal.
The HPA Agent is supposed to be benevolent [10] and to act not in
contrast with the smart environment rules and goals. The smart envi-
ronment allows the HPA Agent to gather knowledge about its goals
and behaviors in order to facilitate both actual and future interactions
between the Agent and itself.

2.1 Basic Definitions
The considered scenario is as follows: the goal of an HPA Agent is
to transform a state s0 ∈ S0 (the set of the Agent’s initial states), into
a state sg ∈ Sg (the set of the Agent’s goal or final states). In order to
get the state sg , starting from the state s0, it executes a plan p. During
the plan execution the Agent’s state changes due: (i) to the effects
of the executed actions which strongly depends on the environment
in which they are performed; (ii) to the events which concurrently
happen in the environment in which the Agent is acting.
Given a set of possible states S = {s1, ..., sn} and a set of actions
A = {a1, ..., am}, a plan p =< ai, ..., aj > is a sequence of actions
belonging to A. The set of actions define a transition function and
the application of an action ai to a state sj , denoted by ai(sj) gives
a new state sk. The notation a1.a2(sj) will be used in substitution of
a2(a1(sj)).

Definition 1 An HPA Agent is a tuple AG = (S0, Sg, S, P, R)
where S denotes the set of its states, S0 ⊆ S denotes the set of
its initial states, Sg ⊆ S the set of its final states, P the set of plans,
where for each p ∈ P there is a s0 ∈ S0 such that p(s0) ∈ Sg , and
R denotes the set of reactive rules, where each r ∈ R is a sequence
of actions such that there is a s ∈ (S − S0) and r(s) ∈ S.

AnHPA Active AgentAAG = (s0, sg, s, p, q, R), derived from an
HPA Agent AG = (S0, Sg, S, P, R), is characterized by an initial
state s0 ∈ S0, a final states sg ∈ Sg , the current (or observed) state
s, the already executed plan p and the plan to be executed q. 2

An HPA Active Agent AAG = (s0, sg, s, p, q, R) is in a correct
state if q(s) = sg; otherwise, it is in a wrong state if q(s) 6= sg .

Definition 2 An influential unexpected event e is an action, not
necessarily belonging to A, which is executed before q such that
e.q(s) 6= sg . 2

Thus, when an Active Agent AAG = (s0, sg, s, p, q, R), evolves
into an AgentAAG′ = (s0, sg, s′, p, q, R), where s′ is a wrong state,
it is supposed that an influential unexpected event e, modifying the
correct state s of the Agent into the wrong state s′ (i.e. e(s) = s′),
has occurred. Moreover, if after the execution of an action a,
belonging to A, the Agent evolves in a wrong state s′ 6= a(s), it is
assumed that there has been an influential unexpected event e such
that a.e(s) = s′.

Definition 3 Given an HPA Active Agent AAG =
(s0, sg, s, p, q, R), an uninfluential unexpected event e is an
action, not necessarily belonging to A, which is executed before q
such that e.q(s) = sg . 2

Thus, when an Active Agent AAG = (s0, sg, s, p, q, R), evolves
into an agent AAG′ = (s0, sg, s′, p, q, R), such that q(s′) = sg , it
is supposed that an uninfluential unexpected event e, modifying the
state s of the agent into another correct state s′ (i.e. e(s) = s′), has
occurred. Moreover, if after the execution of an action a, belonging
to A, the Agent evolves in a correct state s′ 6= a(s), it is assumed
that there has been an uninfluential unexpected event e such that
a.e(s) = s′.

The sequence of actions which compose a reactive rule is dif-
ferent from a plan (i.e. P ∩ R = �) as it is not conceived for
reaching a goal state starting from an initial state but for reacting
to an influential unexpected event during the replanning process as
described in Section 2.2.

2.2 The Replanning Process
The main activities which characterize the HPA Agent behavior are
showed in the Figure 1. Each activity is executed by a dedicated mod-
ule as described in details in Section 2.3.

