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Abstract, We propose a method based on coberence maximisation based on Tha-
gard’s theory of coherence to model rational behaviour. We show that the tradi-
tional analysis of behaviour based on utility [anctions can be emulated using our
approach and prove that the maximum element of a preference ordering is the same
as that found by cokerence maximisation over an automatically generated coher-
ence graph. In addition, it is easy and natural to medel the dynamism and uncer-
tainty of the beliefs of a ralional agent with this approach. We illustrate the theorem
by modelling the prisoner’s dilemma.

Keywords. Utility, Coherence, Rationality

1. Introduction

In neo-classical economics, rationality is idealised to decisions that are optimal by i
imising wtility or profit, for realising goals of an adaptive system [5]. In this paper;
confine to this utility-maximising idealisation of rationality. A basic assumption W]
modelling a rational agent is the existence of an a priozi ordering of preferences. Utili
functions are practical repfesentation mechanisms of preferences because it is po
to apply standard optimisation techniques given a wtility function. :

However, we encounter certain difficulties when using a utility function to modei
behaviour of a rational agent. Firstly, an autonomous agent chooses to pursue an a :
by considering various factors. They may include the norms of a society it is part
the reputation of the agent, the context of the action, altraism, etc. Those sapportin
utility-based approach often claim that preferences are defined to include all these ¢o
siderations, If this is the case, then such a preference is very hard to compute and:we-do
not share the view that they are basic. On the contrary, preferences are the consequ
of complex cognitive processes built upon basic cognitions.

The second difficulty is to determine the influence of a new information on
erence ordering. The preference ordering is either static or does not have a tral_l
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llﬁcth‘:fz;e i?f; the cognitions of an agent. In our view, preferences are indeed a consequence of the in-

S0750-061-2-224 teraction of all the cognitions (goals, actions, plans, and beliefs), they are dynamic, pos-
" sibly uncertain and imprecise. Therefore, a simplistic static linear ordering over possible
. actions, as a utility function establishes, falls short with respect to the requirement of

1l ()f . autonomous ageits.

In recent developments in autonomous agent theories, the theory of coherence offers
a solution to the reasoning of individual and groops of agents [4,3]. The defining charac-
teristic of such agents is that they take actions based on coherence maximisation. In this
approach decision making is understood as a classification problem. That is, it attempts
to put together those cognitions that strengthen each other while separating those that
weaken or resist each other, In the context of coherence, preferences are interpreted as a
consequence of this classification.

In this paper we show that, if preferences wese basic, coherence function over a util-
ity coherence graph could emulate the behaviour of a utility fonction, thus showing that
the traditional interpretation of utility functions and of rationality can be preserved with
our proposal. In particular, we prove that the maximum element of a preference relation
1 exactly the same as that found by coherence maximisation over the corresponding util-
ity coherence graph. For this purpose we take the coherence framework introduced in
Joseph et al. [3], which is based on Thagard’s theory of coherence [6], This framework

rovides a formal and a fully computational model of coherence. Further, this framework
ncorporates coherence maximisation into the cognitive representation of an agent. This
nakes it natural to accommodate new information. Moreover the framework defines a
elief, desire, intention and norm coherence graphs separately [3] which makes it possi-
te to embed a utility coherence graph (i.e. an intention coherence graph) in the global
ontext of other cognitive coherence graphs. And a global coherence maximisation on

ch a graph allows an agent to consider other criteria such as norm abidance, values, or
motions.

The remainning paper is structured as follows. In Section 2, we briefly introduce
“motivations behind Thagard’s theory of coherence, and later introduce the basics of
he coherence framework based on the work of Joseph et al. [3], which we use as the
sis for our work. In Section 3 we prove that given a set of outcomes with preferences,
ere exists a coherence graph whose coherence maximising partition is the most pre-
red outcome, and we illustrate a coherence-driven agent taking rational (i.e., utility-
ximising) decisions while only driven by coherence. The concluding remarks and a

pise of the future work are in Section 4.

herence Theory and Framework

§ section, we introduce Thagard’s theory of coherence, which is the major inspira-

or this work. Then we briefly introduce a coherence-based framework [3], which is
:d on Thagard’s theory, We make use of this framework to define our utility coherence
hs and simulate a rational agent.

