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Abstract 

Although the contract net protocol answers some of the questions in cooperative distributed problem solving (CDPS), it 
raises many others that CDPS researchers are still trying to answer. In contract net protocol, an agent may play the role of a 
manager or a bidder. Without a coordination mechanism, a manager may acquire excessive resources from the bidders in 
forming a collaborative network to execute the assigned task and thus hinder the progress of the tasks assigned to other 
managers due to resource contention. As a result, application of contract net protocol may not always lead to feasible solu-
tions to accomplish tasks effectively. As a general framework for exchanging messages, the original contract net protocol 
does not prescribe how agents should cooperate. How to develop a collaborative mechanism to effectively perform the tasks 
is an important issue. This paper aims to improve the insufficiency of the contract net by developing a mechanism to facilitate 
cooperation of agents to accomplish their tasks while avoiding undesirable states and enhance the overall system perform-
ance in manufacturing systems. To achieve these objectives, detail process models about how agents accomplish their tasks 
are required. Due to the advantages in modeling concurrent, synchronous and/or asynchronous activities, Petri nets are 
adopted in this paper. Based on Petri net models, we study the information needed for agents to make cooperative decisions, 
mechanism to make agents cooperate, and how to enhance the performance in the system level by taking advantage of the 
agents’ cooperation capabilities. To characterize the condition for cooperation, we represent the collaborative networks 
formed based on the contract net protocol with Petri nets and then find the condition for a collaborative network to be feasi-
ble. The feasible condition also serves as a condition for the development of cooperation mechanism for managers. We pro-
pose a cooperation mechanism based on the idea of resource donation, including unilateral resource donation and reciprocal 
resource donation. Implementation architecture has also been proposed to realize our methodology. 
Key words: Agent cooperation, multi-agent systems, contract net, Petri net, problem solving, manufacturing systems. 

 
 

1. Introduction 

Research concering coordination and cooperation of multi-
agents is widely recognized as an important step towards high 
performance and flexibility in industrial automation. An example 
is the multiple robots systems (Cardarelli et al., 1994; Koivo and 
Bekey, 1988), where cooperating robots can perform tasks that 
are either difficult or impossible for a single robot. Well-
organized multiple robots working in parallel and cooperatively 
can achieve high efficiency. Another example is the multi-agent 
based manufacturing systems, where the objectives of production 
are achieved based on the collaboration of a set of agents (Buss-
mann, Jennings and Wooldridge, 2004). Cooperative distributed 
problem solving (CDPS) studies how loosely coupled network of 
problem solvers can work together to solve problems that are be-
yond their individual capabilities (Durfee et al., 1989). It is an ap-
proach for solving a problem based on coordination and coopera-
tion in multi-agent systems (MAS) (Nilsson 1998; Ferber 1999). 
Effective coordination is essential if autonomous agents are to 

achieve their goals in MAS. Cooperation is the process which 
results in common actions that move the agents closer to a goal. 
Cooperation allows for agents to act with each others for com-
mon benefits (Doran, Franklin, Jennings and Norman, 1997). 
Collaboration is a form of cooperation in which agents are volun-
tarily exchanging information for the purpose of achieving a 
common goal (Talukdar, 1999). Our interest in this paper is to 
study how to develope a cooperation mechanism for agents to 
accomplish the tasks in agent based manufacturing systems (Pa-
runak, 1987; Baker, 1996). 

Several approaches for making agents accomplish a specific 
task have been proposed, i.e., contracting (Smith, 1980; Smith & 
Davis, 1981), Partial Global Planning (Durfee and Lesser, 1991), 
collaborative problem solving (Wooldridge and Jennings, 1999) 
and shifting matrix management (Li, Hopgood and Weller, 2003). 
Contracting views CDPS as a process where large tasks are de-
composed, subtasks are distributed among appropriate problem 
solver and achieved in parallel and subtask results are synthesized 
to obtain solutions for larger tasks. One of the most influential 
contracting approaches is the contract net framework developed 



   

by Smith and Davis (Smith, 1980; Smith & Davis, 1981). Partial 
global planning enables separate AI systems to reason about their 
roles and responsibilities in problem solving and to modify their 
planned processing and actions to achieve a more coherent team 
(Durfee and Lesser, 1991). Wooldridge and Jennings proposed a 
formal model that covers the entire cooperative problem solving 
process, which consists of four stages: recognition, team forma-
tion, plan formation and execution (Wooldridge and Jennings, 
1999). Shifting matrix management (Li, Hopgood and Weller, 
2003) is a model of agent coordination inspired by Mintzberg’s 
model of organizational structures (Mintzberg, 1979). It consists 
of six stages: goal selection, action selection, team formation, 
plan formation, team action and shifting agents’ goals, positions 
and roles. 

Further elaboration and efforts are required to make existing 
cooperative problem solving methods applicable in manufactur-
ing systems. Existing methodologies cooperative problem 
solving for manufacturing systems can be found in (Bongaerts, 
1998;Parunak, 1987). Contract net provides an effective 
mechanism for the distributed adaptive control of factories 
(Parunak, 1987). The use of negotiation accommodates the 
stochastic demands inherent in manufacturing systems. The 
factory floor differs from some other domains to which the 
contract net protocol has been applied and offers both problems 
and opportunities relative to those domains. Petri net (Murata, 
1989) is an effective tool for modeling manufacturing systems. 
The advantages of applying Petri nets formalism are summarized 
as follows. First of all, the graphical nature of Petri nets can visu-
alize sequences of firing via token passing over the net. Second, 
Petri nets have well-established formal mechanisms for modeling 
and analysis of manufacturing systems (Rudas et al., 1997;Hsieh, 
2004b; Zurawski, 2005). Third, the mathematical foundation of 
Petri nets can analyze structural and dynamic behaviors of a sys-
tem. These advantages make Petri nets a suitable modeling and 
analysis tool. Bongaerts adopts Petri nets to describe the design of 
programs operating in parallel and more importantly focus on the 
analysis and optimization of the timing aspects (like response 
time) of the co-operation between holons. However, avoidance of 
undesirable states has not been addressed. Hsieh (Hsieh, 2004a) 
suggested the incorporation a process model to avoid undesirable 
states such as deadlock in agent based manufacturing systems. 
The original contract net protocol does not prescribe how agents 
should cooperate. Without a cooperation mechanism, a manager 
may acquire excessive resources in forming a collaborative 
network to execute the assigned task and thus hinder the progress 
of the tasks assigned to other managers due to resource 
contention. As a result, application of contract net protocol may 
not always lead to feasible solutions that accomplish all tasks 
effectively. How to develop an effective collaborative 
mechanism to effectively perform the tasks is an important issue. 
In this paper, we study how to augment the contract net frame-
work with a cooperation mechanicsm for agent based manufac-
turing systems (Parunak, 1987; Baker, 1996). Our objectives are 
to propose models for capturing the dynamics of collaborative 
networks and develop a mechanism to facilitate the cooperation 
of agents to accomplish their tasks and enhance the overall sys-
tem performance. 

