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Abstract 

In this research, we aim at building the unified model for investigating collective behaviors that 
are emergedfrom local interactions among self-interested or rational agents. We formulate the 
knowledge transaction game as a methodology of local interaction among agents. They transact 
each other by exchaging for their valuable private knowledge. The exchanged knowledge is 
shared among agents as common knowledge in the same group. We term such an agent with 
both a selfish-motivation and a social competence as a social agent. We show the optimal 
transaction rules of those social agents depend on the levels of their social competence, and 
then we can classify social agents into several classes depending on their optimal transaction 
strategies. We provide the models for describing and analyzing the collective behavior in a 
group of those heterogeneous social agents in the long-run. We show the complex and interesting 
collective behaviors can be emerged from the very simple local interactions. We especially 
provide the evolutionary explanations of studying the collective behaviors motivated by the 
works of the theory of complex systems. 

1 Introduction 

Notions of self-interested behaviors are the foundation of many fields [2][3][ 4]. Strong interests have 
been given towards for establishing a general theoretical framework for designing of complex systems as 
a society of self-interested or rational agents [7][8][9]. We term such an agent with a selfish-motivation 
as a rational agent. Agents are rational in the sense that they only do what they want to do and what they 
think is in their own best interests, as determined by their own goals and motivations. Rational agents are 
driven by a selfish motivation which leads them to behave optimally based on their own best interests. 
The goal Gf the research is to understand the types of simple local interactions based on the self-interested 
motivations which produce complex and purposive collective behaviors as a whole. We especially 
address the question of how a group of the rational agents with different motivations can achieve 
complex collective behaviors as shown in Fig. I. 

The knowledge transaction and the problem of sharing common knowledge among rational agents is 
formulated as non-cooperative games. The local interactions in a group is defined as the set of those 
knowledge transactions among agents. With knowledge transaction, agents exchange their private 
knowledge and they form the common knowledge by exchanging their private knowledge. The agents 
benefit by exchanging their private knowledge if their utility will be increased. Therefore in the game of 
knowledge transaction, each rational agent mutually exchanges his private knowledge so that his utility 
can be improved. Factors such as the value (worth) of knowledge possessed by each agent, the cost for 
acquiring the knowledge should be considered for realizing such knowledge transaction. However, the 
traditional game theory is silent on how the different types of agents may affect equilibrium [6}[11]. We 
discuss how each self-interested agent learns to behave as both a self-interested agent and a social unit. 
Different agents necessarily have different sets of goals, motivations, or cognitive states by virtue of their 
different histories, the different resources they use, different setting they participate in, and so on. As a 
result, it is shown that the optimal transaction rule may vary with the changing social competence of 
agents. We especially address the following questions: If agents make decisions on the basis of his own 
utility by incorporating his social role or social expectations, how his optimal decision will be affected, 
how will the structure of his utility function affect the evolution of their rational behaviors, how will the 
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evolution of individually rational behaviors proceed by changing the distributional patterns of different 
types of agents? 

The ability to evolve is the most important property of the living-systems. Evolution and learning are the 
two most fundamental adaptation process and their relationship is very complex. The evolution of those 
large-scale and complex systems in social, economic, and ecological systems suggests us that we need to 
focus on competitive interactions among self-interested agents. As a collective behaviors in a large-scale 
complex system composed of many individuals, two types of behaviors may occur: each individuals 
mutually interacts and behaves as the components in order to achieve the common object, while at the 
same time, each individual tries to optimize his own object by behaving as a self-interested agent. In this 
paper, we focus the collective behaviors that are emerged from the competitive interactions as their 
constituent parts. These interactions have merits of the careful study of understanding many interesting 
behaviors of a complex system. Especially, we need to understand the following basic issues such as how 
get the architecture of an agent, as a component of a complex system, suited for evolution, how individually 
self-interested behaviors evolve to collective behaviors, and how the structure of each goal (utility) 
function of each agent should be self-modified for globally coordinated behaviors. 

