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Abstract.  We present three algorithms for utility-based role exchange that are inspired 
by game theory. We introduce some methods for comparison of algorithms. While all 
three algorithms provide similar gains, the extent to which utilities of other agents are 
considered in role exchange, the number of exchanges is minimized.  

1   Introduction 

In multiagent systems, agent roles have been studied in regards to plans and distribution of 
tasks [2][3]. Little attention is paid to agent’s preference over its roles, and reasoning about 
swapping roles with other agents. In this paper we will consider agents operating based on 
the social welfare of their group. As such role exchange between agents will be to benefit 
the collective.  Therefore, some agents need to sacrifice their individual utility for the sake 
of their community [1].   

Careful selection of a pattern of roles for adoption is a key point for improving the 
group utility. [12] presented the concept of individual utility, which measures each agent’s 
utility in a specific role and use the total utility, which represents the team utility in the for-
mation of roles.  [12] also presented the concept of role exchange values (REV), which 
measures each agent’s utility gain during the hypothetical role exchange.  We considered 
role exchange based on individual agent’s utility gain and the algorithm allowed role ex-
change between any pair of agents who may experience net positive gain from the ex-
change. This any role exchange algorithm is not optimal for the consideration of the total 
numbers of role exchange times before reaching the maximum total utility.  
 In this paper we will show two other variants of the algorithm and compare their 
performance.  At first we will introduce the related works in the field of formation-based 
roles in section 2.  Then we will provide some assumptions, formula, and the conditions for 
role exchange.  Based on the formula and conditions, we will introduce the any role ex-
change algorithm in section 4.1, Individual Optimal Role Exchange Algorithm in section 
4.2, and Group Optimal Role Exchange Algorithm in section 4.3.  The implementation and 
comparison of the three algorithms will be presented in section 5 with the results.  In sec-
tion 6, we will provide some concluding remarks. 
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2 Related Work 
 
Formation as basis of collaboration among agents is introduced in [4][8]. Formations are 
commonly found in the game of soccer or Robocup [11]. Agents adopt an initial assign-
ment of roles, but this assignment may need to be revised as the situation changes.  There-
fore, re-assignment of roles or some role exchanges become necessary [6].  Formations are 
dynamic and flexible, and it is a team structure to decompose the task into a set of roles. 
There is an initial formation, but there are also the run-time triggers for dynamic changes of 
the formations [5].  Formation-based role assignment ensures flexibility of role exchange, 
which was beneficial to the FC Portugal team [7].  

Various formations as role models are discussed in [5]. A role defines a position and 
a set of responsibility within a role model, and roles are assigned to agents in an applica-
tion.  Role model can have various forms of dynamic behavior, which ensures the modeling 
mobility and adaptive behavior.  Agent organizations can take on various formations, and 
role assignments can be assigned dynamically [5]. 

Consider a group of distinct n agents, A a a an= { , ,..., }1 2 , where ai  is the i th  agent 
and a set of  distinct n roles, R r r rn= { , ,..., }1 2 , where ri  is the i th  role, such that 
i j r ri j≠ ⇒ ≠ .  For any agent ai  and role rj , there is a utiltiy U a r ui j ij( , ) = , where 
uij stands for the utility of adopting role j  by agent i  and function U a ri j( , )  is to get uij . 

Any formation F is a set of  { < > ∈a r u where i j ni j ij, , , [ .. ]  1 , for any pair of 
< >a r ui j ij, , and < >a r uk l kl, , , a a r ri j k l≠ ⇒ ≠ } and each agent is assigned a single 
distinct role[12]. 

 
 

3   The Assumptions and Properties for Role Exchange 
 
Assume the agents we discuss in this paper obey Pareto-optimality.  We make the follow-
ing assumptions.  

1. With N agent and N roles, there is a one to one assignment of roles to agents.  
2. Each agent has a unique utility value per role.  I.e., ),( RAV is agent A’s unique util-

ity in role R. 
3. An agent’s adoption of a role will not affect the utility of another agent adopting 

another role. 
4. The total utility of a number of agents is equal to the sum utilities from each of 

these agents.  I.e. Total Utility = ∑
=

=

ni

i
ii RAV

1
),(  

5. The role exchange process takes place only between a pair of roles at one time. 
6. If the margin of gain from a hypothetical role exchange is positive for a pair of 

agents, they are obliged to exchange. This is due to the Pareto-optimality coopera-
tive agents.  
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7. The time consumption or utility loss due to the process of role exchange is assumed 

negligible and will not be considered. 
 