To achieve the objectives, we analyze the system’s coordina-
tion needs, select a coordination mechanism to satisfy these needs, 

and then impose this choice upon the individual agents and the 
overall system. We study the condition for agents to make coop-
erative decisions and mechanism to enhance the performance in 
the system level by taking advantage of the agents’ cooperation 
capabilities. To characterize the condition for cooperation, we 
represent the collaborative networks formed based on the contract 
net protocol with Petri nets (Murata, 1989) and then establish the 
condition for a collaborative network to be feasible. In (Hsieh, 
2004a; Hsieh, 2006a), we have proposed the Petri net models to 
characterize the feasible condition for a collaborative network to 
accomplish tasks in agent based manufacturing systems 
(Balasubramanian 2001; Wyns, 1999; Brussel, 1998). The con-
tribution of this paper is to study agent cooperation mechanism 
by taking advantage of the Petri net models. The feasible condi-
tion serves as a condition for developing cooperation mechanism 
for managers. We propose a cooperation mechanism based on 
the idea of resource donation, including unilateral resource dona-
tion and reciprocal resource donation. In unilateral resource dona-
tion, a set of managers (donors) donate their excessive resource 
capacities to a manager (donee) without expecting any return 
from the donee. In reciprocal resource donation, a manager re-
ceives resources donated by a set of managers and donates the 
excessive resources to another set of managers. Based on the co-
operation mechanism, the overall performance will be improved. 

The contribution of this paper is to propose a methodology for 
developing coordination mechanism for agent based manufactur-
ing systems. Our proposed scheme allows agents to modify their 
planned processing and actions to achieve coherent behaviors in 
agent based manufacturing systems. This paper is differentiated 
from the papers (Hsieh, 2004a; Hsieh, 2006a) in two aspects. 
First, we focus on cooperation mechanism instead of planning. 
Second, the task structure described by acyclic marked graphs, a 
subclass of Petri nets used to model deterministic workflows, is 
different from the structures considered in (Hsieh, 2004a; Hsieh, 
2006a). Our method augments the contract net framework (Smith, 
1980) with a cooperation mechanism. Our Petri net model of 
collaborative network is different from the formal model 
proposed in (Wooldridge and Jennings, 1999). Avoidance of 
undesirable states in agent based manufacturing systems has not 
been addressed in (Durfee and Lesser, 1991) and (Li, Hopgood 
and Weller, 2003). By incorporating the Petri net model, our 
method actively avoid undesirable states. 

The remainder of this paper is organized as follows. In Section 
2, collaborative network formation with contract net is introduced 
first and a mechanism for the cooperation of collaborative net-
works is proposed next. In Section 3, we represent collaborative 
networks in Petri nets. In Section 4, we conduct feasibility analy-
sis of collaborative networks based on incidence matrix. In Sec-
tion 5, we propose conditions to improve the performance in the 
system level based on cooperation of collaborative networks. In 
Section 6, architecture for the implementation of our algorithm is 
proposed. We conclude this paper in Section 7. 

2. Collaborative Network Formation with Contract 
Net 

Consider a multi-agent based manufacturing system 
where two types of product are processed by four different 
types of machines. Several machining operations 



   

(OP1~OP4, OP6) and assembly operations (OP5 and OP7) 
are required for producing type-1 products. Type-2 prod-
ucts must undergo a sequence of operations (OP8~OP12) 
to finalize the production. Fig. 1(a) and Fig. 1 (b) show the 
processes of these two types of products. OP3,OP6,OP8 
and OP10 are processed by type-1 machine. OP1 and OP5 
are processed by type-2 machine. OP4, OP9 and OP10 are 
processed by type-3 machine. OP2 is processed by type-4 
machine. 
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Fig. 1(a)Task workflow 1 Fig.1(b) Task workflow 2 
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Figure 1(c) Resources agents acting as bidders 

To distribute the tasks in multi-agent systems, contract 
net protocol is applied. In contract net protocol, there are 
two types of agents: manager and bidder. Each task is as-
signed to a manager for processing. The workflow of the 
task is described by a digraph. Fig. 1(a) and Fig. 1(b) show 
the workflow of the tasks assigned to Manager 1 and Man-
ager 2, respectively. Each node in the workflow denotes an 
operation of the task. There are different types of bidders 
to process the operations in the task workflows. Fig. 1(c) 
shows four types of bidders. Each bidder has a set of re-
sources under control. Each type of bidders performs the 
same set of operations. Each operation may be performed 
by one or more bidders. A bidder may participate in one or 
more activities in a task workflow by establishing contracts. 
A manager negotiates with the potential bidders and de-

termines the set of bidders that can form a collaborative 
network to accomplish the task. Negotiation with the po-
tential bidders is achieved by applying the contract net pro-
tocol. Fig. 1(d) illustrates a collaborative network formed 
by six contracts established between a manager and four 
types of bidders. Fig. 1(e) shows a collaborative network 
formed by two contracts established between a manager 
and two types of bidders. 
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Figure 1(d) Collaborative network for task 1 
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Figure 1(e) Collaborative network for task 2 

Each contract is represented by a solid arc from a bidder 
to the manager to represent allocation of resources and a 
solid arc from the manager to the bidder to denote de-
allocation of resources. For Fig. 1(d), Bidder 1 has estab-
lished two contracts with the manager to execute operation 
3 and operation 6, respectively. Bidder 2 has established 
two contracts with the manager to execute operation 1 and 
operation 5, respectively. Bidder 3 has established a con-
tract with the manager to execute operation 4 and bidder 4 
has established a contract with the manager to execute op-
eration 2. The set of bidders and the manager form a col-
laboration network. A void contract, denoted by a dash arc 
between a bidder and the manager, means the resources 