> & trané AI¢!
sce difﬁ'gui thagard’s Coherence Theory

_ gard postulates that coherence theory is a cognitive theory with foundations in philos-
raloni, Spain: that approaches problems in terms of the satisfaction of multiple constraints within
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networks of highly interconnected elements [6,7]. At the interpretation level, Thagard’s
theory of coherence is the study of associations, that is, how a piece of information influ-
ences another and how best different pieces of information can be fitted together. In this
regard, we can see each piece of information as imposing a constraint on another one,
the constraint being positive or negative. A positive constraint strengthen pieces of infor-
mation, thereby increasing coherence, while a negative constraint weaken them, thereby

increasing incoherence. Hence, a coherence problem is to put together those pieces of -
information that have a positive constraint between them, while separating those having .
a negative constraint. If all pieces of information are classified in this manner, then all -
constraints are satisfied so that coherence is optimal. In general such an optimal partition

does not exist, and hence we talk of maximising coherence.

As discussed in [6], this view of decision making is very different from those of:
classical decision making theories where the notion of preference is atomic and there ::

is no conceptual understanding of how preferences can be formed. In contrast, coher:
ence based decision making tries to understand and evaluate these preferences from the
available complex network of constraints. The assumption here is more basic because

the only knowledge available to us are the various interacting constraints between picces::

of information. That is, with coherence maximisation, a highly desired state of the wor
(preferred in a classical sense) may gei discarded in front of a less desired state of the
world bécause it is incoherent with the rest of the beliefs, desires or intentions. :

2.2. Coherence Framework

Since our aim is to model preferences and simulate rational decision making using ¢«
herence maximisation, in this section we summarise one of the computational fra
works for coherence introduced in Joseph et al. [3]. Tt differs from other coherence-d
approaches in extending agent theories [4] as it modifies the way an agent framewo
is perceived by making the associations in the cognitions explicit in representation and
analysis. That is, in this framework coherence is treated as a fundamental property o
mind of an agent. Further, it is generic and fully computational. Hence, it suits well fc
our purposes, as we would like to have a framework that has a uniform represemntation
and is computational. Further, we need to have a generic framework, as it would:al

us to have no assumptions on the type of agents. In the following, we briefly intro

the necessary definitions of this framework which forms the base for the remainning
tions. The intuition behind these definitions and a few examples are given in [3]:
core notion is that of a coherence graph whose nodes represent pieces of informationa
whose weighted edges represent the degree of coherence or incoherence between node!

Definition 1 A coherence graph is an edge-weighted undirected graph g = (V.
where '

1. V is a finite set of nodes representing pieces of information. B

2. E C {{v,w}|v,w € V) is a finite set of edges representing the cohere.
incoherence between pieces of information, and which we shall call cor

3. ¢ : E — R\ 0is an edge-weighted function that assigns a negative or
value to the coherence between pieces of information, and which we shall
coherence function, '
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Every coherence graph is associated with a number called the coherence of the
graph. Based on Thagard’s formalism, this can be calculated by partitionning the set of
nodes V of the graph in two sets, A and V' \ A, where A contains the accepted elements
of V, and V' \ A contains the rejected ones, The aim is to partition V' in such a way
that the maximum number of constraints are satisfied, taking their value into account. A
constraint is satisfied only if it is positive and both the end nodes are in the same set,
or negative and the end nodes are in complementary sets. The following definitions help
clarify this idea,

. Definition 2 Given a coherence graph g = (V, E, (), and a partition (A, V' \ A) of V,
 the set of satisfied constraints C 4 C E is given by

Ca= {{fu,w} c B

v & A iffw e Awhen {({v,w}} >0
ve Aiffwd Awhen {({u,w}) <0

Al other constraints (in B\ C 4) are said to be unsatisfied.

