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Abstract

In this paper, we present a subjective representation of
the notions of feasible plans and achievable goals, in order
to model the decision mechanism of autonomous agents, im-
mersed in an open multi-agent context. By open, we mean
that agents may enter or leave the agency at any moment,
without a centralized control. We believe that an agent who
uses this model can better adapt himself to the changing
conditions of the system, specifically to the fact that ser-
vices may dynamically become available/not available.

1 Introduction

In [6, 11, 5], the future information processing environments are presented
as being composed of huge heterogeneous networks of processing resources.
These resources, autonomous and distributed, may consist of computers,
huge applications and huge databases. Authors call these environments “so-

cieties of objects” or “electronic organizations”. Simply referring to such pro-



cessing resources as agents!; a system composed of these agents will have the
following characteristics: decentralized design, openness, and local autonomy.
We call this kind of system an open multi-agent system (open MAS). In an
open MAS, as services may become available or may disappear in running
time, without a centralized control, agents have to cope with these changes
by representing and exploiting internally some properties of the other agents.
They will have to adapt themselves to these changes in the environment. By
this expression, we mean specifically that as services may dynamically be-
come available/not available, agents must therefore reason about each other,
for instance in order to choose different partners with whom to work cooper-
atively. This choice depends on the available services at the agency level.

In this paper, we address one particular point of such adaptation proced-
ure. We present both a model and an implementation of an agent’s decision
mechanism, specifically regarding the choice of a goal to be pursued and a
plan that achieves this goal. This model is based on the notions of feasible
plans and achievable goals, which are explicitly represented within the agents,
as described next.

2 Social Reasoning Mechanism

We believe that an agent must have a soctal reasoning mechanism to cope
properly with the scenario described above. We call social a mechanism that
uses information about the others in order to infer some properties.

In [8, 9], a mechanism of this kind is presented, based on the notion of so-
cial dependence [3]. Briefly an agent is said to be dependent on another if this
latter may facilitate/prevent him to achieve one of his goals. Agents use the
information they have about each other to detect complementary expertise,
and to form dynamically coalitions to achieve their goals. This information
is stored in a private data structure called external description, composed
of the agents’ set of goals, plans, actions and resources. In [9], we have
shown how an agent uses his external description to construct a dependence
network, a single structure which contains all the agent’s dependences. In
particular, the leaves of a network represent the agents that are able to per-

1This definition of agent is obviously vague and poor, and it is being used exclusively
to enable us to explain some essential features of this work. A complete formal definition
may be found in [8].



form some action/to control some resource, which the reasoning agent can

not perform/control.

2.1

Agent Model

A social reasoning mechanism s an essential building block for really autonom-

ous agents. In [8], we have proposed an agent model, inspired by the ASIC
model [1], which exploits several aspects of this mechanism, like for instance

dependence based coalition formation. A detailed description of this model

is out of scope here, but we need to present some of its essential aspects, in

order to enable the comprehension of the next sections:

e agents do not perform online planning. We consider that agents have

pre-established plans? that achieve several goals, whether the agents do
have these goals or not. The way these plans were generated are out
of scope of this work. One may suppose, for instance, a case-based
reasoning inference style. The important aspect to stress is that we
do not intend to propose new planning techniques for a multi-agent
scenario: we are interested to propose a model to describe how an
agent chooses a pre-defined plan (and a goal to pursue) given that
some services are not available all the time in an open MAS;

agents first choose a goal to pursue, based on a worth function, and
then a plan to achieve it. Eventually, if an agent can not execute the
chosen plan alone, he will also choose the more susceptible partners to
whom he should send a coalition proposal. This partner choice is based
on the notion of dependence situation, described in [8, 10]. In this way,
we do not use a strict game-theoretic approach?, since we consider that
this approach is insufficient to characterize open MAS, as shown in the
next sections. In particular, we believe that an explicit and subjective
representation of achievable goals/feasible plans is essential to construct
real autonomous agents.

2A more formal definition of plan may be found in [8]. For the purposes of this paper,

a plan is considered as being composed of several actions, each of those possibly using

several resources.
3We mean that the worth of goals and costs of plans are not compared.



