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Abstract: One of the challenges of agent technologies is to provide models of team or group activities in which agents 
contact each other, negotiate and collaborate towards certain objectives. Such groups are related to multi-
agent systems. In context of multi-agent systems, separate agents can cooperate and join together in order to 
execute the faced tasks in a more efficient way or in order to gain benefits. The paper deals with unselfish 
agents which are concerned about the system’s global outcome, without regards for personal payoff. Coalition 
formation is a very complex process which requires correct planning and preliminary modeling to be solved 
effectively. In the paper, we considered the problem of modeling the coalition formation from unselfish 
agents. There are several tools that allow providing and carrying out coalition formation modeling. In the 
paper, we showed how the Petri Nets can be used for such modeling. For the purpose of simulation of coalition 
formation the open access web application was developed. 

1 INTRODUCTION 

Rapid development of agent technologies has evoked 
new research problems, among them the problem of 
formation of the groups of agents. There are a number 
of facets characterizing a group of agents, such as 
duration of cooperation of agents in a group (long-
time or short-time); level of agents responsibility for 
achieving the goal(s) of mission; extent to which the 
agents are interested in their own benefits and in 
successful achievement of the common group goal(s); 
level of independence of agents to act; distribution of 
roles among agents; interoperability and information 
sharing among agents; etc. The variety of facets 
predetermines the variety of possible groups of 
agents. In this paper, we assume that at the beginning 
the agents are forming the group called alliance.  

Alliance is defined as a set of agents that agree to 
share some of their private information and cooperate 
eventually (Pechoucek, 2002). During alliance 
formation, each agent receives public information 
from the agents that have already agreed to participate 
in the alliance. After performing analysis of this 
information, some of the agents can take a decision 
about preferences or even inability or refusals to 
cooperate with particular agents, although giving 
their agreement to participate in executing certain 
tasks of the alliance. Thus, the alliance can be formed 

with the account of the revealed refusals (Mashkov, 
2004 and 2005).  

As distinct from alliance, in coalition all of the 
agents agree to cooperate with each other. We 
consider coalition as a set of agents which agreed to 
fulfill a single, well-specified goal. Coalition 
members committed themselves to collaborate on the 
within coalition shared goal. A coalition, unlike an 
alliance, is usually regarded as a short-term 
agreement among collaborative agents. Coalition is 
formed from the agents of alliance every time when a 
request is received from an in-need entity (client). 
Depending on the tasks which should be executed to 
satisfy the client, every agent of alliance makes its 
own decision about the services and resources it can 
deliver.  

Several formal description techniques, methods 
and tools are used when solving the task of alliance 
and coalition formation. Here we list only some of 
them, particularly: LOTOS (Koning, 1999); SDL 
(Iglesias, 1998); language Z (d’Inverno, 1996); finite 
state machines (Barbuceanu, 1995); agent UML 
(Bauer, 2000); Petri Nets (Cost, 1999); Erlang/OTP 
platform (Mashkov, 2010) etc. 

In order to ensure the adequate modeling of 
coalition formation and correct description of all the 
elements of coalition formation process, we should 
take into consideration such data as agents’ 
capabilities, their strategies, restrictions imposed on 
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task execution and on the communications among the 
agents, etc. This can be done by using Petri Nets. 
Moreover, Petri Nets allow that the changes in the 
above data can be readily accounted for in the 
coalition formation modeling. It is also important that 
several high-quality tools for working with Petri Nets 
and for obtaining the characteristics of interest are 
available nowadays. In view of this we performed 
modeling of coalition formation with the help of Petri 
Nets. 

The rest of the paper is organized as follows. 
Section 2 recapitulates the basics of Petri Nets and 
gives a short overview of applications of Petri Nets in 
different fields. Section 3 describes how Petri Nets 
can be used for modeling of coalition formation. 
Section 4 contains analysis of the results of the 
performed modeling and the recommendations made 
on their basis. Conclusions are finally made in 
Section 5. 