We provide the evolutionary explanation of the collective behaviors based on the knowledge transaction 
in a group. The behaviors of complex systems can be modeled to be emerged from the local and global 
purposive interactions of self-interested agents [1][2][3]. The evolution is guided by both the selfish 
behaviors. We also show how the social competence that provides the motivation for the cooperative 
behavior can be emerged from the interactions. The overall complex system is constructed as a society of 
heterogeneous agents with different sociality. We describe a way of evolution in a group of agents. The 
growth process is guided by the self-interest seeking behavior of each agent. It is shown that the 
possibilities for cooperation may increase when a group is composed of individuals with a diversity of 
interests, ability, and incentives. 

Fig.l Concept of collective behaviors emerged from local interaction with self-interested motivation 

2 Knowledge Transaction as a Methodology for Interaction among Agents 
Many functions and tasks of computers and their networks can be modeled and realized as the transaction 
among agents. In this section, we fonnulate knowledge transaction as a basic methodology for interaction 
.among agents. Every agent behaves so that his interest or incentive is not jeopardized, and he is driven by 
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a selfish motivation which leads him to behave based on the principle of individual optimality. They are 
also selfish in the sense that they only do what they want to do and what they think is in their own best 
interests, as determined by their motivations and the environment. With the knowledge transaction 
among self-interested agents, they mutually exchange their private knowledge such a way that their 
utilities can be improved. Agents need to reason about the value of private knowledge held by the other 
agent in order to exchange his private knowledge. The factors such as the value (worth) of the knowledge 
possessed by each agent, the utility through acquiring the item, and the transaction cost also provides 
effect on the mutual an agreement for knowledge transaction. 

An intelligent behavior is a social phenomenon, and in order to be understand individuals' intelligent 
behaviors, they must be observed and analyzed within its social and cultural environment. However, each 
agent may have different importance on his sociality. We assume that each self-interested agent learn to 
behave as both a self-interested agent and a social member by reflecting the existence of other agents in 
the group or society. Each agent is able to perform meaningful tasks alone, but which requires the 
presence of other agents to fully complete his object. The agents may have different preferences, conflicting 
objectives or they may have the same goal but wish to decentralize the decision-making process in order 
to alleviate the heavy burden [7][ 12]. 

With the claim that each rational agent behaves in a group as both a social agent and a self-interests 
agent, we define the following utility function for each agent in the knowledge transaction. 

(Utility of agent A; after the knowledge transaction) = (Utility of private knowledge) 
+ a; (Utility of common knowledge) (2.1) 

where the factor a; defined as the social factor of the agent Ai represents the relative value of the 
common knowledge to the value of his private knowledge. The sociality of each agent can be described 
by the level of the social factor a, and we show his optimal behavior can be described as the function of 
his social factor. Agents with the high value of a put the high value on the knowledge transaction, and 
transacts with his private knowledge of high value. They may consider that sharing high knowledge with 
other agents is important for such as cooperative joint works. On the other hand, agents with the low 
value of a do not have high value for sharing high knowledge with the other agents. With this 
observation, we can conclude that agents with the high value of a choose the cooperative behaviors, and 
on the other hand agents with the low values choose the selfish behaviors. 

.knowlcc..lgc 

~) 
Fig.2 The Illustration of the knowledge transaction among agents 

As a specific model, we consider a situation in which each agent in a group, G={Ai=l,2, ... ,n} has two 
types of knowledge of high value, denoted by Hi and knowledge of low value, denoted by Li as their 
private knowledge. In this model of knowledge transaction, each agent has two actions as his strategies: 

Hi : Transacts with a piece of knowledge with high value, 

L,: Transacts with a piece of knowledge with low value. i=l ,2, .. .. ,n. (2.2) 
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When agent Ai transacts with a piece of knowledge of low value and his partner agentAi transacts with a 
piece of knowledge of high value or low value, represented as (HL)r the utility of agent Ai is given as 

(2.3) 

where v{' ( Qi \Hi) denotes agent Ai 's evaluation on the worth of knowledge of private knowledge and 
v,c( K v ( H,,(HL)j )) denotes the agentAi 's evaluation on the worth of shared or common knowledge. 