TheHPA Agent behavior is as follows. At time t0, in the state s0,
the HPA Agent starts to interact with the smart environment by exe-
cuting a plan p0, such that p0(s0) = sg , in order to get the goal state
sg . At time tj an influential unexpected event happens (see Defini-
tion 2). Thus, the Agent evolves in a state s′ from which, by keeping
executing p0, it is not possible to get the goal state sg .
The HPA Agent percepts the event, analyzes it and recognizes that
an influential unexpected event happened, so it stops executing the
current plan (which is became ineffective) and, concurrently, it both
adopts a reactive behavior and starts replanning.
The reactive behavior consists in the selection and execution of re-
active rules from the set R of the Agent (see Definition 1). More in
detail R can be conceived as a table in which reactive rules are se-
lected by using the current state as an index. In other words, from this
time, until no switch to any new plan is performed, from an external
observers point of view, the HPA Agent is characterized by a purely
reactive behavior.
Concurrently to the execution of the reactive behavior, the HPA
Agent starts replanning by performing the following activities:

1. Time bounds definition. The HPA Agent defines the computa-
tional and execution time bounds for the other activities which
compose theHPA replanning process (see Section 2.2.1 for a dis-
cussion).



Figure 1. TheHPA approach to replanning

2. Prediction. TheHPA Agent computes the future state se in which
it should be at the time te at which the new plan execution should
start. The prediction must be computed in ∆Tprd seconds (te and
∆Tprd have been set during step 1).

3. Planning. The HPA Agent computes the new plan which has as
initial state se and final state sg . The new plan must be computed
in ∆Tpld as set during step 1.

4. Pre-planning, Hypersphere Definition & Checking. This activity,
which is executed in parallel with Planning, is required because,
due to the dynamics and complexity of the environment, there is
no guarantee that the Agent state will be exactly equivalent to se

at time te. The idea is to compute a set of states in the neighbor-
hood of se from which it is possible to reach se, at latest at time
te, by executing a set of actions (pre-plan). Specifically, the Pre-
planning, Hypersphere Definition & Checking activity consists of
the following consecutive steps:

(a) Hypersphere Building. The HPA Agent computes the set of
states (Approximation Hypersphere) from which it is possible
to reach the state se in a certain amount of time (∆Tppe) by
executing a pre-plan. The Hypersphere must be computed in
∆Thsd defined during step 1.

(b) Pre-plan Definition. The HPA Agent defines the set of actions
to be performed before executing the plan in order to reach
the state se from a state belonging to the Approximation Hy-
persphere. The pre-plan must be computed in the time interval
∆Tppd defined during step 1.

(c) Hypersphere Checking. The HPA Agent tests at time te −
∆Tppe if it is in a state which belongs to the Approximation
Hypersphere.

The subsequent behavior of theHPA Agent depends on the outcome
of the Hypersphere Checking step as follows:

• case 1: at time te − ∆Tppe the HPA Agent has reached a state
which belongs to the Approximation Hypersphere. In this case it
stops executing the reactive behavior and starts the execution of
the computed pre-plan. After the execution of the pre-plan, the
HPAAgent, which is now in se (if no other influential unexpected
event has occurred in the meantime), can start executing the new
plan.

• case 2: at time te − ∆Tppe the HPA Agent has reached a state
which does not belong to the Approximation Hypersphere. In this
case it does not stop executing the reactive behavior and restarts
the execution of the replanning process from the Time bounds
definition activity which consequently remodulate the previously
computed time bounds.

It is worth noting that if during any phase of the described replan-
ning process another influential unexpected event occurs it causes
the immediate ending of the process and the starting of a new one for
managing the occurred event (the HPA Agent starts reacting to the
new event and replans again). However, this case is risk free, also if a
large number of influential unexpected events occur, since the Agent
simply resets the replanning process while continuing the execution
of the reactive behavior. In the following subsections further details
on some relevant aspects of the proposed approach to replanning are
discussed.

