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Abstract—An important aspect of Social Intelligence is the
ability to correctly capture the social structure and use it to
navigate and achieve ones goals. In this work we suggest a
mental model that provides agents with similar social capabil-
ities. The model captures the entire social behavior spectrum,
and provides design principles that allow agents to reason and
change their behavior according to their perception of the
cooperative/competitive nature of the society. We also describe
computationally the maximum attainable benefits when agents
belong to different kinds of social groups. We conclude by
exploring the group membership problem as a constraints
satisfaction problem, and evaluate few heuristics.

Keywords-Autonomous agents, Social agents, BDI

I. INTRODUCTION

In human society individuals are pursing their own in-

terests while considering the impact of their actions on

their surrounding. Accordingly, an important aspect of Social
Intelligence is the ability to correctly capture the social

structure and use it to navigate and achieve ones goals. In

this work we suggest a mental model that provides agents

with similar social capabilities. The model captures the

entire social behavior spectrum [1], and provides design

principles that will allow agents to reason and change their

behavior according to their subjective perception of the

cooperative/competitive nature of the society.

The suggested model would enable the implementation

of generic social competent agents that would interact

differently towards different groups. Such agents might,

for instance, act cooperatively on some occasions, and on

others they might reason (according to their beliefs) that

competitive behavior should be applied to achieve their

goals. Possible applications are quite obvious and span any

autonomous agent (robot) that represents the interests of

humans in virtual (physical) social environments. The model

also intend to address a new class of important problems,

where an agent can be part of different types of groups

and acts accordingly (see [2]), thus it must consider how

its actions affects other group members.

Our model builds upon the Belief-Desire-Intention (BDI)

model [3] that was developed to explain human practical

reasoning. The model is highly applicable as a software

model for developing bounded rational intelligent agents

(e.g. [4]). While previous models described specific parts

of the social behavior spectrum (in particular joint and

individual desires), in this work we aim to provide a formal

model that spans the full social spectrum, including relations

that have not yet received any attention.

To do so we first extend the common Desires model to

account for different relationship between desires. We then

present the Social Behavior Activity (SBA) model, a BDI-

based mental model that spans the social spectrum. The

contribution of the SBA mental model is twofold: first, it

provides a formal, valid theoretical foundation that could

be used to explain and predict agent’s social behavior in

realistic environment. Second, it serves as a set of design

principles to guide the creation of agents that would be able

to engage in behaviors that span the entire social spectrum.

Following the presentation of the model, we explore

the agent’s behavior on the spectrum by computationally

describing the maximum attainable benefit (defined later on)

when it belongs to different types of social groups. The

computational analysis provides a basis for building agents

that are able to switch from competitive to cooperative

interactions, or to individualistic behavior. Finally, as the

mental model dictates the agent to have the ability to

reason about group membership, which we prove to be NP-

complete, we present a way to formulate the problem as

a constraints satisfaction problem and present and evaluate

possible heuristics to speed-up the search. The main contri-

butions of our paper are:

• An extension of the BDI’s Desires model to account

for different relationship among desires.

• The presentation of the SBA model for the construction

of social competent agents.

• An analytical exploration of different social groups.

• A constraints satisfaction based solution and heuristics

to the group membership problem.

II. THE BDI LANGUAGE

A. Basic Definitions

Our BDI formalism is derived from the one proposed in

[5]. We have a basic propositional language L which is

used by the agent to express beliefs about the world. We

will simply assume that it contains the usual classical logic
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connectives (�,⊥,∧,∨,¬,→,↔,�), and their classical in-

terpretation. We assume that the belief change operations +̇
(revision) and −̇ (contraction) have been defined for L [6].

Next, we assume a set A = {1, 2, . . . , n} of agents.

For each agent i ∈ A we assume a finite set of actions,

Aci = {α1, α2, . . .}. The set Aci represents the abilities

of agent i. Agent i’s knowledge about how to bring about

states of affairs in the environment is captured by a set of

recipes Ri = {〈α,ϕ〉 |α ∈ Aci and ϕ ∈ L}, such that action

α is executable if its preconditions are satisfied and the

termination of α’s performance results in ϕ being true (see,

e.g., [7] for discussion on the notion of “plan as recipe”). For

every recipe r = 〈α, ϕ〉, we assume there is a proposition

rα,ϕ ∈ L. Intuitively, rα,ϕ ∈ L will be used to mean that:

(1) the action α is executable, in that its preconditions are

currently satisfied, and (2) the performance of α terminates

and makes ϕ true. Only those recipes whose actions the

agent believes can be executed are listed as beliefs using

the propositions rα,ϕ . We will assume that in all recipes

〈α,ϕ〉, the formula ϕ is an atomic proposition.

B. BDI Structures

Given the set of beliefs Bi, desires Di, intentions Ii,

valuation function vi and cost function ci, A BDI structure

for agent i is: Si = 〈Bi,Di, Ii, v
i, ci〉.

• Beliefs — modeled in the conventional way and de-

scribe knowledge about the world or about other agents.