The concepts of Role Exchange Value (REV) and Individual Utility Gain (IUG) for 
each agent are computed when considering role exchange in an agent pair [12].  REV in-
volves a pair of agents and a pair of roles, i.e., agent A, agent B and role R1 and role R2.  
We have the following concepts related with role exchange: 

1. )1,( RAV represents the unique utility of agent A taking role R1. 
2. )2,,1,( RBRAV represents the sum utility of agent A taking role R1 and agent  B 

taking role R2.  I.e., based on assumption 3 and 4, 
)2,,1,( RBRAV = )1,( RAV + )2,( RBV .  

3. )2,,1,( RBRAREVA represents the role exchange value of agent A in the formation 
that agent A taking role R1 while agent B taking role R2.  

 
In role exchange for agent pair (A, B), the REV of agent A in the formation that 

agent A taking role R2 while agent B taking R2 as equation (1): 
 

{ })2,()1,,2,()1,(*5.0)2,,1,( RBVRBRAVRAVRBRAREVA −+=   (1) 
 

The individual utility gain for agent A in this role exchange formation is as equation 
(2): 

)1,()2,,1,()2,,1,( RAVRBRAREVRBRAIUG AA −=    (2) 
Based on equations (1) and (2), we use the following 3 conditions in Figure 1 to 

check if role exchange is applicable. 
                                
 
 

 
 
 
 
 

 
 
 

Figure 1. Conditions for Role Exchange 
 

 
4   The Algorithms for Role Exchange 
 
The algorithms for utility-based role exchange take the following steps.  In our algorithms, 
t  is the time index.  For instance, t = 0 is the time before any role exchange. t = 1 is the time 
at the 1st exchange.  Function add x y z S( , , , )< >  adds the triple < >x y z, , to set S . Func-
tion delete x y z S( , , , )< > deletes the triple < >x y z, , from set S .  Function 
IsMaxForAll i k j l( , , , ) is true if IUG i k j li ( , , , )  is the maximum among all the formations. 
Function IsMaxFori i k j l( , , , )  is true if IUG i k j li ( , , , )  is the maximum among the forma-

1. If )2,,1,( RBRAIUGA < 0, role exchange will degrade to total utility 
for the entire group and original role formation is better. 

 
2. If )2,,1,( RBRAIUGA  = 0, role exchange is not necessary.  There is 

no difference between before and after role exchange. 
 

3. If )2,,1,( RBRAIUGA  > 0, role exchange will be beneficial to the en-
tire group. 
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tions, which correspond to role exchange with agent i . stop stands for termination of the 
algorithm.  Predicate “formation” picks out a specific formation, e.g., F.  

We discussed an algorithm for utility-based role exchange in [12]. In this paper we 
will present 2 other algorithms for role exchange and compare them to see what the advan-
tage and disadvantage for each of them.  The initial conditions are the following. 
• Agent-role utility table has been set up and the utility value is randomly generated. 
• Each agent adopts an initial role randomly. We assume that the ith agent adopts ith 

role prior to any role exchange. 
• Pairs of agents are selected in order to explore applicability of role exchange. 

 
4.1 Any Role Exchange Algorithm 
 
Role exchange happens whenever the agent pair’s IUG>0.  Since any role exchange will 
occur when it is applicable, we call it “any role exchange” algorithm. This algorithm was 
presented in [12] and is given below in Figure 2: 
 

 
 

 
 
 
 
 

 
 
 
 
 
 

 
Figure 2.  Any Role Exchange Algorithm 

 

4.2 Individual Optimal Role Exchange Algorithm 

We start role exchange from the first agent.  Search all other agents paired with first agent, 
find the pairing with the maximum IUG, perform the role exchange corresponding to the 
maximum IUG.   Then repeat this step with other agents.  If for all agent pairing produce 
IUG less or equal to zero, no role exchange is needed.  Since for every agent, we find the 
best applicable role exchange and the agents will be checked in order (from the first one to 
the last one), we will call it “individual optimal role exchange” algorithm and it is shown in 
the following Figure 3. 
 

 
 
 
 

 

1.  There is no role adoption for any agent at the very beginning. t F= ⇒ =∅0 . 

2.  When role adoption starts, each agent adopts a role randomly, which means that the 
agent may adopt any role at first. t i j agent i role j U i j u add i j u Fij ij= ⇒∀ ∃ ∧ ∧ = ∧ < >1 , ( ) ( ) ( , ) ( , , , ) .  