Definition 3 Given a coherence graph g = {V, E, (), the strength of a partition (A, V' \
A) of V' is given by

> 1¢wwd) |

. {rvywieCa

J(gaA)‘ tEl

Notice that, by Definitions 2 and 3,
a(g,A) = (g, VNA) .

Definition 4 Given a coherence graph g = {V, E, {) and given the strength o (g, A}, for
subsets A of V', the coherence of g is given by

r(g) = max a(g, A)

..S()mf.‘, partition (A, V' \ A) of V, the coherence is maximal (i.e., x(g) = o(g, A)
thus A — arg max a(g,.A)), then the set A is called the accepted set and V' \ A the

ted set of the partition,

coherence-driven agent i1s an agent that always chooses an action based on the
misation of coherence of its cognitions, norms, and other social commitments. ITn
oherence-driven agent, the agent theories are expressed as coherence graphs, so that
ghitions are nodes of the graphs. In Joseph et al {3], the authors define different
‘rice graphs for beliefs, desires, intentions, and norms which they call belief, desire,
fionh and norm coherence graphs respectively. Hence for example, a belief cognition
node. in a belief coherence graph. Both these specific cognitive coherence graphs
echanisms to combine them are defined in [3). For the purpose of the paper, it
ient to understand that each agent finally generates a coherence graph which it

8.to maximise coherence. Based on the coherence maximisation it then accepts
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certain cognitions while rejecting certain others. Any update of the agent theory triggers
the whole process of first updating the specific coherence graph affected by the update
and then updating the combined graph all over again.

3. Utility Coherence Graphs

As discussed in the introduction, a rational agent is an agent that chooses an outcome
that maximises the utility among a finite set of outcomes based on a preference relation
on them. Here, as in utility maximisation, we assume that there is an a priori preference
established by the agent. Based on this assumption, we prove that there exists a coherence

graph that produces a utility maximising outcome by way of maximising coherence. We::
call such a graph a urility coherence graph. Before we discuss the theorem and its proof;

we define certain preliminaries.

3.1. Preference Relation

Preferences are relevant when it is necessary to examine the behaviour of an individual:

who must choose from a set of outcomes (). A preference relation basically describes
order of preference of an agent among a set of alternative outcormes.

Definition 5 A preference relation = on a finite set of outcomes O is a total pre-ordé
on O, 1ie.,forallo,p,qg € O,

8 0 > o (&= is reflexive)
e if 0 = pand p » g then o »= ¢ (5= is transitive)
@ o=porpi=o(=is complcte)

When o 3= p we say that o is at least as preferable as p. We write o ~ p when o 3= p an
p = o,and o > pwheno 3= pbuto £ p. The down-setofo € Ois | o = {p € Olo =p}
Purther, we shall require fhe set O to have at least three outcomes. With two or’l
outcomes, accepting the most preferable one is trivial and not suitable to be determitie
via coherence due to the property of o given in Equation (1) (see Section 2.2). T i thi
paper, we consider only those preference relations on O, that have a maximum.

3.2. A Utility Coherence Graph

As mentioned in the introduction, a utility function is used to assign a numerical
to the preference ordering, so that we can employ numerical techniques to SC]C.
outcome that is most preferred. The aim of this section is to prove that, given a prefe
ordering, there exists a coherence maximising function over a utility coherenc I
which reproduces the behaviour of a utility maximising function, Further, we als
how such a graph would look like.

We now state a lemima that defines the necessary conditions under whlch i
g will be a vtility coherence graph. The first condition states that o = p with.res
to a preference relation, if and only if, their individual coherence strengths presetve
ordering. In other words, it is more coherent to accept a more preferred outcome &
less preferred one. The second condition states that, for the maximum in O, it:8
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coherent to accept the maximum alone than accepiing it together with any other less
preferred cutcomes.