2.2 Preliminary Definitions

In our formal model, the variables 7, 7 denote agents, a denote actions and r
denote resources.

We will also use the predicates is,(1,g),15,(4,a),1s.(1,7) and 1s,(7, p) to
denote respectively the fact that the reasoning agent believes that agent ¢ has
goal g, can perform action a, can control resource r and has a plan p (to
achieve some goal)*. In other words, these predicates are used to represent
formally each element of the reasoning agent’s external description®.

Some useful properties inferred by the social reasoning mechanism, which
are specifically used for choosing a goal to be pursued and a plan to achieve
it, are described next.

2.3 Available Actions and Resources

If we place ourselves as an external observer of an open MAS, we can no-
tice that one can never assure that every action/resource needed in a plan
(which achieves a certain goal) is always available, i.e., that each of the ac-
tions/resources needed to accomplish the plan can be currently executed/is
currently controlled by at least one agent in the agency.

We can formally express these notions of available actions and resources
as:

available,(a) < Jiis,(1,a) (1)
available,(r) < Fiis.(1,1) (2)

2.4 Feasible Plans

Using the definitions (1) and (2), we can express three different notions of
feasible plans, similarly to the three notions of autonomy and dependence
presented in [8]. Intuitively, a plan is a-feasible (action-feasible) if every
action needed to perform it is available. Similarly, a plan is said to be r-
feasible (resource-feasible) if every resource needed to execute it is available.

4The subscripts which appear in these predicates have nothing to do with its parameters:
for instance, the symbol is, is just a shortcut for is_plan.
>We would like to stress the fact that the external description is a private structure.



A plan which is both a-feasible and r-feasible is said to be s-feasible (social-
feasible):

feasible,(p) < Va (uses,(p,a) = available,(a)) (3)
feasible.(p) < Vr (uses.(p,r) = available,(r)) (4)
feasibles(p) < feasible,(p) A feasible.(p) (5)

where the predicates uses,(p,a) and uses,(p,r) represent respectively that
the action a/the resource r is needed to execute the plan p.

2.5 Achievable Goals

Similarly, one can never assure that a given agent’s goal is always achievable
in an open MAS. A goal is said to be achievable by a certain plan if this
latter is feasible. Using the same framework of the last section, we can define
three different notions for achievable goals: a-achievable,r-achievable and s-
achievable:

achievable,(g,p) < achievesy(p,g) N feasible,(p) (6)
achievable.(g,p) < achieves,(p,g) A feasible.(p) (7)
achievables(g,p) < achievable,(g,p) N achievable, (g, p) (8)

where the predicate achieves,(p,g) means that the successful execution of
plan p achieves goal g.

In the next sections, we show how an agent, immersed in an open MAS,
can take into account these notions of feasible plans and achievable goals in
order to choose a goal to be pursued and a plan to achieve it. We will restrict
our analysis to available actions, as the extension to the resource case is rather
simple.

3 Choice of Goals

In the general case, an agent may not necessarily be able to perform all the
actions needed in a plan which achieves one of his goals. Therefore, when
choosing a goal to pursue in a given moment, he needs to verify if the goal is



achievable or not:

achievable(i,g) < AUT(i,9)V (DEP(i,g) A (9)
dp (is,(i, p) A achievable,(g, p))

An agent i° infers that a goal ¢ is achievable if (i) he is autonomous for this
goal — represented by the predicate AUT (i, g) — or (ii) he is dependent on
the others for this goal — represented by the predicate DEP(i,g)— but he
has a plan where all the actions can be performed by at least one agent in
the agency”. It is shown in [8] that AUT(i,g) = achievable(i,g), since the
agent is able to perform all the actions needed in the plan by himself. We
have decided, however, to explicitly differentiate the cases where a goal is
achievable for an agent because he can perform all the needed actions alone
from the case where there he needs to form a coalition with the others to
achieve this goal.

Let us take as an example a scenario from a research laboratory. Let us
suppose that agent ag; is a researcher that has 3 different goals to achieve:
write an article about MAS (write_rmas_paper), write another article about
MAS and Social Simulation (write_ss_mas_paper), and review a paper about
Object-Oriented Programming(review_oop_paper). Let us suppose that his
plans for these goals are the following:

7 write_mas_paper() = write_mas_section(), process_latex().
Tyt write_mas_paper() = write_mas_section(), process_word().
73 write_ss_mas_paper() = write_ss_section(), write_mas_section(),

process_word|().
T4 1 review _oop_paper := analyse_oop_paper(), write report(),

process_latex().