2.2.1 Time bounds definition

The time bounds definition activity defines the time bounds for the
execution of the above mentioned activities. In particular, it allows
us to define the following time bounds:

• ∆Tprd: maximal time to compute the prediction output;
• ∆Thsd: maximal time to define the Approximation Hypersphere;
• ∆Tppd: maximal time for defining the pre-plan;
• ∆Tpld: maximal time for defining the new plan;
• ∆Tppe: maximal time for executing the pre-plan.

It is worth recalling that the temporal execution sequence is as fol-
lows: first, the Prediction activity is executed; next, the Agent exe-
cutes in parallel the Pre-planning, Hypersphere Definition & Check-
ing activity and the Planning activity. The Hypersphere Checking
execution time is negligible. From these considerations it is possible
to compute the execution time te, the time at which the new plan can
be executed:

te ≥ tbde + ∆Tppe + max(∆Thsd + ∆Tppd, ∆Tpld)

where tbde is the time at which the execution of the time bounds
definition activity ends.
The time bounds are properly tuned on the basis of the results of the
previous replanning processes in which the Agent has been engaged.
Two typical situations which cause the adjustment of the time bounds
are the following:

• at te −∆Tppe the Agent is in a state which does not belong to the
computed Approximation Hypersphere, and thus it is necessary to



restart replanning. Probably, in this case, the dynamic of the envi-
ronment are increasing so requiring a more fast replanning (te−tj

decreases and thus the time bounds need to be consequently re-
modulated);

• a large number of influential unexpected events occur while the
agent is replanning, so causing frequent resets of the replanning
process and forcing the agent executing a reactive behavior. In this
case can be necessary to remodulate the time bounds to reduce the
duration of the replanning process so trying to execute a new plan
before the next influential unexpected event occurs.

These tuning capabilities make theHPA approach suitable for highly
dynamic environment and able to scale in situations characterized by
a large number of influential unexpected events, possibly due to a
large number of agents acting in the same environment.

2.2.2 Prediction

After the definition of the time bounds, the prediction module starts;
its output is a prediction of the state se at the time te at which the
agent should start to execute the new plan.

The inputs of the prediction procedure are:

• a description of the influential unexpected event;
• a description of the state at time tj - the time at which the agent

has observed the influential unexpected event;
• the set R of reactive rules of the Agent;
• information about the (future) behavior of the smart environment

(both in function and not in function of the occurrence of the in-
fluential unexpected event).

On the basis of these inputs, the prediction procedure calculates
se. It is worth noting that the smartness of the environment makes it
possible to gather useful information about its future behavior which
can increase the accuracy of the prediction respect to what happen
in classic environments where the Agent can only make assumptions
on the environment evolution.

2.2.3 Hypersphere Building

Pre-plan and Hypersphere Definition are introduced in the HPA ap-
proach because there is no guarantee that the agent state will be ex-
actly equivalent to se at time te. In fact, the output of the prediction
procedure might be imprecise, for several reasons:

• the computational time available to the prediction activity is lim-
ited, and this fact influences the prediction degree of accuracy;

• an influential unexpected events might have occurred after tj - it
is worth recalling that:

– the prediction is based on the state at time tj ;

– the occurrence of an influential unexpected event causes the
restart of the replanning process;

• the reaction time may vary, and the response of the environment to
a reaction could be slightly different from the prediction module’s
output;

• in the same way, even if the agent has acquired information on
the (future) behavior of smart environment, it is very difficult to
predict the exact effects of the actions that the smart environment
will perform after tj .