   

required by the contract have not been allocated. Fig. 1(e) 
shows the collaborative network for task 2 with only two 
contracts established between bidder 1 and the manager. 
The two contracts between bidder 3 and the manager are 
void. This means that the resources required for operations 
9 and 11 have not been granted by bidder 3. 
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Figure 1(f) Cooperation mechanism 

Application of contract net protocol may not always 
lead to collaborative networks that accomplish all tasks ef-
fectively. For example, the task 2 in Figure 1(e) cannot be 
completed due to the lack of required resources from bid-
der 3 although task 1 in Figure 1(d) can be completed. As 
tasks arrive aschronously, a manager may acquire exces-
sive resources to execute the assigned task and thus hinder 
the progress of the tasks assigned to other managers. To 
get around with this problem, we propose a cooperation 
mechanism to effectively utilize resources to carry out the 
tasks. 

We assume that all the agents in the system are benevo-
lent. That is, an agent is willing to perform all the tasks re-
quested of it and to volunteer its services to others. In addi-
tion, we assume a manager is willing to donate its exces-
sive resources to others without expecting any return from 

the donee. Based on the above assumption, we propose a 
mechanism to facilitate cooperation of agents to to effec-
tively utilize resources to carry out the tasks. To achieve 
this objective, detail process models about how agents ac-
complish their tasks are required. Petri nets (Murata, 1989) 
are formal models for modeling concurrent, synchronous 
and/or asynchronous activities. Therefore, we adopt Petri 
nets in this paper. A brief introduction to the notations of 
Petri nets will be given in the next section. Although Petri 
nets have been extensively studied in the literature, how to 
systematically derive the conditions for cooperation of col-
laborative networks based on Petri net models is still an 
emergent and interesting research topic. This is also the 
contribution of this paper. 

Fig. 1(f) shows the proposed cooperation mechanism. 
As shown in Fig. 1(f), a manager conducts feasibility 
analysis of its collaborative network based on composition 
of the task workflow Petri net and the bidders’ proposal 
Petri net models as will be described in Section 3. Suppose 
the collaborative network is infeasible. This means the 
manager acquires only part of the required resources. In 
this case, the manager plays the role of a potential donee 
and asks other managers to donate resources. Other man-
agers that may donate excessive resource(s) are called the 
potential donors. The potential donee first announces a re-
quest to donate resources to the potential donors and then 
evalutes the possibility to cooperate based on the proposals 
submitted by the potential donators. 

3. Petri Net Representation of Collaborative Networks 

To facilitate the feasibility analysis of collaborative net-
works, Petri net models are proposed to capture the inter-
actions between the bidders and the manager. A Petri Net 
(PN) G is a five-tuple G = ( P ,T , I , O , 0m ), where P is a 
finite set of places with cardinality | P |, T  is a finite set of 
transitions, I : P × }1,0{→T is the input function that 
specifies input places of transitions, O : P × }1,0{→T  is 
the output function that specifies output places of transi-

tions and 0m : P → PZ is the initial marking of the PN 
with Z as the set of nonnegative integers. The marking 

of G is a vector PZm∈ that indicates the number of tokens 
in each place and is a state of the system. A transition t is 
enabled and can be fired under a marking m if and only 
if tptpIpm •∈∀≥ ),()( . Firing a transition removes one 
token from each of its input places and adds one token to 
each of its output places. A marking m′ is reachable from 
m iff there exists a firing sequence bringing m to m′ . 
Please refer to (Murata, 1989) for a tutorial on Petri nets. 

In a Petri net model, a transition is denoted by a short 
bar while a place is denoted by a small circle. A token is 
represented by a small black circle inside a place. Fig. 2(a) 
shows a Petri net G = ( P , T , I , O , 0m , F ), 



   

where P = },,,,,,{ 7654321 ppppppp , T =
},,,,,,{ 1654321 fttttttt , 1),( 21 =tpI , 1),( 33 =tpI , 

1),( 42 =tpI , 1),( 44 =tpI , 1),( 65 =tpI , 1),( 66 =tpI
1),( 17 =ftpI , 1),( 11 =tpO , 1),( 13 =tpO , 1),( 22 =tpO ,

1),( 34 =tpO , 1),( 45 =tpO , 1),( 56 =tpO , 1),( 67 =tpO , 

Φ=•
1t , }{ 12 pt =• , }{ 33 pt =• , },{ 424 ppt =• , Φ=•

5t ,

},{ 656 ppt =• and }{ 71 pt f =• . 
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Fig. 2(a)Task 1 Fig. 2(b)Task 2 

A task w is specified by a set of operations with prece-
dence constraints. To model a task w in Petri net, we use a 
transition to represent an operation of the task whereas a 
place to represent a state of the task. The set of transitions 
in a task w is represented by wT and the set of places in a 
task w is represented by wP . The firing time of each transi-
tion wTt∈ is characterized by a mapping wF . A task w has 

only one idle state place 0wp . We use f
wp to denote the final 

state of task w and f
wt to denote the final transition to remove 

the task w in f
wp from the system with f

wt• = f
wp . The prece-

dence constraint of task w is described by a connected 
acyclic marked graph (MG) as follows. 
Definition 3.1: The Petri net wG = 
( wP , wT , wI , wO , 0wm , wF ) of task w is a connected acyclic 
marked graph and there is at least one directed path from 
each transition t to f

wt wTt∈∀ , where ww Pppm ∈∀= 0)(0 . 