Let us also consider that ag; knows WTEX, but is not very acquainted
with Microsoft Word. He knows very well the MAS and the OOP domains,

but is not exactly a specialist in the Social Simulation field.

6From this point on, we consider that the reasoning agent is 1.
"A complete formal definition of the predicates AUT and DEP may be found in [8].



If the action write_ss_section can not be performed by any agent in his
research laboratory, the social reasoning mechanism of ag; would infer the
following propositions: achievable(agl,write_mas_paper), —achievable(agl,
write_ss_mas_paper) and achievable(agl, review_oop_paper).

Let w(g) be a function which represents, for each agent, the worth of
a goal ¢°. Using a pure utilitarian approach, one can suppose that given
two goals ¢ and ¢ where w(g) > w(g'), an agent will choose to pursue g,
since this goal has a greater worth value. We believe that a decision criterion
based exclusively on this notion of worth is insufficient to characterize open
societies. It does not seem reasonable that an agent chooses to pursue a goal
with greatest worth value without analyzing if this goal is achievable or not.
In fact, in a pure utilitarian approach, all the goals of an agent are considered
to be achievable, as in [7]. The decision mechanism is basically activated in
order to minimize harmful interference. Moreover, the very notion of goal is
not usually represented explicitly within the agents. In our example, even
if we suppose that w(write_ss_mas_paper) > w(write_mas_paper), agent
agr will not choose to pursue goal write_ss_mas_paper, because his social
reasoning mechanism has detected that this goal is not currently achievable.

3.1 Goal Decision Criterion

Let MY = (i, G, achievablegoul, Wyoal, < goal, decisiongy,) be a formal model
which characterizes an agent’s goal decision mechanism where:

¢ 1 denotes the agent to whom this model belongs;

e (i denotes his set of goals;

achievabley,q : G +— B is a function which returns for each goal g€ G
a boolean value expressing if the goal is achievable or not;

Wyoqt : G — N is a function which returns for each goal g € G an integer
value expressing its worth value;

8Tt is out of scope of this paper to propose such a worth function, we simply assume
that there is one. The same argument holds for the costs of actions and resources, which
are introduced in the next section.



® <,ou is a partial order relation defined as follows : If ¢g,¢' € G then
g <goar g iff: achievable ,q1(g') = false and achievableo,(g) = true or
achievable,,,(g') = achievableyo,(g) = true and wya(g") < Wyoa(g).
As the relation <., is both transitive and anti-symmetrical, (G, < 0a1)
is a partial ordered set;

o decisionga : 29 s ( is a function which from the goal set G chooses
a goal g to be pursued, as defined next.

Let us call w4, the highest worth value of all the agent’s achievable goals.
One may notice that this value does not necessarily correspond to the most
important goal, because this latter may be non-achievable. Let G4, be the
set of goals whose worth value is w,,, and let G¢ = G N G4z Clearly,
we have:

Vg€ Grar BY EG, . § <gour § N achievableyu(g') = true

Using these definitions, we can define the goal decision function decision a1
in the following way:

none if G =
decision g, (G) =
random(G,,;) in any other case

As we do not impose that different goals must have different worth val-
ues, the choice of one goal among G, 1s made randomly by the function
random(G ;). In the case where G, is an empty set, the agent must wait
until at least one of his goals become achievable, for instance by the arrival
of a new member in the agency.

4 Choice of Plans

Once an agent has chosen a goal to be pursued, he must select a plan to
achieve this goal. In the general case, an agent may have several plans to
achieve some goal. Using the same arguments presented in the earlier section,
before choosing a plan, an agent must ensure that it is feasible:

feasible(i,p) < is,(1,p) A feasible,(p) (10)



where the predicate is,(i, p), as stated before, denotes the fact that the agent
i has generated the plan p°.