2 APPLICATION OF PETRI NETS 
FOR SYSTEM MODELING 

Petri Nets were designed by Carl Adam Petri in 1962 
in his PhD Thesis ‘Kommunikation mit Automaten’ 
(Petri, 1966). The basic idea is to describe state 
changes of system via transitions. The main elements 
of Petri Net are places and transitions that may be 
connected by directed arcs. Thus, the graphical 
structure of a Petri Net is a bipartite directed graph. 
Nodes of this graph are divided into two groups called 
places and transitions. Arcs connect only nodes of 
different groups. Transitions symbolize actions or 
events, whereas places symbolize states or 
conditions. When conditions are met, an action can be 
performed (in terms of Petri Nets, transition “fires”). 
Transition has a certain number of input and output 
places representing the pre-conditions and post-
conditions of the event, respectively. Places can 
contain a certain number (nonnegative integer) of 
tokens. The presence of a token in a place is 
interpreted as holding the truth of the condition 
associated with the place. Tokens can be also 
interpreted as available resources needed for carrying 
out of an action. Since each place is marked with a 
certain number of tokens, it is possible to write an m-
vector, where m is the total number of places. This m-
vector is called as marking and is denoted as M={m1, 
m2,..,mn}, where mi, i=1..n, is the number of tokens in 
place pi in marking M. 

Petri nets can be defined mathematically as a 
quadruple N = (P, T, Pre, Post), where: 

 P and T are finite, non empty, and disjoint sets;  

 P is  the set of places (in the figures 
represented by circles);   

 T is the set of transitions (in the figures 
represented by rectangles); 

 Pre: P × T  N0 is the pre-incidence function 
that specifies the arcs from places to 
transitions; 

 Post:  T × P  N0 is the post-incidence 
function that specifies the arcs from transitions 
to places; 

Petri Nets are a powerful tool for modeling real 
systems since they allow to take into consideration 
such features of system activities as concurrency ( or 
parallelism), synchronization, limited resources, 
sequence, mutual exclusion (conflicts) etc.  

Carl Adam Petri originally proposed Petri Nets 
without any notion of time. However, for 
performance evaluation and solving the scheduling 
problems of dynamic systems, it is desirable and 
useful to account time delays of the events associated 
with transitions. Such Petri Nets are called as timed 
Petri Nets if the delays are deterministically given or 
as stochastic Petri Nets if the delays are 
probabilistically specified. Application of timed Petri 
Nets can be found in such areas as communication 
protocols (Diaz, 1982), performance evaluation 
(Masri, 2009), manufacturing (Toguyeni, 2006) etc. 
In the stochastic Petri Nets, time was naturally 
associated with activities that induce state changes. 

Currently, Petri nets are broadly used as a tool for 
designing, analyzing and modeling the parallel and 
distributed systems. For example, Petri Nets can be 
applied in such areas as telecommunications 
(Billington, 1999) and transportation (List, 2004), for 
description of automated industrial systems, 
computer networks, wireless sensor networks, 
system-on-chip, control applications, processor self-
testing (Mashkov, 2013) etc. Recently, Petri Nets 
have also been applied in biology (Reddy, 1993), in 
chemistry (Kuroda, 1994) and for modeling of 
radiobiological mechanism (Barilla, 2014). 

3 USING PETRI NETS FOR 
MODELING OF COALITION 
FORMATION 

Coalition formation process depends considerably on 
the strategies which agents of an alliance adhere to 
and on the agents’ capabilities. In the paper, we 
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consider only the agents which are not self-interested, 
i.e., they are more interested in achieving common 
coalition goal rather than in gaining any benefits for 
themselves. Thus, when an agent receives a request to 
cooperate from another agent it will not refrain from 
a reply, and it either accepts an offer or denies it. 

We also assume that among the agents of alliance 
there may be such agents that are not going to 
cooperate with some agents of the same alliance. 
Alliance in which at least one agent is not going to 
cooperate with all other alliance agents is called as 
restricted alliance (Mashkov, 2004).  

The whole process of coalition formation can be 
divided into small steps. At each step, the so-called 
interim coalition which has not yet enough 
capabilities to achieve the coalition goal is formed. At 
every next step, interim coalition is extended by 
adding a new agent of the alliance. This procedure 
continues until coalition with enough capabilities is 
formed. This last coalition got the name final 
coalition. It is also assumed that during coalition 
formation process an agent can be either in idle state 
or in busy state. An agent can communicate with 
other agents with the aim of interim coalition 
formation only when he is in idle state. 