Fig. 2(a) and Fig. 2(b) illustrate two tasks using Petri net 
models. Transition 1ft and 2ft represent the final transitions 
of the two tasks. 
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Figure 3  Petri Net Models of Bidders’ Proposals 

To describe the resource requirements, let B denote the 
set of bidder types in the system. A type- b bidder has a set 
of type- b resources available to bid for several contracts. 
A type- b resource activity describes the sequence of op-
erations in using a type- b resource to perform part of a 
task including allocation and de-allocation of a resource. 
Let w

bK denote the number of type- b resource activities in 

task w . Let w
bΩ ={1,2,3,…, w

bK } denote the set of type- b re-
source activities in task w . To model a type- b resource 
activity in Petri net, we use a transition k

at to represent the 

allocation of resources and k
dt to represent de-allocation of 

resources after executing the thk −  type- b resource 
activity. The thk −  type- b resource activity is described by 
a directed path 

k
bd

k
d

k
bn

k
n

k
bn

kk
b

kk
b

k
a

k
ba ptptptptptp 112211 ..... −− starting with 

place k
bap and ending with place k

bdp , where k
bap denotes the 

idle state before allocating a resource and k
bdp denotes the idle 

state after de-allocating a resource, respectively. The model for 
the thk −  type- b resource activity is described by a Petri 
net k

bG defined below. 



   

Definition 3.2: We use the Petri net k
bG = 

( k
bP , k

bT , k
bI , k

bO , k
bm 0 , k

bF ) to denote the thk −  type- b re-

source activity. Remark that Φ=∩ 'k
b

k
b TT for 'kk ≠ . The 

firing time of each transition k
bTt∈ is characterized by a 

mapping k
bF . 

We use resource activity model k
bG , where bk Ω∈ and 

Bb∈ , to describe the proposal submitted by a type-
b bidder.  Fig. 3 illustrates ten proposals submitted by the 
bidders using Petri nets. The number of tokens in each 
Petri net represents the number of resources to be allocated 
in the submitted proposal. For example, the initial mark-
ing 2)( 1

1
1

0 =ab bm means there are two units of resources 

allocated for resource activity 1
1bG . Similar explanation can 

be applied to other resource activities. If the number of to-
kens in a place exceeds four, we use a number to denote 
the number of tokens in it. For the net 1

1bG in Fig. 3, 

1t and 3t represents allocation and de-allocation of the type-

1b resources, respectively. The nets 2
3bG and 3

3bG in Fig. 3 
represent void contract because no resource tokens are al-
located. 

The Petri net models k
bG , bk Ω∈ , Bb∈ of bidders’ 

proposals and the Petri net model wG for a manager’s task 
are merged to form a Petri net that models the interactions 
between resources and a task in the system. We use the op-
erator || (Hsieh, 2004b) to merge two or more Petri net mod-
els with common transitions, places and/or arcs. We construct 
the net wAMG = k

bkBb G
bΩ∈

∈ ∪ wG as follows. 

Definition 3.3: wAMG = k
bkBb G

bΩ∈
∈ ∪ wG = 

( da
w PPP ∪∪ , wT , )( k

bBbw II
∈
∪∪ , )( k

bBbw IO
∈
∪∪ , 

m , wF ), where a
bBb

a PP
∈
∪= , a

bP = { Bbkp b
k
ba ∈Ω∈ , }de-

notes the set of idle states before allocating a type- b resource, 
d

bBb

d PP
∈
∪= , and d

bP = { Bbkp b
k
bd ∈Ω∈ , } denotes the 

set of idle states after  de-allocating a type-b resource. 
Changing the order of applying the operator || to merge 

multiple Petri nets will not change the resultant merged 
Petri net. Therefore, wAMG = 

k
bkBb G

bΩ∈
∈ ∪ wG = wG k

bkBb G
bΩ∈

∈ ∪ . The structure 

of wAMG is acyclic and is largely an acyclic marked graph 
(AMG) as each place in wAMG with the exception of the 

set of places in d
b

a
b PP ∪ has only one input transition and 

one output transition. 
The innovation of this paper is not the AMG models 

used. Instead, the novelty of our method is based on orga-

nizing the complex, large scale system into a set of col-
laborative networks that concurrently exist in the system 
and the propose a cooperation mechanism based on the 
analysis of individual collaborative networks. Analysis of 
individual collaborative networks is based on transforma-
tion of the individual collaborative networks into acyclic 
Petri net similar to the structure of AMG. 
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Fig. 4(a) 1AMG  
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The Petri net model in Fig. 4(a) is obtained by merging 
the Petri net models of the task 1 in Fig. 2(a) with the Petri 
net models of the bidders’ proposal in Fig. 3. Different 
proposals submitted by a bidder Bb∈ may share the 
resources. To model resource sharing among different pro-
posals, we merge places k

bap  and k
bdp for 

all bk Ω∈ in wAMG into one place bp for each Bb∈ . The 
resulting Petri net is denoted 
by )( 0mN w = ),,,,,( 0 FmOITP , where 00 wm M∈ and 

0wM  denotes the set of initial markings of wN under 
which all resources are in idle state defined as follows. 
Definition 3.4: 0wM m{≡ | oPPppm −∈∀= 0)( and 

}0)( oPppm ∈∀> where oP = PBbpb ∩∈ },{ denotes the 
set of all idle state places of all types of resources in wN . 



   

Fig. 4(b) denotes the Petri net )( 0mN w obtained by 

merging the places in },{ 2
1

1
111 abab

d
b

a
b ppPP =∪  

},{ 2
1

1
1 dbdb pp∪ into 1bp , and merging the places in 

},{},{ 2
2

1
2

2
2

1
222 dbdbabab

d
b

a
b ppppPP ∪=∪ into 2bp , merg-

ing }{}{ 1
3

1
333 dbab

d
b

a
b ppPP ∪=∪  and merging 

}{}{ 1
4

1
444 dbab

d
b

a
b ppPP ∪=∪ . During the execution of the 

contracts, the state of the collaborative network changes. In 
Petri net, a state is represented by a marking. Evolution 
of )( 0mN w is denoted by the changes of marking. Fig. 4(c) 
shows a marking m that can be reached from 0m . The 
problem to determine whether it is feasible for a 
collaborative network to accomplish task w can be 
formulated based on the Petri net model )( 0mN w . Fig. 4 (d) 
is the Petri net model obtained by merging the Petri net 
models of task 2 in Fig. 2(b) with the associated Petri net 
models of the bidders’ proposals in Fig. 3. 
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Definition 3.5: Let wdM m{≡ | ,1)( ≥f
wpm  

oPPppm −∈∀= 0)( and }0)( oPppm ∈∀> denote the 
set of desired markings that corresponds to the completion 
of the given task w . Collaborative network )( 0mN w is fea-
sible if there exists a firing sequence ntttt ...321=σ  such that a 
marking m can be reached from 0m , where wdm M∈ . 