Bi stands for the beliefs of the agent, and it is a

logical closure of a finite set of sentences. Formally,

Bi = {b ∈ L|B0
i � b}, where B0

i ⊂ L is a finite set

that represents the basis set of beliefs for i.
• Desires — D = D1 ∪ D2 . . . ∪ Dn, where Di ⊂ L

represents the set of desires for agent i. We will use

d1
i , . . . , d

m
i as elements in Di. We assert that desires

will stay consistent by the belief revision operators.

• Intentions — Ii stands for the intentions of the agent

i, where Ii ⊆ Ri.

• Valuation — Defined as vi : 2(Di) → R+ where R+

is the set of positive real numbers.

• Cost — Defined for a finite set of actions ci : 2(Aci) →
R+, which must satisfy the following condition: if K ⊆
K ′ ⊆ Aci then ci(K ′) ≥ ci(K).

We require that vi satisfies the following “monotonic-

ity” condition: for Ti ⊆ Di, then vi(Ti) ≤ vi(Di), and

“additivity” condition: vi({d1
i , d

2
i }) = vi(d1

i ) + vi(d2
i ). In

addition, we assert that the results of conflicting actions

will be determined by nature: i.e. when two agents trying to

achieve di and ¬di at the same time, only one of them will

be instantiated, and their values will be the expected values,

that is vi({di,¬di}) = 1
2vi(di) + 1

2vi(¬di).1

1Another option is to assume the following: vi({di,¬di}) = −∞. The
appropriate assumption is dependent on the use of the model.

Additionally, where Ii is a set of intentions, we assert

goals(Ii) = {ϕ| < α, ϕ >∈ Ii} and actions(Ii) = {α| <
α,ϕ >∈ Ii}. Where B is a set of beliefs and I is a set

of intentions, we say that I is feasible in the context of

B if ∀ 〈α,ϕ〉 ∈ I , rα,ϕ ∈ B, (i.e., the action part of every

intention is believed to be executable). We write feas(I, B)
to denote the largest subset of I that is feasible in the context

of B. Note that since B has a finite basis, feas(I, B) must

be finite. We extend the value function vi to a function v̄i

on all subsets X of L as follows:

v̄i =

j
vi({d ∈ Di|X � d}) if X �� ⊥
0 otherwise

Next, we defined a function beni(I, B) → R, which

defines the benefit that agent i would obtain from the set

of intentions I if it were the case that beliefs B were

correct: beni(I, B) = v̄i(B+̇ ∧ {goals(feas(I, B))}) −
ci(actions(I) ∩ Aci). So, for example: beni(Ii, Bi) is the

benefit that agent i would obtain from its own intentions Ii

under the assumption that its own beliefs, Bi were correct.

Similarly, beni(I1 ∪ · · · ∪ In, Bi) is the benefit that agent i
would obtain from the intentions of all agents in the system,

under the assumption that its own beliefs, Bi were correct.

C. Desires Model

Our formalization extends former BDI frameworks by

providing the ability to reason whether one should be part

of a social group A, such that its intentions Ii are adopted

according to its beliefs about the states of the other members

as well as their desires. Specifically, while previous BDI

models only focused on cooperation while working solely

with individual or joint desires, we take a new approach by

differentiating between three types of desires that agent i
may consider according to its relationship with some j:

1. Cooperative Desire (Dcop
i ): d ∈ Di is a cooperative desire

with respect to agent j ∈ A, if d ∈ Dj .

2. Individual Desire (Dind
i ): d ∈ Di is an individual desire

with respect to agent j ∈ A, i �= j, if ¬(d ∈ Dj∨¬d ∈ Dj).

3. Competitive Desire (Dcom
i ): d ∈ Di is i’s competitive

desire with respect to agent j ∈ A, if i believes that

(∃j �=i)¬d ∈ Dj .

Running example: Consider an academic department with
three faculty members: Alice, Bob and Chen. Alice has three
desires: (1) submitting a proposal. (2) winning a position.
(3) writing a paper. Bob’s desires are: (1) submit a proposal.
(2) writing a paper. Chen’s desires are: (1) winning a
position. (2) submitting a proposal. Formally, the set of
agents is {A, B, C}. The Desires are {d1

A, d2
A, d3

A} for Alice,
{d1

B , d2
B} for Bob and {d1

C , d2
C} for Chen. The valuation

function for Alice is vA(d1
A) = 5, vA(d2

A) = 12, vA(d3
A) =
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10. The costs of the actions that brings about these desires
(e.g.

〈
α, d1

A

〉
) are 5, 8, 3 respectively. The valuation function

for Bob is vB(d1
B) = 8, vB(d2

B) = 10, with action costs
of 6, 6 respectively. The valuation function for Chen is
vC(d1

C) = 8, vC(d2
C) = 6 with actions costs of 5, 4.

Adding the information that the proposal desires are coop-

erative as all three are working jointly on the same proposal,

i.e., d1
A = d1

B = d2
C . In a well-coordinated interaction only

a single agent will spend the cost associated with this desire.