3.   Search the agent pairs from the first agent for role exchange. If the IUG of the given 
pair of agents is positive, the agent pair will make role exchange; otherwise search the 
next agent pair for role exchange. 
∀ ∀ ∀ ∧ ∧ ∧ ∧ ∧ < >∈ ∧ < >∈ ∧

> ⇒ < > ∧ < > ∧ < > ∧ < >

i j k l F agent i agent j role k role l formation F i j u F i j u F

IUG i k j l add i l u F add j k u F delete i k u F delete j l u F
ik jl

i il jk ik jl

, , , ( ) ( ) ( ) ( ) ( ) , , , ,

( , , , ) ( , , , ) ( , , , ) ( , , , ) ( , , , )0
  

4. Role exchanges will stop when the utility gain of any agent pair is no more than zero. 

∀ ∀ ∧ ∧ ∧ ∧ ≤ ⇒

=
∑i j k l agent i agent j role k role l IUG i k j l stopi
i

n
, , ( ) ( ) ( ) ( ) ( , , , ) . 0

1

 

1.  There is no role adoption for any agent at the very beginning. t F= ⇒ =∅0 . 

2.  When role adoption starts, each agent adopts a role randomly, which means that 
the agent may adopt any role at first. 
t i j agent i role j U i j u add i j u Fij ij= ⇒∀ ∃ ∧ ∧ = ∧ < >1 , ( ) ( ) ( , ) ( , , , ) .  

3.   Search the agent pairs from the first agent for role exchange. Find the maximum 
IUG of the given agent pair related with the first agent, if the IUG of the given pair of 
agents is positive, the agent pair will make role exchange, repeat step 3; otherwise 
search the next agent pair start with the second agent for role exchange, repeat step 3. 
∀ ∀ ∀ ∧ ∧ ∧ ∧ ∧ < >∈ ∧ < >∈ ∧

> ∧ ⇒ < > ∧ < > ∧ < > ∧

i j k l F agent i agent j role k role l formation F i j u F i j u F

IUG i k j l IsMaxFori i k j l add i l u F add j k u F delete i k u F
ik jl

i il jk ik

, , , ( ) ( ) ( ) ( ) ( ) , , , ,

( , , , ) ( , , , ) ( , , , ) ( , , , ) ( , , , )0   
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Figure 3.  Individual Optimal Role Exchange Algorithm 

4.3 Group Optimal Role Exchange Algorithm 

Here agents share knowledge of IUGs and refrain from early role exchanges. IUGs are 
computed and the best one is performed and this repeated until no more role exchange is 
applicable. I.e., search all the agent pairs, find the maximum IUG pair, do role exchange.  
Repeat this steps until the IUG for all the agent pairs are no more than 0.  We can also call 
it “group optimal role exchange” algorithm in Figure 4. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Group Optimal Role Exchange Algorithm 

 

5  Implementation and Comparison of Algorithms 

Consider the following example involving role exchanges with 2 agents and their 2 roles.  
We can use a matrix to model this problem. Based on assumption 1 and 2, suppose there 
are N agents and N roles, we can use N*N matrix to represent the relationship between 
agents and roles.  The rows represent agents such as agent A0 and columns represent roles, 

1.  There is no role adoption for any agent at the very beginning. t F= ⇒ =∅0 . 

2.  When role adoption starts, each agent adopts a role randomly, which means that 
the agent may adopt any role at first. 
t i j agent i role j U i j u add i j u Fij ij= ⇒∀ ∃ ∧ ∧ = ∧ < >1 , ( ) ( ) ( , ) ( , , , ) .  

3.   Search all the agent pairs from the first agent. Find the agent pair with maximum 
IUG, if the IUG of the given pair of agent is positive, do role exchange. 
∀ ∀ ∀ ∧ ∧ ∧ ∧ ∧ < >∈ ∧ < >∈ ∧

> ∧ ⇒ < > ∧ < > ∧ < > ∧

< >

i j k l F agent i agent j role k role l formation F i j u F i j u F

IUG i k j l IsMaxForAll i k j l add i l u F add j k u F delete i k u F

delete j l u F

ik jl

i il jk ik

jl

, , , ( ) ( ) ( ) ( ) ( ) , , , ,

( , , , ) ( , , , ) ( , , , ) ( , , , ) ( , , , )

( , , , )

0

  

4. Role exchanges will stop when the utility gain of any agent pair is no more than 

zero. ∀ ∀ ∧ ∧ ∧ ∧ ≤ ⇒

=
∑i j k l agent i agent j role k role l IUG i k j l stopi
i

n
, , ( ) ( ) ( ) ( ) ( , , , ) . 0

1
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such as role R0. The value at the intersection of an agent row and a role column, such as 
element (i, j), represents the utility that agent i adopting role j.  In an implementation of this 
algorithm, we use a 10*10 matrix shown in Table 1, whose utilities are randomly gener-
ated.  Here we used the Wichiman-Hill algorithm to generate uniform distributed random 
number in (0,1), and we repeated the implementation for several times. 
 
5.1 Implementation 
 
According to the algorithm we discussed above, no role has been adopted at first.  So we 
may just assign each agent Ai  with role Ri , as the entities highlighted in the table. Based 

on assumption 3 and 4, at this time, the initial total utility of the group is 71),(
9

0
=∑

=

=

i

i
RiAiV . 