Thus, Petri Net used for modeling coalition 
formation should account such data as states of an 
agent and durations of these states; the set of agents 
with which agent is not going to cooperate; capability 
of each agent; duration of each 
communication/negotiation between any two agents. 

In order to illustrate how Petri Nets can be used 
for modeling of coalition formation, we consider 
simple example when alliance consists of three agents 
A1, A2 and A3.  

Agents adhere to their own preferences in 
choosing the partner for negotiation. Agent’s 
preferences are either derived from agent’s previous 
experience or based on some chosen criteria. Thus, 
agent’s preferences reflex the fact that the agent 
differentiates between other agents according to his 
willingness to negotiate with them. 

In the example under consideration, the following 
agents’ preferences are established: 

A1: first tries to contact agent A3, then agent A2; 
A2: first tries to contact agent A3, then agent A1; 
A3: first tries to contact agent A2, then agent A1; 
From these preferences it is easy to deduce the 

negotiation when all three agents are idle. In our 
example, this is negotiation between agents A2 and 
A3. It is also assumed that capabilities of agents A2 
and A3 are enough to form the final coalition whereas 
any interim coalition with agent A1 will not have 
enough capabilities. Petri Net for this particular case 

is depicted in Fig. 1. 

 

Figure 1: Petri Net for coalition formation when alliance 
consists of three agents. 

In Fig. 1, places P1, P2 and P3 are associated with busy 
states of the agents. Conversely, places P4, P5 and P6 
are associated with the agents’ idle states in which 
agents can negotiate to form coalitions. Places P9, P10 

and P11 are associated with the events of interim and 
final coalitions formation. For instance, if place P9 

contains a token, it means that interim coalition (A1, 
A2) has been formed. Places P7 and P8 are used to 
restrict the total number of negotiations between two 
agents. The total number of negotiations is set as the 
total number of tokens in the corresponding place. For 
example, if place P7 contains only one token, it means 
that agents A1 and A2 will negotiate only once.  

Timed transitions T1, T2 and T3 allow simulating 
the amount of time when agents are busy, whereas 
time transitions T4, T5 and T6 simulate the amount of 
time when agents are idle and are ready to negotiate. 
Timed transitions T7, T8 and T9 allow simulating the 
amount of time allocated for negotiation between two 
agents. Immediate transition t1 simulates the logical 
operation “AND”.   

For more complex cases when the number of 
agents is large, a special algorithm can be used to 
determine the order of negotiations when all agents 
are idle. The main idea behind the algorithm consists 
in checking if the agent is intending (according to his 
preference list) to contact the agent which already has 
endeavored to contact him. The agents’ preferences 
can be graphically depicted by using a sequence 
diagram. For instance, for four agents the sequence 
diagram is shown in Fig. 2. 
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Figure 2: Sequence diagram of agents endeavors to 
negotiate with. 

In Fig. 2, agents’ preferences are shown as follows 
A1: first A3 then A2 then A4 or as (N-1)-tuple: 

T1=(3,2,4) 
A2: first A1 then A3 then A4 or T2=(1,3,4) 
A3: first A2 then A4 then A1 or T3=(2,4,1) 
A4: first A3 then A2 then A1 or T4=(3,2,1) 

The sequence diagram presented in Fig. 2 has 
three main steps. At each step s, s=1,..N-1, the agents 
try to get in touch with each other according to their 
own preference list expressed by tuple T. For 
example, at step 1 agent A1 will contact agent A3, 
while agent A3 will contact agent A2. At step 2, agent 
A1 will try to contact agent A2. Since agent A1 has 
already received offer from agent A2 at step 1, it 
negotiates and forms the interim coalition with agent 
A2. Proceeding from this consideration, we come to 
the following negotiations order:  
(A1, A2) and (A3, A4); then (A3, A2) and (A1, A4); 
then (A1, A3) and (A2, A4). 

For more complex cases when the number of 
agents is large, negotiations order can be determined 
according to the following algorithm. 

Algorithm. 