In contrast, the position appointment is a competitive desire

for Alice and Chen. As such, without coordination both will

spend the cost of perusing the appointment, but only one

will win. The others are individual desires.
Proposition 1: These properties satisfy the desire model:

• Mutual Exclusion — (Dcop
i ∩ Dind

i ) = ∅. (Dcop
i ∩

Dcom
i ) = ∅. (Dind

i ∩Dcom
i ) = ∅.

• Additivity — Let Dx
i and Dy

i be the set of desires from

different types, then vi(Dx
i ∪Dy

i ) = vi(Dx
i )+ vi(Dy

i ).
• Containment — Dcop

i ⊆ Di, Dind
i ⊆ Di, Dcom

i ⊆ Di.

• Self Desires — Di = Dcop
i ∪Dind

i ∪Dcom
i .

Proofs sketch: The Mutual Exclusion, that its existence can

be seen from direct inspection of the definitions, provides

the ability to ascribe the desire of agent i to one of the three

types of desires. The Additivity property, stating that the

value of the union of desires is their individual sum, is a

corollary of Mutual Exclusion. The Containment property is

obvious from its definition. The Self Desires property is de-

rived using propositions Mutual Exclusion and Containment;

For every d ∈ Di, d can either be in some other agent’s set,

in that case d ∈ Dcop
i ∨ d ∈ Dcom

i (depending on vi), or it

is not in some other agent’s set, hence d ∈ Dind
i .

From the above basic properties we can see that agent

i’s set of desires (Di) contains three types of desire rela-

tions: cooperative, individualistic and competitive desires.

We define three types of action sets, where the actions in

each set are part of the intentions that an agent adopts

when trying to achieve the respective type of desire, as

follows: Ab
Ci

= {α| < α, ϕ >∈ Ii, ϕ ∈ Db
i}, where

b ∈ {cop, ind, com}.
III. THE SOCIAL BEHAVIOR SPECTRUM

Figure 1. social behaviors spectrum

Figure 1 describes a two-person preference model of

the major interpersonal orientations that can occur between

players. In this model [8], the player’s utility is defined on

the horizontal axis, and the outcome of the “other” player is

on the vertical axis. Each outcome increases monotonically

along each axis, and the values reflect a linear combination

of payoffs to both players. Multiple agents will be regarded

as pairwise aggregation of the two-person model.2

To allow the description of different relationships between

the agents’ desires, we now describe a set of behavioral

axioms that correspond to the interpersonal orientations

exhibited in the social behavior spectrum. The presented

axioms, together with the mental state model presented later

on, will constitute the design guidelines for the construction

of social agents. In order to avoid describing a BDI frame-

work from scratch, we build our presentation on a well-

known framework, the SharedPlans [9], that provide all the

operators and predicates for facilitating a joint activity.3

Next we present the main components of the Shared-
Plans formalism, but refer the reader to [9] for a com-

plete description. The operator Int.To(i, α, Tn, Tα,S) rep-

resents i’s intentions at time Tn to do action α at time

Tα in the context of the BDI structure S. The operator

Int.Th(i, prop, Tn, Tprop,S) represents i’s intention at time

Tn that a certain proposition prop will hold at time Tprop

in the context of S. The potential intention operators,

Pot.Int.To(. . . ) and Pot.Int.Th(. . . ), are used to represent the

mental state when an agent considers adopting an intention,

but has not yet deliberated about its interaction with the

other intentions it holds. The operator Bel(i, f, Tf ) indicates

i believes the statement expressed by formula f at time Tf

(we abuse notation with the formula f not really constituting

the argument, but its name ‘f’). MB(A, f, Tf ) represents

Mutual Belief of the agents in A. In addition, the operator

Do(i, α, Tα) holds when i performs action α at time Tα.

The following are the five major social orientations:

A1. Altruistic act axiom
(∀i, j ∈ A, Si, Sj , 〈α, d〉 ∈ Ii, d �∈ Di, Tn)

[Bel(i, MLalt < beni(Ii, Bi) < 0, Tn) ∧
Bel(i, d ∈ Dj , Tn) → Pot.Int.To(i, α, Tn, Tα, Si)]

Formally, agent i may consider adopting an intention to

achieve an altruistic desire with respect to j, even if i does

not obtain any benefit from attaining it (hence, altruism).

The axiom states that an agent i will adopt an intention

which achieves d ∈ Dj if it believes that by performing it

agent j will obtain a value, and that the decrease in its own

benefit, due to the additional costs, will not be larger than

some MLalt constant.

A2. Cooperative act axiom
(∀i, j ∈ A, Si, Sj , 〈α, d〉 ∈ Ii, d ∈ Di, Tn)

[[Bel(i, d ∈ Dj , Tn)] ∧
2Note that the behaviors on the left side of the graph are deliberately

excluded from our work, since they are considered mental disorders (e.g.
Masochism, Sado-Masochism).