Then based on assumption 5, 6 and 7, we will check each agent pair to decide if role ex-
change is necessary or not based on conditions we discussed in 2.1 and the condition of the 
algorithms.   

 
 

 
Table 1. Agent-Role Table Pairs 

 
 
 
 
 
 
 
 
 
 
 
 

5.2  Comparison of the 3 Algorithms 

Figure 5 shows the results of comparison between 3 utility-based role exchange algorithms.  
Series 1 represents the role exchange using algorithm 1, Series 2 represents corresponds to 
algorithm 2, and Series 3 represents algorithm 3. 

By comparing our 3 algorithms, we find that algorithm 1’s overall computation time 

 
 R0 R1 R2 R3 R4 R5 R6 R7 R8 R9

A0 1 7 14 0 9 4 18 18 2 4 
A1 5 5 1 7 1 11 15 2 7 16
A2 11 4 2 13 12 2 1 16 18 15
A3 7 6 11 1 8 9 12 7 19 15
A4 14 3 11 2 13 13 4 1 11 13
A5 8 7 4 2 17 17 19 3 1 9 
A6 18 16 15 10 2 8 6 0 2 4 
A7 8 6 5 10 9 10 10 6 1 13
A8 8 9 3 4 14 16 0 6 16 11
A9 8 4 19 6 3 17 18 18 2 9 
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is the smallest, but it suggest the most number of role exchanges.  Algorithm 2’s overall 
computation time and the number of role exchanges are both at mod-level.  Algorithm 3’s 
overall computation time is the largest, but the number of role exchanges is the least.  If we 
consider time consumption or utility loss due to the role exchange to be nontrivial, then 
algorithm 3 should be the best choice. 

Figure 5 Role exchange with 3 algorithms 
  

Since the utility values in agent-role table are randomly chosen, it’s hard to decide 
which algorithm will yield the best formation after role exchange in a specific situation.  
But we know that for each agent-role table that there must be an optimum formation with 
regards to utility.   Here, we define a term “optimization percentage” in equation (3).  

 
“optimization percentage” = total_utility/optimized utility         (3) 

 
Total_utility is the final utility of the group of agents after each role exchange algo-

rithm stops. Optimized_utility is the utility yielded by the optimized formation, which 
yields the maximum total group utility. 

We manually (not by either of our algorithms) calculate this optimized value by 
considering all possible formations, which can be generated from the given agent-role ta-
ble. We then compare this value with the output results from our 3 algorithms. For an em-
pirical result, we repeated this 1000 times with different agent-role utility tables and accu-
mulated the results. Our results of optimization percentage for 3 algorithms are 97.7274%, 
97.5173%, and 98.2839% respectively as in Table 2.  From these results we are inclined to 
suggest that the 3 algorithms’ “optimization percentage” are statistically equivalent and 
does not provide an adequate reason for selection.  We now define the term 
“unit_time_gain” in equation (4) to measure the average utility gain per role exchange: 

 
“unit_time_gain” = total_utility_gain / role_exchange_times      (4) 

 
Total_utility_gain is the utility gain for a run of the algorithm. 

Role_exchange_times is the number of role exchanges at the end of the algorithm.  
From Figure 5, we see that the total utility of the whole group changes from 71 to 

154 with algorithm 1, from 71 to 163 with algorithm 2, and from 71 to 163 with algorithm 
3.  The unit_time_gain for algorithm 1 is 6.91, for algorithm 2 it is 10.2, and for algorithm 
3 it is 23.   

The comparison results are shown in Table 2.  We compare those 3 algorithms in 
three aspects, such as the total utility, the optimization percentage and the unit time gain for 
each algorithm respectively.  If based on a lot of experiments we can assume that all 3 algo-
rithms yield the “same” total utility, the algorithm with the highest “unit_time_gain” will 
be the best one.   So, the “group optimal role exchange” algorithm is the best one among 
these 3 algorithms for utility-based role exchange. 

 
Table 2 Comparison results of the Algorithms 
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6   Conclusion 

We presented three utility-based role exchange algorithms.  Two of these algorithms had 
not been reported prior to this paper.  We presented the concept of “optimization percent-
age” and “unit_time_gain” to measure the performance of the algorithms for utility-based 
role exchange.  We discussed the implementation of the algorithms and analyzed the ad-
vantage and disadvantage of each algorithm for utility-based role exchange. All three algo-
rithms yield similar results. However, if we assume role exchange to involve non-trivial 
cost, a committee based choice of role exchange, we called “group optimal role exchange” 
algorithm produces the minimum exchanges and is preferred. 
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 Total Utility Optimization 
Percentage Unit Time Gain 

Algorithm 1 154 97.7274% 6.91 
Algorithm 2 163 97.5173% 10.2 
Algorithm 3 163 98.2839% 23 