Here, we consider a situation in which two agents, A and B have two types of knowledge of high value, 
denoted by HA (H8 ), and knowledge of low value, denoted by LA (L~ as their private knowledge. We can 
define the utilities of agent A with the different strategies as follows: 

UA(HA,H8 ) = V:(QA '-HA)+ aAv~"(K V (HA,H8 )) """- U~ 

UA(HA.LH) = v:;(nA "HA)+ aAv5;(K V (H/1 .Le))== u~ 
UA(LA.Hn) =v:;(nA'-L") +a"v~·(Kv(LA,Hn)) == U~ 

U"(L",L8 ) = v:;(n" '-LA) +a"v~·(Kv(L",L8 )) == U~ 

(2.4) 

The optimal behavior of each agent can be defined by comparing the above utilities resulted from the 
knowledge transaction with the specific strategy. In order to realize the knowledge transaction, between 
two agents, both their individual and group rationalities should be satisfied, and those concepts are 
defined as follows: 

Condition 1: Individual Rationality 

Each agent utility should be maximized with respect to his transaction strategies. 

Condition 2: Social Rationality 

In the case when an agreement is reached, no agent's utility will decline, and no one will be improved 
by any means, and the overall utility of the agents is higher when in the case of cooperative behavior than 
that of when individually behaved. 

Using (2.3), we can induce as follows: 

U!- U~ = u .... (H .... ,H8 )- u .... (L .... ,H8 ) 

= v~(n .... \ L")- v~(n .... \H .... )+ a,..(v;(K v (H .... ,H8 ))- v;(K v (L .... ,H8 ))) 
(2.5) 

By defintion the value of knowledge Hi is greater than that of knowledgeLi , we have the following 
relations: 

v~(n .... \H .... )< v~(n. .... \ L" ), 

We define the following threshold, 

Therefore, from (2.5), we have the following relation 

I) if 

if 

Q < a A ~ a; then u~ :::; u~ 

a; :::; aA then U! ~ u~ 

Similarly, we have the following relation: 
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(2.7) 

(2.8) 

(2.9) 
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We also define the following factor. 

U~- U~ = U,..(H,..,Lu)- U,,(L,..,Lu) 
= v:,'(n,.. '\ L,..)- V::(n, '\ H,) +a, ( v~·(K v (H,.. , Lu )) - v;;:(K v (L,, Lu ))) 

Similarly we also define the following threshold, 

V::(O,..'\..L,..)-V::(n,.. '\ H,) _ .. 
a,..(D.,..,K) "" v~· (K v (H,..,L,))- v~·(K v (L,..,L,.)) = a,.. 

Then from (2.1 0), we have the following relation 

2) if 

if 

O<aA s; aA· then u~ :-:::; u~ 

aA s; aA then U~ ~ V1 
Therefore if the social factor a; of agent A; satisfies: 

I ) 

then we have 

i=A,B 

(2.1 0) 

(2.11) 

(2.12) 

(2.13) 

(2.14) 

Therefore if the social factor a; satisfies the relation in (2.13), the strategy L; becomes the optimal 
strategy of Agent A,. and he transacts with his private knowledge of low value at each time of period 
without regard the types of the other agents. 

If the factor a; satisfies: 

2) i= A,B (2.15) 

then we have 

i=A,B (2.16) 

Therefore if the social factor a; satisfies the relation in (2.14), the strategy H; becomes to be the 
optimal strategy, and Agent A; transacts with his private knowledge of high value at each time of period 
without regard the types of the other agents. 

If the social factor a; satisfies: 

3) 

i=A,B 

then we have 

and if it satisfies 

b) a·sa;sa·. i=A,B 

then we have 

u;' s; u;'. 

i=A,B 

i = A,B 

i =A,B 

(2.17) 

(2.18) 

(2.19) 

(2.20) 

(2.21) 

Then both pairs of strategies (HA, H8 ) and (LA, L8 ) become equilibrium solutions. 
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3 Collective Behaviors in a Closed Society 

In this section, we investigate the collective behaviors of the closed group consists of agents with the 
different social factors. The closed group means that there is no entry nor exit. We especially investigate 
the long-run transaction in a group where a finite number of agents are repeatedly matched to play a 
stage game by adjusting their behaviors over time. In the previous section, we showed the optimal 
transaction strategy can be classified into three categories depending on the size of the social factor. As 
an explicit model, we propose the dynamic process which specifies how agents transact over time as they 
learn from their experiences about the distribution patterns of agents in a group. We provide the evolutionary 
explanations of studying the collective behaviors motivated by the works of biologists in evolutionary 
games [6]. At any given moment, a small fraction of the population is given the opportunity of 
observing the exact distribution in the group, and take the best response against it. We assume that there 
are many numbers of random matches within each time period, so that each agent's average payoff in 
that period is equal to the expected payoff. A features of this approach distinguish it from traditional 
approaches, namely each agent is not assumed to be knowledgeable as to correctly anticipate the other 
agent's behavior and each agent only cares about the distribution of behavioral pattern of agents in a 
group. 