3Nevertheless, our extension is general and can be used to extend any
other model.
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case 1: “j loses from achieving d by itself”

[Bel(i, benj(Ij , Bi) < 0, Tn) → Pot.Int.To(i, α, Tn, Tα, Si)]⊕
case 2: “j gets a positive benefit from achieving d by itself”

[Bel(i, benj(Ij , Bi) ≥ 0, Tn) → Pot.Int.To(i, α, Tn, Tα, Si) ∨
Pot.Int.Th(i, Do(j, α, Tα), Tn, TDo(...), Si) ∨
Pot.Int.Th(i, Do({i, j}, α, Tα), Tn, TDo(...), Si)]]

The formulation of the cooperative axiom is based on the

theory presented in [10] that differentiate between a task
and a treatment cooperative groups. Formally, an agent i
may consider adopting an intention to achieve a cooperative

desire with respect to j. This axiom states that if i believes

that it shares the same desire with j, then there are two

cases of cooperation. The first case states that i believes

that j loses from completing the desire itself, then i may

consider adopting an intention to achieve the desire. In the

second case both agents, i and j, do not lose by performing

α which achieves the desire (the α’s may be different), and

there are three options. First, i may consider doing α by

itself. Second, i may adopt a potential intention that α will

be done by j. Third, α will be performed by i and j jointly.

A3. Individualistic act axiom
(∀i, j ∈ A, Si, Sj , 〈α, d〉 ∈ Ii, d ∈ Di, Tn)

[Bel(i, beni(Ii, Bi) ≥ 0, Tn) ∧
Bel(i, ∀(j �=i)(d �∈ Dj) ∧ (¬d �∈ Dj), Tn)

→ Pot.Int.To(i, α, Tn, Tα, Si)]

Formally, agent i may consider adopting an intention to

achieve an individualistic desire when it believes that this

desire does not belong to the other agent’s set of desires.

A4. Competitive act axiom
(∀i, j ∈ A, Si, Sj , 〈α, d〉 ∈ Ii, d ∈ Di, Tn)

[Bel(i, beni(Ii, Bi) ≥ 0, Tn)∧ Bel(i, (∃(j �=i))¬di ∈ Dj , Tn) →
Pot.Int.To(i, α, Tn, Tα, Si)]

Formally, agent i may consider adopting an intention to

achieve a competitive desire with respect to j when it obtains

a positive benefit from achieving the desire, even when i
believes that agent j holds another desire, where when both

desires will be achieved, agent i might lose.

A5. Aggressive act axiom
(∀i, j ∈ A, Si, Sj , 〈α, d〉 ∈ Ii, d �∈ Di, Tn)

[Bel(i, MLagg < beni(Ii, Bi) ≤ 0, Tn) ∧
Bel(i,¬d ∈ Dj , Tn)→ Pot.Int.To(i, α, Tn, Tα, Si)]

The axiom states that an agent i will consider adopting the

intention of performing α which may decrease its benefit up

to some lower bound MLagg , if it believes that by achieving

d j’s benefit will decrease as well.

IV. SOCIAL BEHAVIOR ACTIVITY

The Social Behavior Activity model (SBA) describes the

mental states of a member in a social interaction; these

possible mental states span the spectrum as presented above,

whereby the agent’s valuation of the desire relations affects

its competitive/cooperative position on the spectrum. The

SBA model defines a social behavior activity for a group of

agents A in the context of the BDI structure S and profiles

P at time Tn. We use the notation P to represent the profiles

of the members, and we use P j
i to denote i’s beliefs about

j’s profile. The profile of a member is a domain dependent

object that captures information that is known about the

agents.4 The operator member(i,A) in the definition holds

if i is a member of A, and max() is the maximum function.

The Social Behavior Activity model is as follows:

SBA(S,A,P, Tn)
1) A mutually believes that all members are part of A:

MB(A, (∀i ∈ A)member(i,A), Tn)
2) Members of A have (partial) beliefs about the profiles

of the other agents:

(∀i ∈ A)Bel(i, (j ∈ A)(∃P j
i ⊆ P), Tn)

3) A mutually believes that either:

a) [all members of A have the intention that they

will attain the maximum positive difference be-

tween their and their opponent’s benefits:

MB(A, f, Tf ),f = (∀i ∈ A)
Int.Th(i, max(beni(I1 ∪ · · · ∪ In, Bi)− (∀j �=i)
benj(I1 ∪ · · · ∪ In, Bi)), Tn, Tmax(...),S)]⊕

b) [being a member obtains a better benefit value:

MB(A, f, Tf ), f = (∀i ∈ A)
(beni(I1 ∪ · · · ∪ In, Bi) ≥ beni(Ii, Bi), Tn)∧
A has a mutual belief that each member has an

intention that the group be maintained:

MB(A, f, Tf ), f = (∀i ∈ A)
Int.Th(i, member(i,A), Tn, Tmember(...),S)]

First, SBA implies the ability of the agents to identify

themselves as members of some social group (Item 1) (an

autonomous agent working in isolation will not be part of

a social activity). Second, each individual in the group is

characterized by life histories, development patterns, needs,

goals, and behavior patterns. These characteristics might be

known to some extent and are represented in each member’s

profile. Thus, the members must have beliefs concerning

a partial profile of the others (Item 2). The third item

represents two forms of mutual inter-group dependence.