A given task w can be completed if and only if collabo-
rative network )( 0mN w is feasible. We formulate a feasi-
bility analysis problem as follows. Given a Petri 
net )( 0mN w , the feasibility analysis is to determine 
whether there exists a firing sequence ntttt ...321=σ  such that 
marking m can be reached from 0m , where wdm M∈ . We 
will analyze the reachability of m by exploiting the struc-
ture of )( 0mN w . 

4. Feasibility Analysis of Nominal Collaborative Net-
works based on Incidence Matrix 

Feasibility analysis is related to liveness of the net wN . 
A net is live if no matter what marking has been reached 
from the initial marking, it is possible to ultimately fire any 
transition of by progressing through some further firing 
sequence. The collaborative network associated with wN is 
feasible if wN is live. The set 0wM of initial markings 
of wN with sufficient resources to keep wN live is defined 
as follows. 
Definition 4.1:Given a Petri net wN , *

0wM denotes the sub-
set of initial markings of wN  with minimal resources for 
the existence of a firing sequence to keep wN live. Obvi-

ously, 0
*

0 ww MM ⊂ . 
For )( 0mN w to be feasible, 0m must be greater than or 

equal to a marking *
0

*
wm M∈ . 

Property 4.1: Given a Petri net wN with marking m , there 
exists a firing sequence to keep )(mN w live if and only if 

there exists *
0

*
wm M∈ and a sequence of firing sequence 

that brings m  to a marking 0wm M∈′  with *mm ≥′ . 
The computational complexity to determine whether a 

marking belongs to *
0wM is NP Complete (Hsieh, 2003). To 

reduce the computational complexity, we derive an upper 
bound of *m . 
Property 4.2: For each *

0
*

wm M∈ , BbKpm w
bb ∈∀≤)(* . 

Proof: We prove by transforming the Petri net )( 0mN w  

with initial marking BbKpm w
bb ∈∀=)(0 into a strongly 

connected marked graph wMG = k
bkBb C

bΩ∈
∈ ∪ wG first, 

where k
bC denotes the circuit obtained by merging 

place k
bap and place k

bdp into place k
bp . Next, we show 

that wMG is live. We transform )( 0mN w into a marked 
graph wMG by splitting each resource idle state 

place bp in )( 0mN w into w
bK places. The w

bK tokens 

in bp are allocated to the w
bK places splitted from bp , one 

token for each splitted place. As there is at least one token 
for each circuit in the resultant marked graph wMG , 

wMG is live. This implies that there exists a firing se-
quence that can be fired infinitely from 0m  in )( 0mN w . 

Therefore, BbKpm w
bb ∈∀≤)(* .             Q.E.D. 

The essence of Property 4.2 provides a way to find an up-
per bound of *m . To apply Property 4.2, the structure 



   

of 1N and 2N in Fig. 4(b) and Fig. 4(d) will be transformed 
to Fig. 5(a) and Fig. 5(b), respectively. For the example in 
Fig. 5(a), 1

1bK =2, 1
2bK =2, 1

3bK =1, 1
4bK =1. It follows from 

Property 4.2 that 2)( 1
* ≤bpm , 2)( 2

* ≤bpm , 

1)( 3
* ≤bpm and 1)( 4

* ≤bpm . For the example in Fig. 

5(b), 2
1bK =2, 2

2bK =0, 2
3bK =2, 2

4bK =0. It follows from 

Property 4.2 that 2)( 1
* ≤bpm , 0)( 2

* ≤bpm , 

2)( 3
* ≤bpm and 0)( 4

* ≤bpm . 
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Fig. 5(a) 1MG                     Fig. 5( b) 2MG  

To apply Property 4.1, we compute *m and test whether 
a marking m′ with *mm ≥′ can be reached from m . An up-
per bound of *m can be obtained by applying Property 4.2. 
Direct application of the reachability tree method to test 
whether *m is coverable is computationally feasible only 
for small Petri nets (Murata, 1989). Instead, a more effi-
cient and sufficient only test procedure is developed here 
by exploiting the structure of the net. 

We test whether *m is coverable by calculating the set of 
resources that can be returned to idle state by firing as 
many transitions as possible under a marking m . To 
achieve this objective, we first trans-
form wAMG into wAMG  by merging all the places 

in d
bP of wAMG into one place bdp in wAMG for each Bb∈ .  

Example 1: Fig. 6 shows the net 1AMG obtained by trans-
forming the net structure of 1AMG in Fig. 4(a). Remark that 

the marking of 1AMG is associated with the marking 
of )(1 mN Fig. 4(c) although its structure is obtained by 
transforming 1AMG in Fig. 4(a).  

Let’s use wAMG = ),,,,,( 0 FmOITP to denote the result-

ing Petri net and let m denote the marking of wMGA corre-
sponding to the marking m of Petri net wN . wAMG is an 

acyclic Petri net. Dynamic behaviors of wAMG can be ana-
lyzed bay the associated state equation (page 552, Murata, 
1989). We use state equation to compute the number of 
tokens that will return to idle state for each type of re-
sources. The state equation of a Petri net is represtented by 
its incidence matrix (page 551, Murata, 1989). 
Let aAmm T

d += be the state equation of wAMG . As the 
existence of a solution a to the state equation implies the 
existence of a firing sequence to bring an acyclic Petri net 
from m to dm  (Murata, 1989), a sufficient condition to test 
Property 4.1 is as follows. 
Property 4.3: If there exists a nonnegative and nonzero so-
lution a such that aAmm T+≤∗ , there exists a firing se-

quence that brings m  to a marking 0wm M∈′  with *mm ≥′ , 

where ∗m is a marking corresponding 
to *m in wAMG with )()( bbd pmpm ∗∗ = for each Bb∈ . 

Let x , 0≥x , be a nonnegative vector such 
that aAmxm T+=+∗ . The above state equation can be 

rewritten as Bzmm =−∗ , where [ ]IAB T −= and 







=

x
a

z . 

Suppose there exists a nonzero solution z to the above 
equation, *m is coverable. The element )( bdpx represents 
the redundant number of type- b tokens, where Bb∈ . We 
will derive conditions for cooperation among collaborative 
networks later based on )( bdpx . 