Let us take the same example of the previous section, and suppose that
agent ag; has chosen to pursue goal write_mas_paper. He has two alternative
plans to achieve this goal, namely m; and 7. Let us also consider that there
is no expert in Microsoft Word in the laboratory and that ag, knows this fact.
The social reasoning mechanism of agent ag; infers the following propositions:
feasible(agl,m) and —feasible(agl, ms).

Let ¢(a) and ¢(r) be two functions which represent respectively the cost of
an action/resource, and n(a) and n(r) represent the number of times a given
action /resource appears in a plan p. As a first approach, we can say that the
cost of a plan is the sum of the cost of all actions and resources needed to

accomplish it':

c(p) = Z 'n(ak)*c(ak) + Z n('r'k)*c('r'k) (11)

akEAp TkERp

where A, = {ay, | usesq,(p,ax)}, R, = {ri | uses,(p,ry)}. If we adopt a pure
utilitarian approach, we can suppose that given two plans p and p’ such as
c(p) < ¢(p'), both of them achieving the same goal, an agent will choose to
execute plan p, because this plan is less costly than p’. Like in the previous
section, we believe that a decision criterion based exclusively on this notion
of cost is also insufficient to model open societies. As in the goal case, it
does not seem reasonable that an agent chooses a less expensive plan which
is not feasible. In our example, even if we suppose that ¢(m) > ¢(m2), agent
agy will choose to execute plan 7, because his social reasoning mechanism
has detected that the other plan is not currently feasible.

4.1 Plan Decision Criterion

Let M = (i,g, P, feasibleyian, Cplans <plan, decisionya,) be a formal model
which characterizes an agent’s plan decision mechanism where:

°In some cases, as shown in [8, 8], an agent may use the plans he believes his possible
partners have in order to infer some useful properties, like his dependence situations.

10A more rigorous description would take into account the partner who may execute
the action/release the resource, since different partners may attribute different costs to
perform actions/release resources.



1 denotes the agent to whom this model belongs;

g denotes the goal being pursued;

o P represents the agent’s set of plans which achieve g;

feasibleyy,, : P+~ B is a function which returns for each plan pe P a
boolean value expressing if the plan is feasible or not;

® Cpian : P — N is a function which returns for each plan p€ P an integer
value expressing its cost;

® <, is a partial order relation defined as follows : If p,p’ € P then
P <pan p ifls feasibleyqn(p') = false and feasibley,,(p) = true or
feasibleyn(p') = feasibleyan(p) = true and cpan(p’) < Cplan(p). As
the relation <4, is both transitive and anti-symmetrical, (P, <pn) is
a partial ordered set;

o decisionyyy, : 2P s P is a function which from the plan set P chooses
a plan p to be executed, as defined next.

Let us call ¢,,;, the smallest cost value of all the agent’s feasible plans
achieving g. Once more, one can notice that this value does not necessar-
ily correspond to the least expensive plan, because this latter may be non-
feasible. Let P,;, be the set of plans whose cost is ¢, and let P =
PN P,;,. Clearly, we have:

Vp€Ppin AP EP. P =plan P N feasib[eplan(p') = true

Using these definitions, we can define the plan decision function decisiongy,
in the following way:

decisionpian(P) = random(Ppiy)

As we do not impose that different plans must have different costs, the
choice of one plan among P,,;,, is made randomly by the function random(P,.;,).
According to our definition of achievable goal (9), we can assure that given
an achievable goal g there is at least one feasible plan p to achieve it.



5 Experimental Results

The goal and plan decision mechanisms described in the previous sections
were implemented within the agent model of the DEPINT system [8], con-
ceived as a software tool which illustrates several uses of the social reasoning
mechanism, like adaptative choices of goals, plans and partners, dependence-
based coalition formation and autonomous belief revision.

The system was build as an application layer of the MAGMA platform,
an environment for the development of multi-agent systems, which is being
currently developed at LEIBNIZ Institute, Grenoble [4, 2].

We have simulated our research laboratory scenario using the DEPINT
system. The results concerning agent ag,’s goal choice are the following:

===== Reasoning about goals ...