Mutual dependence (Item 3) means that the benefits of all

the parties are affected to some extent by the behaviors of

the other members [1]. We differentiate (using exclusive or,

⊕) between two cases of mutual dependence: competitive

(SBAa) and cooperative (SBAb) dependence.
In a cooperative scenario (SBAb), agent i believes that

there is some positive dependency between the benefit

functions (Item 3.b), thus staying with the group will yield

a higher benefit value than working alone. Therefore, when

this holds the agent will need to adopt a belief that all

members in the group (including itself) have the intention

to remain group members (Item 3.b.i), and an aggressive

behavior will not be possible.5 On the other hand, in a com-

petitive scenario (SBAa), the agents believe in a negative

4As the profile definition is domain dependent, we refer the reader to
[10] for an example of profile usage in an application.

5The proof is straightforward and was left out due to space constraints.
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dependency between their benefits functions, which happens

when there are competitive desires. In these situations, i will

have the intention that the difference in benefits with each

of the other members j will be maximized. The agent will

acts according to axioms A.2–A.5, as aggressive act might

exist to increase the benefits differences. It is easy to prove

that altruistic actions are not valid in competitive groups.

V. EXPLORING THE SPECTRUM

In this section we will explore the spectrum by way of

utility computation which will allow an agent to compute

and find out which social group will be most beneficial for

him, according to its beliefs about the desires’ relationships.

We exemplify the various groups using the running example.

Maximum Individual Benefit:
The maximum benefit that i may obtain while being alone

in the environment, Benind
i (Ii, Bi), can be defined as the

values of the following set of desires:

∀ϕ ∈ goals(Ii), ϕ ∈ {Dcop
i ∪Dind

i ∪Dcom
i } (1)

The agent’s total benefit as an individual when there is

no other agent in the surrounding is composed of its own

desires Di where Di = Dcop
i ∪ Dind

i ∪ Dcom
i and their

relevant costs. Looking back at the example we can compute

the benefit values for the agents, had they were alone in

the environment. Alice would have got Benind
A (IA, BA) =

0+4+7 = 11, Bob with Benind
B (IB , BB) = 2+4 = 6 and

Chen with Benind
C (IC , BC) = 3 + 2 = 5.

Maximum Benefit - Uncoordinated Social Group:
An uncoordinated social group is one in which its members

act alone according to their desires, but they are situated

with other agents in the same environment. As such, their

beliefs on the intentions of the other agents might influence

their own intentions. We also assume that agents cannot be

engaged in any sort of coordination activity. Given a Social

Group A, agents i, j ∈ A, i �= j, the maximum total benefit

of i in an Uncoordinated Social Group (USG), denoted as

Benusg
i (Ii ∪ Ij , Bi) is composed of:

∀ϕ ∈ goals(Ii), ϕ ∈ {Dcop
i ∪Dind

i ∪Dcom′
i }∧

∀α ∈ actions(Ii), α ∈ {Ccop′
i ∪ Cind

i ∪ Ccom
i } (2)

As there are other agents in the environment, they can

affect the agent in two ways: (1) positive impact - by

achieving part of its desires from its set of cooperative

desires (Ccop′
i ⊆ Ccop

i is the subset that i performs by

itself), thus decreasing i’s total cost to ci(Ccop
i \Ccop′

i ). (2)

negative impact - by achieving part of its competitive desires

(Dcom′
i ⊆ Dcom

i ), thus decreasing its total value from not

receiving their benefits .

Proposition 2: If (Dcom
i = ∅) ∨ (ci(Ccop

i \Ccop′
i ) ≤

vi(Dcom
i \Dcom′

i )− ci(Ccom′
i )), then Benusg

i ≥ Benind
i .

Proof sketch. In the first case, since the agent has no

competitive desires, the total benefit from its desires can

not increase due to other agents’ intentions, thus Benusg
i =

Benind
i . The second case is when the positive impact (when

other agents achieve i’s desires) is greater or equal to the

negative impact, and Benusg
i ≥ Benind

i .

The above proposition states that i is always better off

being part of an uncoordinated social group, when it does

not have competitive goals, or when it believes that the con-

tribution of others to its cooperative desires will be greater

than its loss from the competitive desires it will give. In the

example we have a cooperative desire that is shared among

all three agents, as such much effort is being spent without

coordination. We also have a competitive desire between

Alice and Chen, therefore without coordinating, the benefit

will be computed as follows. Benusg
A (IA, BA) = 0 + (0.5 ∗

4−0.5∗8)+7 = 5, Bob with Benusg
B (IB , BB) = 2+4 = 6

and Chen with Benusg
C (IC , BC) = (0.5∗3−0.5∗5)+2 = 1.