Input: Tuples Ti, i=1,..,N; Sets Ri
S , i=1,..,N, s=1,..,N-

1. 
Output: Ordered List of negotiations L. 
begin 
  For i:=1 to N do 
  begin 
    For s:=1 to N-1 do 
    begin 
      Choose s-th element of Ti , i.e., 

esTi  
      If esTi  RiS  then include (i, esTi) 

in L at s-th step 
    end 
  end 
  return L 
end 

Where set Ri
S contains numbers of agents which 

have already contacted i-th agent by the s-th step. 
This algorithm can be verified by using web 

application available on 
http://vtan.ujep.cz/pnsimulator-coalition. 

It is worth noting that by using agent’s preferences 
it is possible to model coalition formation when some 
agents refuse to communicate and negotiate with each 
other, i.e., deal with the agents of restricted alliance. 
This is especially important when restricted alliance 
includes large number of agents. In this case, Petri 
Net modeling of coalition formation will allow to find 
out the possible deadlocks and to estimate the 
probabilities of their occurrences. A deadlock occurs 
when current interim coalitions are unable to perform 
coalition tasks and cannot be expanded due to refusals 
of some agents to negotiate with each other. 

In order to illustrate a possible deadlock which 
leads to coalition formation failure, we consider a 
slightly modified example with four agents (see Fig. 
3). 

Now, we assume that agents A1, A2, A3 and A4 

have capabilities equaling to 2, 4, 6 and 7 respectively 
and the required coalition capabilities RC are equal to 
13. It is assumed that agent A4 refuses to 
communicate with agents A1 and A2. This fact is 
reflected in Fig. 3 as absence of transitions associated 
with negotiations of agent A4 with agents A1 and A2.  
As soon as agent A3 forms an interim coalition either 
with agent A1 or with agent A2, coalition formation 
process will fail, and the eventual situation will lead 
to deadlock. Only coalition (A3, A4) can be 
considered as final, and coalition formation process 
can be considered as successful. In order to determine 
the probability of formation of final coalition and 
probability of coalition formation failure (i.e., 
deadlock), it is needed to provide solution of devised 
Petri Net.    

4 MODELING AND ITS RESULTS 

Since Petri Net designed for modeling coalition 
formation includes probabilistically defined timed 
transitions, it relates to Stochastic Petri Nets. There 
exist many modeling tools for solution of Stochastic 
Petri Nets. For modeling coalitions with a small 
number of agents, we chose Sharpe (Barilla, 2014) for 
the following reasons: 

- Sharpe provides graphical representation of 
Petri Nets which is very illustrative;  

- Sharpe has the tools for providing analysis of the 
model; 

- Sharpe has a friendly interface. 

Step 1

Step 2

Step 3

A1 A2 A3 A4
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Figure 3: Petri Net for coalition formation when alliance consists of four agents. 

Petri Nets simulating coalition formation when up to 
four agents can be engaged in this process can be 
plotted directly in the proper window of Sharpe.  

Sharpe enables several outputs, such as: 
- steady-state probability that the given place 

is empty; 
- probability that the given place is empty at 

time t; 
- expected number of tokens in the given 

place at time t; 
-  throughput of the given transition at time t; 
-  utilization of given transition at time t; etc. 

Given such options of Sharpe, it is possible to 
determine several functional dependences for 
coalition formation with three agents (see Fig. 1). For 
instance, dependence of the time needed to form the 
final coalition (i.e., coalition capable of performing 
all coalition’s tasks) on the engaged periods of the 
agents looks as presented in Fig. 4.  

In Fig. 4, time needed to form the final coalition, 
TC, and engaged period of agent, tഥୣ , are presented in 
conditional units, which means that one can select 
either milliseconds or seconds or hours or days, etc., 
depending on the problem to be solved. Given tഥୣ , the 
probability of the event that final coalition will be 
formed during time TC is equal to 0.95. From Fig. 4 it 
is easy to conclude that functional dependence Tେ ൌ
fሺtഥୣ ሻ is of polynomial growth. 