A£t-A--X 
Fig.3 The knowledge transaction in a group with the aggregate model 

We especially consider the transaction in the long run in a group of heterogeneous agents, and show the 
collective behavior in a group is determined by the initial distribution of the specific types of agents, 
namely selfish agents and the altruistic agents. Let consider a population of N agents in a group with 
many types of the social factors. We define following types of agent and introduce the following 
notations: 

(I) Selfish agent if his social factor satisfies a;:::; M in( a; ,a.~) 

(2) Oppotunistic agent if his social factor satisfies Min(a; ,a;):::; a; :::; Max(a; ,a;> 

(3) Altruistic agent if his social factor satisfies Max(a; ,a;)~ a; 

H = {number of altruistic agents } 

M= {number of opportunistic agents } 

L = {number of selfish agents } 

H(t) = The number agents who transact with high-value transacted at the t-th transaction 

A selfish agent transacts with the knowledge of low value without regard to his partner. On the other 
hand, an altruistic agent transacts with the knowledge of high value without regard to his partner. An 
oppotunistic agent transacts with the knowledge of low value if his partner transacts with the knowledge 
of low value, and he transacts with the knowledge of high value if his partner transacts with the 
knowledge of high value~ Therefore, the number of agents who transact with the knowledge of high value 
at the transaction period t+ 1 is given by the following recursive equation: 

H(t+ 1 )=H+(H(t)!N)*M (3 .1) 

By noting k = MIN (0 < k < 1) the equation, (3.1) is also described as 
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H(t+l )=H+kH(t) (3.2) 

By solving the equation (3.2), we have the following solution: 

H(t) = k ' H(O) -t- (I - k' )H 
I-k 

By taking the limit of equation (3.3), we have the following relation: 

limH(t) = H = (_!:!_)N (·.· N = L -t- M+ H) 
'~- 1-(M/ N) H -t- L 

(3.3) 

(3.4) 

This result implies that the properties of the knowledge transaction in the long-run depends on the 
proportion of the selfish and altruistic agents. That is, the collective behaviors only depends on the 
proportions of the selfish agents and the altruistic agents to all agents in a group. The oppotunistic agents 
do not give any influence on the collective behaviors in the long run as shown in Fig.4 [5]. 

Opportunistic agents 
~..a...a.a. 

.a;?' 

Fig.4 The Illustration of evolution in a group of rational agents 

4 Collective Behaviors of in a Open Society 

In the previous section, we modeled the evolution in a closed group in which we attempt to derive the 
microscopic properties of individuals' behaviors based on selfish interest seeking. Each agent is modeled 
to behave as both a self-interested agent and a social agent. In this section, we show how the level of 
social competence of each agent in a group influence those collective behaviors. In order to analyze this 
issue, we consider evolution in an open group with new entries and exits as illustrated in Fig.5 [10]. 

The probability of new 
agents who transact with 
high knowledge 

F(p(t)) 

Accum/ative function 
threshhotd 

F((3) 

2t · .. g 
1 " :. 1 

& & ~ ... .. 
g 1 .& 

The rutio of agents who tmnsa::t 
with high knowledge at timet 

p ( t) 

The probability of exiting 
agents who transact with 
high knowledge 

p ( t) 

Fig.S The Illustration of knowledge transaction in a open society 
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Using the notation in (2.4), we define the following value defined by Agent A;'s utility of each possible 
transaction strategy: 

(4.1) 