Maximum Benefit - Coordinated Social Group:
A coordinated social group is such that its members first

coordinate their actions and intentions, in order to maximize

their benefits. The agents may coordinate their cooperative

desires as well as their competitive ones. In such cases, the

agents may adopt a different set of coordinated cooperative

actions, CcopN
i than in cases where coordination is not

possible. Similarly, the agent can negotiate its competitive

desires with other members to optimize its benefit, and thus

agree on a partial set of competitive desires Dcom′′
i (with

the respective Ccom′′
i set). In such cases, i can be requested

to give up some weak competitive desires that decrease the

benefit of other agents, and accordingly it may exchange its

set of individual desires in order to achieve only part of them

(Dind′′
i ⊆ Dind

i with respective Cind′′
i ⊆ Cind

i set). Given

a social group A, agents i, j ∈ A, i �= j, the maximum total

benefit of i, as a member of a Coordinated Social Group

(CSG), denoted as Bencsg
i (Ii ∪ Ij , Bi) is composed of:

∀ϕ ∈ goals(Ii), ϕ ∈ {Dcop
i ∪Dind′′

i ∪Dcom′′
i }∧

∀α ∈ actions(Ii), α ∈ {CcopN
i ∪ Cind′′

i ∪ Ccom′′
i } (3)

Proposition 3: Bencsg
i ≥ Benusg

i , when

vi({Dcom′′
i , Dind′′

i })− ci({Ccom′′
i , Cind′′

i , CcopN
i }) >

vi({Dcom′
i , Dind

i })− ci({Ccom′
i , Cind

i , Ccop′
i })

Proof sketch. Trivial by simple arithmetic manipulations.

Proposition (3) justifies the need for strong negotiation

skills in agents, as they may attain higher benefits from

coordinating their actions. Going back to the example in

this case (and the two that follow) we cannot know exactly

which of the possible solutions will be agreed upon by

the agents. Nevertheless, we can assume that an optimal

solution will not suddenly emerge due to computation lim-

itation (we discuss this problem in depth in section VI).

One solution that might emerge is that Alice will drop its
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intention to be elected and will be the one who submits

the proposal. As such, Bencsg
A (IA, BA) = 0 + 0 + 7 = 5,

Bob with Bencsg
B (IB , BB) = 8 + 4 = 12 and Chen with

Bencsg
C (IC , BC) = 3 + 6 = 9. Two things to note about

the coordinated solution: (1) all players are in not worse

situation than before the coordination: 7 > 5, 9 > 6 and

9 > 1. (2) The social welfare has doubled from 12 to 28.

Maximum Benefit - Cooperative Social Group:
When i becomes a member in a Cooperative Social Group

(CopSG), its total benefit will be composed of the coordi-

nated social group components, together with the costs of

the altruistic actions it contributed, Calt
i (which decreases

its own benefit), and the altruistic actions that other agents

performed to complete some of his desires, that will be

denoted as Dalt
j (increasing its benefit). Given a social group

A, agents i, j ∈ A, i �= j, the maximum total benefit of i as

a Cooperative Social Group (CopSG) member, denoted as

BenCopSG
i (Ii ∪ Ij , Bi) is composed of:

vi(Dcop
i ∪Dind′′

i ∪Dcom′′
i ∪∀j Dalt

j )−
ci(CcopN

i ∪ Cind′′
i ∪ Ccom′′

i ∪ Calt
i ) (4)

As we noticed in the previous group type, when the agent

is part of a coordinated group, proposition 3 holds (otherwise

a rational agent would leave the group). The next proposition

states the basic condition in which the agent would prefer

to “upgrade” the coordinated group to a cooperative one.

Proposition 4: Given agent i, if Bencsg
i ≥ Benusg

i , then

BenCopSG
i ≥ Bencsg

i , when vi(Dalt
i )− ci(Calt

i ) ≥ 0
Proof sketch. By aligning both equations and canceling out

Dind′′
i , Dcop

i , Dcom′′
i terms with their respective actions.

The main condition in the above proposition is that the

coordinated social group achieves a higher benefit for the

agent, than the uncoordinated group. Otherwise, the question

of whether to join a cooperative social group is not solely

related to altruistic actions.

Corollary 1: Given agents i, j ∈ A,

if (BenCopSG
i ≥ Bencsg

i ) ∧ (BenCopSG
j < Bencsg

j ),
then MLalt = BenCopSG

i −Bencsg
i

In order for the social group to be cooperative, its group

members must have a mutual belief that being part of

the group will yield higher benefits for them (item 3.b).

Therefore, corollary 1 states that when agent i wants to be

in a cooperative social group with another agent j, but it

believes that it is not beneficial for j to be in the group

(as BenCopSG
j < Bencsg

j ), it will be willing to contribute

altruistic desires with respect to j to “convince” it to be part

of the group. However, this contribution will be bounded by

MLalt to prevent i from eventually losing.

Maximum Benefit - Competitive Social Group:
In a similar way, when i is a member of a competitive social

group (ComSG), its total benefit will comprise the sum of its

own aggressive actions, together with the aggressive actions

taken by j, and the benefit gained through cooperative

desires that are performed by itself and other members. In

addition, it will consider achieving only cooperative desires

that will contribute more value to himself than to other

agents (DcopN ′
i ). i’s total benefit also includes the set of

its individual desires and the subset of competitive desires

DcomN ′
i . In this case, the main goal of i will be to maximize

its benefit with respect to each j in its competitive group.