To prove the lemma, we define a coherence graph as follows. We take the set of
outcomes as nodes of the graph. Since the outcomes are mutually exclusive, it is natural
1o assign negative coherences between them. The degrees of incoherence depend on the
number of pairs of equally preferred outcomes, and to satisfy the second condition of
the lemma below, the degrees should decrease exponentially as less preferred nodes are

~ linked in the graph. Hence, we use the cardinalities of down-sets to define the degree of
_ coherence between two nodes @ and b as —|O|]!+* 1% However, there may exist other

ways to determine the degrees of incoherence that satisfy the conditions of the lemma.

‘Lemma 1 Let O be a finite set of outcomes such that |O| > 3, and let = be a preference
¢ relation on O. Then there exists a coherence graph g such that,

a) forallo,p € O, 0o > pifand only if 6(g,{0}) > o(g,{p});
b) if o is the maximum of Q by 3=, for all P C O such that o € P and P # {o};
then o(g,{o}) > (g, P).

_!:’ROOF: Let g = (V, E, ) be a coherence graph such that

o V=20

o = {{o,p}|opcO}

e forallo,p € O (({o,p}) = —|O|HoIF1#l (Note that, for the purpose of not
cluttering the equations in the proof, we henceforth denote | | a| in the exponent
simply as a ).

at is, in g all nodes are incoherent between each other. In such a graph, given a
artition (A, V' \ A) of V, the set of satisfied constraints is, by Definition 2, Oy =

U {{v,w}}. Consequently, by Definition 3,

>0 D lKlvwh)

veAweV\A
\E|

U(Qa‘A) =

icein g, V = O and, forall o,p € O, |{({o,p})] = [O]°T? = |O]° - |0}, we have

S > or-jop

o€ A pei\ A

a(g,A) = |EE

allo,p € O, a(g,{o}) > alg, {p}) if and only if

Y. lore-jor > 3 joF-jop .

g€O\{s} gEON{p}

litting the summations to extract the common term |Q]° - |O]F and cancelling it out,
mequality is equivalent to
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or+jor- Y. o7 > |oFtesjor. D o,
g€O\{o,p} gEO\{o,p}

which is equivalent to

opr- 3 o > o > jof

g6\ {o,p} g€\ {o,p} We now

: coherence gr:
Since |O| > 3, we have that Z 10]7 > 0, and consequently, the above inequality - theorem malk

g€O\op} and to compm
is equivalent to |(O]° > |O?, which holds if and only if | | o] > | | p}, and if and only if - -

o> p.
b) Let o be the maximum in O, and let P € O such that 0 € P and P # {o}. By

Definition 3, : = on Q, then

o(g,{o}) > olg, P) fandonlyif S [OP-10F > Sojor- S o . o ifando

O cP O\NP
9€0\o} r 9€0Y ROOF: We |

Taking the common terms from both the sides, we get, : element of O
. o 5 4 hen there ex
of-(1 3 1ort X 1olf) > jor Yo ol Y jor- 3 ol oo (o]}, o
pEP\{0} qeO\P qEO\P pEP\{o} g€EO\P N
Cancelling the common term [O]° - 37 o o\ p |O|? on both the sides, we have

oF- > or > 3 oF- Y] o,

rEP\{o} peP\{c} qcO\P

Since Z |OfF > 0, the above inequality is equivalent to
peP\{o}

o > 3 lof.

qEONFP

To prove this inequality, let p € P and p # o. Since O\ P C O\ {0, p}, we have’

Yoo s > ool

qeO\P qacO\{o,p}

Since o is the maximum, for all ¢ € O and ¢ # o, |O]¢ < 10]°~L. Consequently

Y. o= (ol -2)- ot <ol ol =10 .
g€0\{o,p}

Definiiion 6 A coherence graph g is a utility coherence graph if and only ifii
the conditions of Lemma 1.
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Table 1. Qutcomes in the Priscner’s Dilemma

We now define the theorem that may be summarised by saying that, there exists a
. coherence graph with certain properties that respects an a priori preference ordering. The
ve inequality _ theorem makes it possible to reformulate preference orderings as utility coherence graphs

and to compute the maximally preferred outcome via a maximisation process over the
if and only if graphs.