Fig. 5 presents the probability of deadlock, Pd, 
determined by Sharpe when coalition is being formed 
with four agents (see Fig. 3). Since agent A4 refuses 

to collaborate with agents A1 and A2, each interim 
coalition formed by any of these agents with agent A3 
will lead to deadlock. Thus, it is important for agent 
A4 to contact agent A3 earlier than agents A1 or A2 

have contacted it. Agent A4 will be able to do this if 
his engaged period tഥୣ  is small. Fig. 5 provides 
information about functional dependence Pୢ ൌ fሺtഥୣ ሻ.  

For the cases when total number of agents is large, 
it is very difficult or even impossible to plot the 
corresponding Petri Net into Sharpe. In the given 
case, we suggest simulating the corresponding Petri 
Net with the help of special web application available 
on http://vtan.ujep.cz/pnsimulator-coalition.  
Simulation of Petri Net is performed according to the 
following algorithm. 

Algorithm. 

Step1. Draw lots for engaged and free periods of the 
agents. In Petri Net, it results in putting a token into 
the corresponding place.  
Step 2. Determine the possible negotiations between 
the agents according to their (agents’) states and 
preferences.  
Step 3. Form the interim coalitions. 
Step 4. Expand the interim coalitions by way of their 
joining if possible.  

Step 5. Increment time by t  
Step 6. Repeat Steps from 1 to 5 until final coalition 
is formed. 
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Figure 4: Time required to form the final coalition, TC. 

 

Figure 5: Probability of deadlock, Pd. 

 

Figure 6: Functional dependence Tେ ൌ fሺtഥୣ ሻfor N=9. 

The developed web application allows to set: 
- total number of agents, N; 
- capabilities required to perform all 

coalition tasks RC (as positive integer); 
- agent’s capabilities Cap(Ai), i=1..N  (as 

positive integer for each agent separately); 
- mean time of agent’s engaged period, tഥୣ ; 
- mean time of agent’s idle period, t୤ഥ; 

- mean time of negotiation between agents, 
t୬ഥ ; 

- agents’ preferences in the form of (N-1)-
tuple. 

Unlike Sharpe, the developed web application 
allows different probability density functions for 
random variables te, tf and tn, and thus, it gives a more 
adequate model of real systems. The value of 
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increment t provides that the probability of agent’s 
state change (from engaged to idle or vice versa) at 
Step 1 of the algorithm is small. Approximately 
dozens of repetitions of Step 1 are needed for agent’s 
state change. Otherwise, the probability of omitting 
the agent’s state change would be unacceptable.  

The developed web application allows to set each 
agent’s priorities in the order of negotiations, and, in 
addition, it allows to model situations when some 
agents will not communicate with each other. 

This web application will enable to determine 
some functional dependences which can be helpful 
for its users. For example, functional dependence 
Tେ ൌ fሺtഥୣ ሻ determined for the coalition formation 
process with nine agents is shown in Fig. 6. 

5 CONCLUSIONS 

Our research deals with the issues of coalition 
formation with unselfish agents of restricted alliance. 
Agents of such alliance evaluate each other when 
making decision about possible negotiations. We 
consider that during the process of coalition 
formation agents of the alliance can be either in a busy 
or idle state. The amount of time when agent is in an 
idle or busy state is random value. The time of each 
negotiation between any two agents is also random 
value. Thus, coalition formation process has many 
parameters that are probabilistically defined. From 
this it follows that it is very difficult to predict which 
coalition capable of fulfilling coalition goal will be 
formed and when. The situation when such coalition 
will not be formed at all is also possible. The task of 
estimating the probability of formation for all 
possible coalitions and determining the mean time of 
their formation can be solved by providing 
appropriate modeling which will take into account 
many characteristics of agents’ behavior and their 
strategies. We preferred to use Petri Nets for such 
modeling for the reasons mentioned above.  

For providing analysis of the designed Petri Net 
we propose to exploit the special tool called Sharpe 
in case of small number of agents or use the 
developed by us web application in case of large 
number of agents. By using these facilities it is also 
possible to find out deadlocks in coalition formation 
process and determine the probabilities of their 
occurrences when dealing with the agents of 
restricted alliance. Agents of restricted alliance can be 
informed about possible deadlocks before coalition 
formation process begins and, thus, they will be 
prepared and will know what to do to proceed with 
formation of final coalition.   
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