Thus, DcomN ′
i includes only the competitive desires that

will cause a greater decrease in the benefit to others, thus

some of the competitive desires in its original Dcom
i will

not be part of DcomN ′
i . Given a social group A, agents

i, j ∈ A, i �= j, the maximum total benefit of i as a

Competitive Social Group (ComSG) member, denoted as

BenComSG
i (Ii ∪ Ij , Bi) is composed of:

vi({DcopN ′
i ∪Dind

i ∪DcomN ′
i }\ ∪∀j Dagg

j )−
ci(CcopN ′

i ∪ Cind
i ∪ CcomN ′

i ∪ Cagg
i ) (5)

When examining the competitive social group, we can

see that the situation worsens in terms of the agent’s total

benefit as the benefit from the individual’s set of desires

decreases, and new aggressive desires are added. Thus, we

can conclude the following:
Corollary 2: If (BenComSG

i > BenCopSG
i ) then ∃MD ∈

Dcom
i s.t. d = max(beni(I1 ∪ · · · ∪ In, Bi) − (∀j ∈ A, j �=

i)benj(I1 ∪ · · · ∪ In, Bi)).

In a competitive group, both DcomN ′
i and DcopN ′

i are

subsets, thus receive lower or equal values. In addition,

∪∀jD
agg
j are desires that further lower Ai’s benefit (by

definition). As the total benefit is lower, only a “meta” set

of desires (MD) on the difference of the benefits values

themselves can attain a higher total benefit.

VI. TO MEMBER OR NOT TO MEMBER?

Following the presentation of the SBA model, it appears

that a key ingredient is still missing in order to be able

to practically use the model for architectural purposes. The

missing ingredient appear in the SBA’s model in item 3.b

under the proposition beni(Ii∪· · · ∪, In, Bi) ≥ beni(Ii, Bi),
that is a main query behind the question: to member or not

to member (a cooperative group)? The following theorem

shows that it impractical to compute an optimal answer.

Theorem 1: The individual agent’s task of computing

whether to join a cooperative social group is NP-Complete.

Proof sketch: The reduction is to the Knapsack problem,

where the set of n agents with individual payoff functions

pi try to fill the knapsack with a subset of the k intentions,

without any weight constraints.

Specifically, we can use the above problem as an instance

of the 0-1 knapsack problem by trying to optimize the

vector v = {x1, x2, ..., xk}, where xi = 1 if intention

i is in the selected set, 0 otherwise. Instead of having a

single pi vector, we have n such vectors and each agent’s
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original and individual set of intentions will be denoted as

v′ = {x1, x2, ..., xk}, where xi = 1 if intention i is in

the agent’s own individual set of intentions, 0 otherwise.

The constraints are as follows: (1)
∑n

i=1 vpi ≥
∑n

i=1 v′pi

(higher social welfare). (2) (∀i)vpi ≥ v′pi − ε (each

individual is no worse than what he could have before minus

some constant ε).

However, as humans often are able to use heuristics to

approximate solutions, we might as well not aspire for an

optimal solution, but settle on some approximated solution

that bounded rational agents can get rather promptly, as a

function of the available computational resources, and the

requested precision.

A. Membership as a CSP

In order to empirically evaluate the practicality of the

membership query in real applications that the SBA model

is directed to, we formulated the membership problem as a

boolean constraints satisfaction problem: The set of agents,

each with its own set of desires, for a total of N desires.

Each of the N desires will be formulated as an individual

node, that can get the value of 0 or 1 which signifies

whether this desire will be fulfilled. Edges between nodes

will model relationships between desires. The division to the

cooperative, individualistic or competitive groups of desires,

will be modeled as follows: (1) Cooperative desires - will

be modeled with “or” constraint edges connecting the nodes.

(2) Individual desires - are simply the nodes themselves. (3)

Competitive desires - will be modeled with “exclusive or”

constraint edge. A solution will be an assignment of values

1 or 0 to nodes s.t. the following constraints hold:

1) The local desires constraints are not violated.

2) Individual Benefit constraint: (∀i)vpi ≥ v′pi − ε.

3) Social Welfare constraint:
∑n

i=1 vpi ≥
∑n

i=1 v′pi.

dA
1

OR

dA
2

dA
3

dC
1

dC
2

dB
2

dB
1

XOOR

O
R O

R

Figure 2. Example graph representation

Running example: According to the previous example Alice
has three desires {d1

A, d2
A, d3

A}, Bob’s desires are {d1
B ,d2

B},
and Chen’s desires are {d1

C , d2
C}. The submit proposal

desires are cooperative {d1
A, d1

B , d2
C} desire as all three

are working jointly on the same proposal. The position
appointment {d2

A, d1
C} are competitive desires for Alice

and Chen. The others are individual desires without any

relationship among them. Let’s further assume the following
costs/value functions to each of them: Alice costs [5, 8, 3],
values [5, 12, 10], Bob costs [6, 6] and values [8, 10] and
Chen costs [5, 4] and values [8, 6]. We can compute the Maxi-
mal Uncoordinated Benefit and get the following:6Benucg

A =
5, Benucg

B = 6, and Benucg
C = 1, and the total social

welfare,
∑n

i=1 vpi = 12. A graph representation of the
problem is depicted in figure 2. One solution for the above
problem is v′ = [d1

A,¬d2
A, d3

A,¬d1
B , d2

B , d1
C ,¬d2

C ], which
results in respective individual benefits of: 7 for Alice, 12
for Bob, and 9 for Chen. The social welfare also increases
to

∑n
i=1 v′pi = 28.