]
# {o}. By Theorem 1 Given a finite set of outcomes O such that 0| > 3, and a preference relation
' = on O, there exists a coherence graph g such that, o is the maximum in O wiih respect
to 3= if and only if {0} is the accepted set of a cohevence maximising partition of g.

PROOF: We proceed by contradiction. First let us assume that o is not the maximum
element of O and that {0} = arg 151@.5 o(g, @). However, if o is not the maximum in O,

en there exists a p € O such that p > o. Then, by Lemuma 1 a), we have o{g, {p}) >
g,{0}), which is a contradiction.
Now let us assume that o is the maximum in O and {0} # arg Iélgg a{g, Q). Then,

here exists a P C O such that P = arg max o(g,Q) and both P # {0} and O \ P #

o}, because of the property of o given in Equation (1) stated in Section 2.2,

On the one hand, if 0 € P, then, by Lemma 1 b), we have o(g, {o}) > o{g, P),
thich is a contradiction. On the other hand, if 0 ¢ P, then o € O \ P. By Lemma 1
), o(g,{0}) > ¢(g,0 \ P). Then, b Equation (1), (g, {0}) > o(g, P), which is a
ontradiction, O

Tn a prisoner’s dilemma game between two players X and V', player X has the pref-
ce ordering of the outcomes as (Dx, Cy) > (Cx,Cy} = {Dx,Dy) = (Cx, Dy),
re (Dy,Cy) stands for defect move by player X and co-operate move by player
We here do not represent the outcomes as such, but the beliefs of player X on the
ible outcomes.? So our nodes are of the form Bx (Dx, Cy ) rather than (Dx, Cy ).
the graph we consider is a belief coherence graph. The scores of the outcomes
‘shown in Figure 1. Note that we here only model one of the prisoners by giving

T preference ordering.
/e:model the preferences of player X using the utility coherence graph depicted
ure 1. The nodes in the graph are beliefs about the outcomes, Since there are
omes in this example, we take 4 as the base value for the coherence degrees.
r instance, the coherence value between By{Dyx,Cy) and B.(Cx,Cy) is
(Do, Cy) B2 (Co, )| and is equal to 4(573), We can see that the accepted set
oherence-maximising partition (Figure 1) is the singleton set {Bx(Dx,Cv)},

e have

he utcome is the result of the decision of both agents, and therefore which one wifl end up being selected
of belief for an agent as it is not in control of the actions of the other agent.
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_ 4(4+2) _ 4(4+1)

Accepted

Rejected

Figure 1. Preference ordering expressed as a utility coherence graph

which is the same as the most preferred outcome. Thus, we show that a coherence mi
imising function emulates the behaviour of a utility maximising function.

4. Discassion and Future Work

We have modelled preferences using the notion of utility coherence graphs. By proving
the corresponding theorem, we say the case is indeed possible when preferences hg

a maximum. Utility coherence graphs, unlike utility functions, have the advantage o
being integrated into the representation of a rational agent, allow for dynamic han

of new information affecting the preferences, help maintain the autonomy of the ag
and permit the representation of uncertainty about cognitions.

Though there are no closely following related work, we took mqplramon frot
line of thought expressed by Herbert Simon {5]. He distinguishes operational ra
from normative rationality due to limits on human intelligence. We identify with his
that satisficing has to be replaced by optimality, which is more a theoretical pos
than a realistic alternative. Here we propose a computationally feasible model; w
subsurnes the utility-maximising interpretation of rationality and yet has pos'mblh
broaden its limits.

Since this is the first step in the direction of atlempting to contribute to alig
models for rationality that are more realistic, there are a couple of future work
immediate. In most of game theory, expected utility rather than utility is used:to
rationality in uncertain circumstances. In the future work, we plan to explicitly d
expected utilities, however, we expect it to be already taken care of in our
based model as is evident from the example. That is, we are guessing that pro

an outcome can
care of in our o
thought would Iy
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an outcome can be represented by a set of beliefs and their interactions, which is taken
care of in our coherence-driven agents. Another important advancement of this line of
thought would be to define analogous notions to Nash Equilibrium and Pareto Optimality.
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