Thus, it is very difficult to predict exactly the agent state at time te.
However, it is easier to predict that at time te − ∆Tppe the Agent
could be in the neighborhood of the state se. If it is the case, the
agent can perform a sequence of corrective actions (a pre-plan) in
order to get the state se. The distance of the neighbor states of se

must be properly limited so that it is possible to perform correcting
actions (pre-plan) for getting state se no later than time te. More
formally:

Definition 4 An Approximation Hypersphere of a state se and time
bound ∆Tppe is a set of states S such that for each state si ∈ S there
is a pre-plan which is able to transform the state si in a state se in a
time less than or equal to ∆Tppe. 2

It is worth noting that in the HPA approach each state se has as-
sociated a unique pre-plan (defined on the basis of the properties of
se) and that each neighbor state si is such that the application of the
pre-plan brings the Agent to state se before time te. Observe that it is
possible to generalize by considering more alternative neighbors and
pre-plans which could be defined in parallel, but this is outwith the
aims of this paper.

2.3 The Hypersphere and Prediction based
Architecture

The replanning process described in Section 2.2 is supported by the
Hypersphere and Prediction based Architecture (HPA) for replan-
ning shown in figure 2.

Figure 2. HPA Architecture for Replanning.

The HPA architecture consists of three macro modules: a Control
and Action Module, a Reactive Module and a Replanning Module.

The Control and Action Module consists of the following submod-
ules:

• Perception Module, which percepts the environment through a set
of sensors;

• Perception Analyzer, which processes the perceptions received by
the Perception Module;

• Actuator, which executes actions received both from the Reactive
and the Replanning Module;



• Control Module, which controls the other submodules and deter-
mines the behavior of the agent by coordinating the Reactive Mod-
ule and the Replanning Module. In particular, if the Input Analyzer
identifies an influential unexpected events, the Control Module:

– asks to the smart environment information about the future be-
havior of the environment (which can also depend on the oc-
curred event);

– stops the execution of the current plan;

– activates both the Reactive and the Replanning Module.

During the reaction of the Agent (see Section 2.2) the Control
Module:

– requires the Actuator the execution of reactive actions received
from the Reactive Module;

– stops the current replanning process and restarts the Reactive
and Replanning Module in case of a new influential unexpected
event;

– at time te−∆Tppe requires the Hypersphere Checker to check
if the Agent state belongs to the Approximation Hypersphere,
and on the basis of the result requires the Actuator to execute
the computed pre-plan or it restarts the Replanning Module and
requires the Actuator to continue executing the reactive actions
(see Section 2.2);

The Replanning Module is responsible of the replanning process
described in Section 2.2. It consists of the following submodules:

• Time Bounds Definition Module, which defines time bounds for
the replanning process as described in Section 2.2.1;

• Prediction Module, which computes the future state in which the
Agent should be when the new plan execution should start (see
Section 2.2.2);

• Planner, which computes the (new) plan for reaching the goal
state starting from the future state predicted by the Prediction
Module. It is possible to adopt several algorithms for the planning
task [9, 13];

• Approximation Hypersphere Builder, computes the set of states in
the neighborhood of the state predicted by the Prediction Module
from which it is possible to reach the predicted state by executing
a pre-plan in a given amount of time (see Section 2.2.3);

• Pre-Planner, which computes the pre-plan for reaching the state
predicted by the Prediction Module starting from a state which
belongs to the Approximation Hypersphere. Again, it is possible
to adopt several algorithms for the pre-planning task [9, 13];

The Reactive Module is responsible of the reaction to an expected
influential event; in particular, it selects a sequence of actions and
sends them to the Actuator for their execution.

3 AN APPLICATION EXAMPLE
The application example envisages a scenario similar to that pre-
sented in [19, 27]. It consists of a mobile robot (Worker) which acts in
a warehouse to properly store goods on the basis of their typologies.
The warehouse is a smart environment. In particular, the Worker’s
goal is to move a certain quantity of goods from a point A to a point
B. The map of the environment, its expected behavior, and a plan p0

to move from A to B are available. The internal architecture of the
Worker is the HPA architecture presented in Section 2.3. At some
time tj , the Worker’s Perception Analyzer detects that an unexpected
obstacle lies on its way to B (e.g. a shelf is fallen down). Assume that

it categorizes the obstacle as an influential unexpected event. At this
point, the Worker’s Control Module starts two concurrent processes:

• it stops the execution of the plan p0 and starts the execution of the
reactive behavior;

• it starts replanning.