Transforming the structure of wN to wAMG and 

then wAMG to wMGA does not preserve the structure. The 
idea behind this transformation is to compute the flow of 
tokens. As you have observed, wAMG is not a cyclic net. 
The structure of wAMG provides a convenient model for 
predicting the flow of tokens a number of steps ahead un-
der the current state. Based on this intuition, if s is a firing 
sequence for wAMG , it must also be a firing sequence 
for wN from the corresponding state. Based on this concept, 

we can derive the property of wN based on wMGA . 
Example 1(Continued): In this example, we apply Property 
4.3 to test whether there exists a firing sequence that 
brings m  to a marking m′  with *mm ≥′ . To apply Property 
4.3, we convert the structure of 1AMG in Fig. 4(a) to the 

structure of 1AMG in Fig. 6. Fig. 6 shows 1AMG corre-
sponding to the marking in Fig. 4(c). The corresponding 
incidence matrix TA is shown in Fig. 7. A mark-
ing m for 1AMG in Fig. 7 is denoted as m = 



   

)()()()()()()(

)()()()()()()()([

3
1

32
2
2

1
21

2
1

1
17654321

dbabdbababdbab

ab

pmpmpmpmpmpmpm

pmpmpmpmpmpmpmpm

T
dbab pmpm )]()( 4

1
4 = T]00000300000333030[ . 

As ∗m = T]10101001000000000[ , a solution is a = 
T]0303000[ and x = T]23202002003030000[ . 

Therefore, the marking m satisfies the sufficient condition 
of Property 4.3. 
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Fig. 7 TA  

5. Condition for Cooperation of Collaborative 
Networks 

A manager may form a collaborative network by acquiring 
the resources required based on the tasks assigned. Exces-
sive resources may exist in a collaborative network even if 
a manager may apply some optimization techniques to 
minimize the resources required to perform a task. This is 
due to the following two reasons. 
(a) Tasks may arrive dynamically and stochastically. In 
case the inter-arrival time between two tasks is long, allo-
cating minimal resources required implies the unallocated 
resources are idle throughout the inter-arrival time. There-
fore, imposing minimal resources may not be an effective 
strategy. One way to get around with this problem is to al-
low a manager acquire “excessive resources” to improve 
the resource utilization and donate them to other managers 
whenever necessary. 
(b)Even if a manager initially acquires the minimal re-
sources required to perform a task, “excessive resources” 
will eventually occur with the progress of the task execu-
tion. This is obvious as the set of resources that are no 
longer required by the “residual operations” of the task be-
comes “excessive resources”. The manager will donate 
these “excessive resources” to other managers. 

Based on the aforementioned reasons, the existence of 
“excessive resources” is justified. 

A manager associated with an infeasible collaborative 
network may request other managers to donate their exces-
sive resources. For example, consider the two collaborative 
networks 1N and 2N in Fig. 8(a) and Fig. 8(b), respectively. 
Due to the lack of type- 3b resources, the set of resources 
in 2N is not sufficient to execute all the operations in it. On 
the other hand, the set of resources in 1N is sufficient to 
execute all the operations in it. Actually, there are exces-
sive resources in 1N . If 1N can donate some of the exces-
sive resources to 2N , 2N will be feasible. This implies 

2N will benefit from the cooperation relation be-
tween 2N and 1N . A necessary condition for establishing a 
cooperation relation between two collaborative net-
works 1N and 2N is the existence of common resources be-
tween them. This condition holds only 
if 0)()( *

2
*
1 ≠Σ

∈
bdbdBb

pmpm . 

Property 5.1: Consider two collaborative net-
work )( 101 mN and )( 202 mN with

0)()( *
2

*
1 ≠Σ

∈
bdbdBb

pmpm . Suppose )( 101 mN is feasible. 

Let )(1 bdpx denote the redundant number of type- b tokens 
for )( 101 mN , where Bb∈ . If ≥+ )()( 201 bdbd pmpx  

)(*
20 bpm for each Bb∈ , there exists a cooperation mecha-

nism under which 1N and 2N are feasible. 
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    Fig. 8(a) 1N                             Fig. 8(b) 2N  
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Fig. 9(a)                                      Fig. 9(b) 

Example 2: In this example, we apply the above property 
to check whether there exists a cooperation mechanism 
under which the two collaborative networks 1N and 2N in 
Fig. 9(a) and Fig. 9(b) are feasible. To achieve this, we ap-
ply Property 5.1. The MG associated with Fig. 9(a) is 
shown in Fig. 6. The analysis in Example 1 shows 
that 2)()()()( 41312111 ==== dbdbdbdb pxpxpxpx . Note 
that )()()(,1)( 420320220120 dbdbdbdb pmpmpmpm === = 

0 , 1)()( 3
*
21

*
2 == bb pmpm , 0)()( 4

*
22

*
2 == bb pmpm . There-

fore, )()(),()()( 220211
*
212011 dbdbbdbdb pmpxpmpmpx +≥+  

)()()(),( 3
*
2320312

*
2 bdbdbb pmpmpxpm ≥+≥ , 

)()()( 4
*
242041 bdbdb pmpmpx ≥+ . 

The condition of Property 5.1 is satisfied. Hence 2N is fea-
sible. In this example, 1N is a donor while 2N plays the  
role of a donee. In order for 2N to be feasible, 1N will do-
nate at least one unit of type- 3b resource to 2N . Formally, 
a donor and a donee are defined as follows. 
Definition 5.1:A collaborative network is a potential donor 
if it is feasible and there is at least one type of resources 
with excessive capacity. A collaborative network is a po-
tential donee if it is not feasible. 
More generally, we have the following property. 
Property 5.2: Suppose W∉k , where },...,3,2,1{ W=W . 

0)()( ** ≠Σ
∈

bdkbdwBb
pmpm  for each W∈w . Sup-

pose )( 10mN w is feasible for each W∈w . 