B. Heuristic Functions
The above solution is one of many existing solutions,

and the small size of the problem (7 desires) constitutes

a relatively easy problem to solve using brute-force search.

However, for larger problems, bounded resources automated

agents will need some heuristics to guide their search for

a solution. As such, we suggest the following heuristic

functions that are applicable to situations in which the agents

commit their information to a third party (e.g. mediator or

oracle) and get a solution that dictates which desires should

be perused by the agents:

H1 — smallest number of desires.

H2 — largest number of competitive desires.

H3 — smallest number of cooperative desires.

H4 — maximize H1−H2 + H3.

H5 — largest Benucg
i value.

In order to evaluate the usefulness of the suggested heuris-

tics in guiding the search process, we used the ECLiPSe

Constraint Logic Programming System. Our aim was to

evaluate the different functions in 3 types of environments:

cooperative, individualists, and competitive. The environ-

ments’ names describe them in terms of the proportions

of the respective desires. Let us define pc + pi + pm = 1
to be a the probabilities distributions that characterizes an

environment in terms of the probability of a single desire to

be cooperative (pc), individualistic (pi) or competitive (pm).

An individualist environment is one in which, on average,

the majority of the desires relations are individualistic.

Specifically, we set the probabilities to be pc = 0.15,

pm = 0.15 and pi = 0.7, in individualistic environment,

and the cooperative/competitive environments were set with

respective probabilities of pc = 0.3 or pm = 0.3. We created

25 random instances to each of the environments using the

following set of parameters: the number of agents was in

the [4, 6] range, the number of desires per agent was in

the [2, 7] range (therefore the problem sizes ranged from

8 to 42 nodes). The costs/values numbers were in the [1, 9]
range. Each problem instance was solved using each of the

suggested heuristics, and the solution time was recorded.

6Recall that we assume all parties have an equal chance of attaining
competitive desires, and compute the expected benefit accordingly.
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Figure 3. Simulations results

The results are depicted in figure 3, provide several

insights on the behavior of the functions and the effect of

the environment’s characteristics on the solution time. First,

it is easy to see competitive environments proved to be more

challenging than the other environments. Second, H4 provide

the best results in the first two environments and is equally

effective to H2 in the competitive environment. Finally, not

surprisingly, a larger number of cooperative desires results

in easier problem instances in terms of solution time.

VII. RELATED WORK

The BDI literature is composed of work on formal

logical languages [11] and practical solutions in the form

of programming languages [12]. From the BDI literature

perspective, there are works that looked at specific parts

of the spectrum (e.g.,[13], [10]) , but we are not aware of

any work that spans the entire social behavior spectrum.

Other related work include Montagna et.al. [11] that did

consider classification to “friends” and “enemies” in the

formal language, however these were regarded as predefined

labels and were not connected to the agents’ desires.

While the above-mentioned works and others bear some

similarities to our work, we note two main differences. First,

as the goal of our work is to be used as design guidelines for

social competent agents, our choice of using the SharedPlans

formalism [9] as the underlying language can be easily

revised to most formal models found in the literature (e.g.

[11], [13]), after augmenting the extended Desire model into

them. Second, these works do not consider the case where

agents might have conflicting Desires, which might lead

to competitive or adversarial actions towards other agents.

To the best of our knowledge, the idea of the complex

relationship between the desires and their impact of the full

range of social interpersonal relationship is new.

VIII. CONCLUSIONS

We presented the full social behavior spectrum as it has

been modeled in social science research, and suggested

the multiagent SocialBehaviorActivity model as a formal

theory that describes agents’ mental states and behavioral ax-

ioms across a range of behavioral possibilities. We explored

the spectrum by providing a computational description of

various social groups and the maximum achievable benefit

for an agent. The findings of our social spectrum exploration

show that usually it is worthwhile for an agent to be in some

sort of cooperative or coordinated social group (depending

on its negotiation skills), while in some cases it is also

worthwhile taking altruistic actions in order to keep the

social group intact. At the same time, being in a competitive

social group is the worst option in most cases, unless there is

a strict competition. We then presented a way to tackle the

“group membership” problem by remodeling the problem

as a constraints satisfaction problem, and evaluated several

heuristic functions to guide the search process on large

problems. Regarding future research, we plan to implement

the architecture in a simplified environment in which agents

can be cooperative and competitive at different times.
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