My dependence network is:

———————— write_mas_paper (20)
[ === write_mas_paper:=write_mas_section(), process_latex().
|--=----- A-AUTONOMOUS

| === process_word
| === UNKNOWN

review_oop_paper (10)

| ———————- review_oop_paper:=analyse_oop_paper(), write_report(),
| process_latex().

| ———=———= A-AUTONOMOUS

write_ss_mas_paper (30)
[ === write_ss_mas_paper:=write_ss_section(), write_mas_section(),

| process_word() .

[-——=———- write_ss_section
| kkkkkkk  UNKNOWN
| | —===———-
| process_word
| ®kkkokkkk  UNKNOWN



My current list of possible goals is
write_mas_paper(20) achievable
review_oop_paper(10) achievable
write_ss_mas_paper(30) non achievable
===== Deciding about goals ...

The goal selected is : write_mas_paper (20)

In order to select a goal, ag; uses his dependence network, which was con-
structed based on the information stored in his external description. Within
this network, non-available actions are represented as possible partners —
leaves — with the label UNKNOWN. As we would expect, agent ag; chooses
to pursue goal write_mas_paper, which is the goal with biggest worth value
among those which are achievable.

Once selected the goal write_mas_paper, agent ag, decides which plan to
execute. The simulation results are the following:

===== Reasoning about plans
My dependence network is:
———————— write_mas_paper (20)

[ ——— write_mas_paper:=write_mas_section(), process_latex().
| === A-AUTONOMOUS

[ === process_word
[-===-—= UNKNOWN
My current list of possible plans is:
write_mas_paper:=write_mas_section(), process_latex().(30) feasible
write_mas_paper:=write_mas_section(), process_word().(20) non-feasible

===== Deciding about plans



The plan selected is :
write_mas_paper:=write_mas_section(), process_latex(). (30)

As we have expected, the first plan 7 is chosen, because the other plan
my is not currently feasible. In the example, we have supposed that the
actions write_mas_section and process_word has a cost of 10, and the action
process_latex a cost of 20.

In our scenario, agent ag; can execute all the actions needed in the selected
plan alone. This situation is represented by the leaf with label A_AUTONOMOUS.
If this was not the case, ag; would have to decide to which possible partner a
proposal of coalition should be sent. A decision criteria based on dependence
situations, implemented within the agents of the DEPINT system, may be
found in [8, 10].

Let us suppose that later on, an agent which is able to perform the actions
process_word and write_ss_section arrives. Within the DEPINT system,
whenever an agent enters the agency, an interaction protocol is developed, in
order to enable the agents to update their information about the members of
the agency!!. Tf agent ag; were to choose a goal to achieve after the arrival of
this new agent, he would choose then to pursue the goal write_ss_mas_paper,
since this goal has become achievable. Therefore, our model is well-suited to
be used in an open MAS context.

6 Conclusion and Further Work

In this paper, we have presented a model and an implementation of an agent’s
decision mechanism, specifically concerning the choice of a goal to be pursued
and a plan to achieve it. This mechanism, designed to be used in an open
MAS context, is based on the notions of feasible plans and achievable goals.
With this mechanism, one can better model the decision procedure of really
autonomous agents, immersed in an open multi-agent system, which have to
adapt themselves to changes in these environments, specifically due to the
arrival /exit of agency members.

To our knowledge, this work is the first attempt to explicitly represent
in a subjective way the notions of feasible plans and achievable goals within
cognitive agents.

1A detailed description of this protocol may be found in [8].



One may argue that using a decision theoretic approach, we can represent
unavailable actions/resources by ascribing them a very high cost. It seems
obvious that such a model would not allow an agent to differentiate between
an action /resource that is effectively very expensive from one that is not cur-
rently available in the agency. From a pure utilitarian approach, this lost
of expressive power is not so critical, because the final result is the same:
agents will not chose these plans. However, if we take instead a more men-
talistic approach, this kind of information is essential, and must be explicitly
represented within the agents.

Another important aspect is that the additional algorithmic cost of using
this model i1s not important, since the social reasoning mechanism already
ensures that agents maintain their dependence networks updated.

As a further work, we intend to verify if the activation order of the several
decisions steps (goal, plan and partner) has a significant effect on the agent
behavior. As an example, an agent may want to choose a goal whose worth
value is smaller than a second one'? if he believes that he could find a more
cooperative partner for the second one than for the first one.
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