If )()()( *
00 bkbdkbdww

pmpmpx ≥+Σ
∈W

for each Bb∈ , 

there exists a cooperation mechanism under which wN is 
feasible for each }{kw ∪∈W . 
Proof: 
We prove by establishing a cooperation relation under 
which wN is feasible for each }{kw ∪∈W . Under the co-
operation relation, kN is a potential donee and wN is a po-
tential donor for each W∈w . Be-
cause )()()( *

00 bkbdkbdww
pmpmpx ≥+Σ

∈W
, kN re-

quests wN , W∈w , to donate their excessive re-
sources )( bdw px successively when they return to idle state. 
Eventually, kN will acquire all the excessive resources 
from wN , W∈w , 

)()()()( *
000 bkbdkbdwwbdk pmpmpxpm ≥+Σ≥′

∈W
. It fol-

lows from Property 4.3 that there exists a firing se-
quence 1σ that brings 0km′ to km with 1)( ≥f

kk pm . For all 
the donors, as only the excessive resources have been do-
nated, wN remains feasible for each W∈w .           Q.E.D. 
It follows from Property 5.2 and Definition 5.1 that the fol-
lowing property holds. 
Property 5.3: 
A collaborative network wN is a potential donor if there 
exists Bb∈ such that 0)( >bw px . A collaborative net-
work kN with initial marking 0km is a potential donee if 

there exists Bb∈ such that )()( *
00 bkbk pmpm < . 

Our analysis method is different from the reachability 
tree method in that each manager conducts its sufficiency 
test based on Property 4.3 and then checks whether he can 
act as a potential donor or potential donee based on Prop-
erty 5.3. 



   

6. Implementation Architecture 

Based on Property 5.3 and Definition 5.1, we propose a 
mechanism to facilitate the cooperation between a potential 
donee and a set of potential donors. The interactions be-
tween a potential donee and a potential donor are described 
by the sequence diagram shown in Fig. 10(a), where four 
messages are used, including “request to donate resources”, 
“submit resource donation proposals”, “request to acquire 
resources” and “donate the resuested resources”. 
The cooperation mechanism can be implemented based on 
any FIPA (http://www.fipa.org) compliant platform that 
supports the development of multi-agent systems. JADE 
(Java Agent Development Framework) is a middleware 
that facilitates the development of multi-agent systems. 
Messages exchanged by JADE agents have a format speci-
fied by the ACL language defined by the FIPA interna-
tional standard for agent interoperability. This format 
comprises a number of fields and in particular:(I)the sender 
of the message, (II)the list of receivers, (III)the communi-
cative intention (also called “performative”) indicating 
what the sender intends to achieve by sending the message, 
and more, (IV)the content i.e. the actual information in-
cluded in the message. 

Potential Donee Potential Donor

Request to donate resources

Submit proposals

Request to acquire resources

Donate requested resources
 

Fig. 10(a) Sequence diagram 

Bidder's Proposal in
PNML

Converting Internal
Petri net to PNML

Bidder's Proposal in
Internal Petri net
Representation

 
Fig. 10(b) Bidder encoding process 

As the proposal submitted by a bidder is specified by a 
Petri net model, a common representation must be used to 
represent it in the content field of the ACL message. Petri 
Net Markup Language (PNML) (Weber & Kindler, 2003) 
is a standard for the representation of Petri nets. Therefore, 
we adopt PNML to represent the proposal in the content 
field of the ACL message. Before submitting a proposal, a 
bidder must encode it in the ACL message first. A bidder 
has to convert the internal Petri net model to PNML format 
and fill it in the content field of the ACL message. Fig. 
10(b) shows the encoding process. On the other hand, a 
manager must decode the ACL messages on receiving the 
ACL messages from the bidders. The decoding process in-
volves PNML parsing and conversion of the parsed infor-
mation into the internal Petri net model for further process-
ing. A manager must also decode the task flow, which is 
specified in PNML. After decoding, the manager composes 
the Petri net model for feasibility analysis as shown in Fig. 
10(c). 

Bidder's Proposals in
PNML

PNML Parsing

Bidder's Proposal in
Internal Petri net
Representation

Composition of Petri Nets

Task Workflow in PNML

PNML Parsing

Task Workflow in
Internal Petri net
Representation

Feasibility Analysis

 
                                              

Fig. 10(c)  Manager’s process 

A potential donee first computes the number of resources 
to be acquired, specifies the number of resources to be ac-
quired, fills it in the content field of the “Request to donate 
resources” ACL message and forwards it to the potential 
donors. On receiving the “Request to donate resources” 
ACL message, a potential donor find the type and the num-
ber of excessive resources available and specifies them in 
the content field of the “Submit resource danation pro-
posal” ACL message and forwards it to the potential donee. 
On receiving the potential donors’ proposals, the potential 
donee will calculate the total number of resources that can 



   

be donated by the potential donors and determine whether 
to acquire the donated resources from the potential donors. 
If the potential donee needs to acquire from a potential do-
nor, a “Request to acquire resources” message will be sent 
to the potential donor. Once the message has been received, 
the potential donor will donate the requested resources. 
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Fig.11(a)                                      Fig. 11(b) 

Cooperation Algorithm for a Potential Donee 
Step 1: Calculate Bbpmpm bkbk ∈∀− )()( 0

*
0 , the number 

of different types of resources to be acquired from 
the donors. 

Step 2: Specify the number of different types of resources 
to be acquired and fill it in the content field of the 
“Request to donate resources” ACL message. 

Step 3: Send the “Request to donate resources” ACL mes-
sage to the potential donors. 

Step 4: Wait for the proposals submitted by the potential 
donors. 

Step 5: After receiving the proposals submitted by the po-
tential donors, parse the potential donors’ resource 
donation proposals to extract the number 

Bbpx bw ∈∀)(' of different types of resources to 
be donated by the potential donors, 
where '' Ww∈ and 'W denotes the set of tasks asso-
ciated with the potential donors. 

Step 6: Calculate Bbpx btotal ∈∀)( , the total numberof dif-
ferent types of resources that can be donated by 
the potential donors. 

Step 7: Determine whether a valid cooperation relation ex-
ists between the potential donors and the current 
potential donee by checking whether 

Bbpmpmpx bkbkbtotal ∈∀−> )()()( 0
*

0 . If a 
valid cooperation relation exists, send a “Request 
to acquire resources” message to the donors. The 
number of resources requested is specified in the 
“Request to acquire resources” message. 