We define this value as the threshold of Agent A1J=l ,2, ... ,n. We also denote p(t), 0 $; p(t) $1, as the 
proportion of agents in a group who transact with the knowledge of high value at the t-th transaction. 
The expected utility of Agent A1 if he transacts with his high value knowledge (H) and with his low 
value knowledge (L1 ) is given as follows: 

U 1 (H1 ) = p(t)U/ +(I- p(t))U1
2 

U 1 (L1 ) = p(t)U;' + (1- p(t))Ut 

Therefore as his optimal transaction , he will transact with high value knowledge if 

By rearranging (4.3) we also have 

p(t) ~ (Ut- U 1
2 )/(U/ +ut- U 1

2 
- Ui') 

Therefore his optimal strategy is described as follows: 

(I) p(t);:: {3
1 

Transacts with high value knowledge 

(II) p(t) < /31 Transacts with low value knowledge 

(4.2) 

(4.3) 

(4.4) 

(4.5) 

We now define the accumulated distributional pattern of the thresholds {3, i=l,2, ... ,n in a group as 
follows: 

N(/3,.) = ~n(/3,) (4.6) 
#,~!1. 

The portion of the agents in a group whose threshold is less than {3k is given by 

(4.7) 

The proportion of new entries to a group who transact with high value at the t-th transaction is then 
given by F(p(t)). Since the proportion of existing agents from a group who transact with high value 
knowledge at the time period t is given as p(t). Then the dynamic change of p(t), the proportion of 
agents in a group who transact with high value knowledge at the t-th transaction is given as the 
difference of F(p(t)) and p(t), which is given by 

p(t + 1)- p(t) = p(t)- F(p(t)) (4.8) 

Then the collective behaviors at equilibrium of an open group is characterized by the fixed point of the 
accumulated distributional function defined 

(4.9) 

At this equilibrium, an open group with new entries and exits, the number of agents who transact with the 
high value knowledge remains the constant, and which is given by Np*. 
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F((3i) 

F(p(t+ I)) t-----------1 

F(At)) t--- -----L 

F(p'(t)) 

Pi p'(t) p(t)p(t+l) 

Fig.6 An example of collective behaviors at equilibrium 

The overall complex system is constructed as a group of heterogeneous agents with different types of 
sociality. We describe a way of evolution in a group of agents. The growth process is guided by the 
self-interest seeking behavior of each agent. The mechanism has a strong similarity to the nature self-
organizing and growing process. The growth starts from the set of the unstructured organization, with 
many different types of self-interested agents, and the local interactions in a group let to self-organize 
into the whole organization by establishing some stable collective behaviors as a whole. As a specific 
example as shown in Fig.6, there are two stable equilibria E1 and E3. We now consider two types of 
groups, G1 and G

3
• The initial proportion of types of agents in the group G 1 is given the point which is 

slightly less than the point described by E2 The collective behavior of G1 converges to E1 • The initial 
proportion of types of agents in the group G3 is given at the point which is slightly greater than the point 
described by E2 .. The collective behavior of G3 converges to E3 • In these two groups, however, only a 
small difference may exit for the distributional patterns of agents. However, at those two equilibria, we 
can observe the completely different types of collective behaviors. Collective behaviors at equilibrium 
E1 of the group G1• almost every agent behaves as an altruistic agent. At equilibrium E3 of the group G3 . 

however, almost every agent behaves as a selfish agent. 

5 Conclusions 

Concept of knowledge transaction among agents was defined as the interaction. Agents were mode led to 
exchange mutually their private knowledge in order to satisfy their individual optimality. We provided 
evolutionary explanation of the knowledge transaction and sharing problem motivated by the works of 
biologists in evolutionary games. The evolution is guided by both the selfish behaviors. Two features of 
this approach distinguish it from traditional approaches. First, each agent is not assumed to be rational. 
Second, each agent is not assumed to be knowledgeable as to correctly anticipate the other agent's 
choices. It only cares about the distribution of behavioral pattern of agents in a group. We especially 
described and discussed dynamic evolutionary games to studying group behavior that emerged from the 
mutual interactions and cultural scenarios. A complex system, as a collective designation for a large-scale 
and complex nonlinear systems, was defined as the group of a large number of self-interested agents. The 
behaviors emerged from the local purposive interactions of self-interested agents were investigated as the 
properties of complex systems . 
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