For simplicity, the only trivial reactive rule for obstacle avoidance
could be as follows:

RULE1:
if (there is an obstacle on your trajectory) then

send an alert message to the environment;
turn 90 degrees to your left;
repeat

move ahead at a speed of 2 Km/h;
until (no obstacle is detected)

end if

The input to the replanning process is composed by relevant data
about: (i) the environment and the Worker state at time tj ; (ii) the
expected behavior of the environment (e.g. the environment may un-
look some doors along some alternative paths to keep point B reach-
able). Those data also includes a description of the obstacle and its
location, the location of the Worker, its speed, and so on.
After the Time bounds definition, the next main step of replanning
is the Prediction. The Prediction Module of the Worker, on the ba-
sis of the above described information, predicts the (future) state at
time te (the time at which the new plan’s execution must start). For
instance, if the parameter te − tj = 10 seconds the execution of
the new plan (that does not exist yet) must start 10 seconds after the
time tj in which the influential unexpected event occurred. The Pre-
diction Module accesses the warehouse map, the set R of Worker’s
reactive rules, and the information regarding the expected behavior
of the environment. Firstly, it matches its knowledge of the influ-
ential unexpected event - there is an obstacle on the Worker’s way
- against the set of reactive rules, deducing that the Worker should
choose RULE1. Then it predicts, also taking into account the fact
that the environment may unlook some doors along some alternative
paths to keep point B reachable, that the Worker at time te should be
in a point of the warehouse of coordinates (xe, ye). At this point, if
the environment was static, nothing more is necessary: the Planning
Module knows that at time te the Worker will be in a well deter-
mined point of the warehouse so it is sufficient to return a new plan
(the initial state and the goal state (unchanged) are known). But the
environment is complex and dynamic, and the amount of time to pre-
dict the Worker’s future location is bounded, thus the prediction has
a fixed level of accuracy. There is no guarantee that the Worker really
will be at (xe, ye) at time te. However, in the HPA approach, it is
sufficient that the state reached by the Worker is in the neighborhood
of the predicted state at time te −∆Tppe; more specifically, it is suf-
ficient that the Worker’s location is inside a “circle” whose centre is
(xe, ye): the circle is the Approximation Hypersphere. According to
the Approximation Hypersphere definition, the circle’s size has to be
large enough to allow the robot to move from every point inside the
circle to the point (xe, ye) in an amount of time equal (or less than)
∆Tppe.
If, at time te−∆Tppe, the current state belongs to the Approximation
Hypersphere (the Worker is in the circle), the Worker stops the exe-
cution of the sequence of reactive actions and initiates the pre-plan’s
execution. If the Worker reaches in useful time the point (xe, ye), it
starts the execution of the new plan.



If anything goes wrong, the Worker would continue working accord-
ing to the reactive behavior and it starts to replan.

4 CONCLUSIONS AND FUTURE WORK
In recent years enormous interest has grown around the design and
development of smart environments. This paper has presented a
novel approach to (re)planning that provides effective planning capa-
bilities to agents that come into and act in smart environments. The
main novelty is that, while standard approaches compute the plans
with respect to the current state, in the HPA approach the compu-
tation of the plan is based on the (future) state in which the plan
execution will start. In order to effectively replan, the agent exploits
information received by the smart environment about its current and
future behavior. Due to its flexibility, the HPA approach can be eas-
ily adapted in order to provide smart environments themselves with
effective (re)planning capabilities in the case in which they are mod-
elled and implemented as (multi)agent systems.
Efforts are currently underway to: (i) further investigate the interrela-
tionships among the different time bounds which drive the replanning
process in order to define specific strategies for their (optimal) set-
ting; (ii) extensively experiment the HPA approach in real testbeds
and more complex scenarios.
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