Cooperation Algorithm for a Potential Donor 'w  
Step 1: Wait for the arrival of a potential donee's “Request 

to donate resources” ACL message. 
Step 2: Parse the type of resources requested by the poten-

tial donee. 
Step 3: Find Bbpx bw ∈∀)(' , the number of each type of 

excessive resources available to be donated by po-
tential donor 'w . 

Step 4: Specify the number of resources to be donated in 
the content field of the potential donor's “Submit 
resource danation proposals” ACL message. 

Step 5: Send the potential donor's “Submit resource dana-
tion proposals” ACL message to the potential 
donee's. Wait for the response from the potential 
donee. 

Step 6: Once a “Request to acquire resources” message has 
been received, donate the requested resources and 
send a “Donate requested resources” to the donee. 
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           Fig. 11(c)                                      Fig. 11(d) 

Example 2(Continued): Consider the multi-agent manufac-
turing system with two manager agents and four bidder 
agents in Fig. 1(a)~Fig. 1(c). The manager agents are re-
sponsible for maintaining the workflow information and 
managing the execution of the tasks. The bidder agents 
represent the resources for executing the tasks. Please refer 
to the details of the system described in Section 2. In this 
example, we illustrate how our cooperation mechanism 



   

works. Suppose 43210 τττττ <<<< . At time 0τ , 1N is 
formed as in Fig. 8(a) to execute task one while task two is 
still not announced. At time 1τ , 1N evolves to Fig. 9(a) and 
the manager attempts to request 2N to execute task two. 
Because 2N only acquires two units of type 2b resources, it 
attempts to request 1N to donate the excessive type 3b re-
sources. At time 2τ , two excessive type 3b resources return 
to idle state in 1N as in Fig. 11(a). At time 3τ , 1N donates 
two type 3b resources to 2N .  
By applying our algorithms, only the excessive resources 
will be donated, the donor associated with task 1 can still 
perform its operations. The period from 0τ to 3τ , 1N has 
fully utilized the excessive resources to perform task 1. Af-
ter 3τ , task 2, which was originally blocked, can be exe-
cuted because 2N becomes feasible after acquiring the two 
excessive type- 3b resources. Our cooperation mechanism 
provides an effective approach to maintain high resource 
utilization while meeting the dynamic task requirements. 
 
Time State of 1N  State of 2N  

0τ  Fig. 8(a) Task 2 still not released

1τ  Fig. 9(a) Fig. 9(b): 2N only ac-
quires two units of 
type 2b resources and 
request 1N to donate the 
required type 3b re-
sources. 

2τ  Fig.11(a):two type 3b  
resources return to idle 
state in 1N  

Fig. 9(b): 2N waits for 

1N for the type 3b re-
sources. 

3τ  Fig.11(c): 1N donates 
two type 3b resources 
to 2N  

Fig.11(d): 2N acquires 
two units of type 3b re-
sources 

  
Table 1 A history of states for 1N and 2N  

7. Conclusion 

This paper is differentiated from the papers (Hsieh, 2004a; 
Hsieh, 2006a) as it addresses cooperation mechanism. 
Moreover, the task structure is different from the structures 
considered in (Hsieh, 2004a; Hsieh, 2006a). Our Petri net 
model of collaborative network is different from the formal 
model proposed in (Wooldridge and Jennings, 1999). Avoid-
ance of undesirable states in agent based manufacturing 
systems has not been addressed in (Durfee and Lesser, 1991) 
and (Li, Hopgood and Weller, 2003). By incorporating the 
Petri net model, our method actively avoid undesirable states. Al-
though Petri nets have been adopted in this paper to model the 
interactions between a manager and the bidders, the structure of 

the models presented in this paper is also different from the ones 
proposed by Bongaerts (Bongaerts, 1998). Our modeling 
methodology is systematic and is based on dynamically 
merging the bidders’ proposals (in Petri nets) and the man-
ager’s task workflow Petri net models while Bongaerts 
only illustrates several instances of Petri nets to model 
holons and the interaction or coopeartion between holons. 
Bongaerts’s contributions are in the use of Petri nets to de-
scribe the design of programs operating in parallel and 
more importantly the numerical analysis of the timing as-
pects (like response time) of the co-operation between 
holons. On the contrary, in this paper, we adopt untimed 
Petri nets to develop a mechanism to facilitate cooperation 
of agents to accomplish their tasks while avoiding undesir-
able states and enhance the overall system performance. 
The analysis method proposed in this paper is also differ-
ent from the ones in existing literature in that we take the 
“divide and conquer” strategy to analyze the feasibility of 
individual collaborative networks with the associated inci-
dence matrices instead of constructing a large Petri net and 
then applying the reachability tree method (Murata, 1989) 
to analyze it. 
Although the contract net protocol provides a general 
framework to distribute tasks, it does not prescribe how 
agents should cooperate to effectively accomplish complex 
tasks. Without a cooperation mechanism, a manager may 
acquire excessive resources in applying contract net proto-
col to execute the assigned task. This may hinder the pro-
gress of the tasks assigned to other managers due to re-
source contention. As a result, application of contract net 
protocol may not always lead to effective solutions for ac-
complishing the tasks. This paper aims to develope a coop-
eration mechanism for agents to accomplish their tasks and 
enhance the overall system performance. We limit the 
scope to study the cooperation mechanism to improve the 
performance in multi-agent based manufacturing systems. 
Execution of a complex task in this class of systems re-
quires collaboration of agents. Formation of a collaborative 
network can be achieved by applying the contract net pro-
tocol. To determine whether a collaborative network is fea-
sible, we construct a Petri net model for it to capture the 
interactions between the bidders and the task assigned to 
managers. Based on this Petri net model, we analyze the 
feasibility of the collaborative network. The feasible condi-
tion enables us to propose a mechanism to facilitate the 
cooperation of collaborative networks. In our proposed co-
operation scheme, a collaborative network may act as ei-
ther a donor or a donee. A collaborative network is a po-
tential donor if it is feasible and there is at least one type of 
resources with excessive capacity. A collaborative network 
is a potential donee if it is not feasible. In our cooperation 
mechanism, a potential donee may become feasible 
through acquiring the required resources from the potential 
donors. Implementation architecture of the proposed coop-
eration mechanism based on FIPA compliant platform is 
also introduced. Four messages are defined in our imple-
mentation, including “request to donate resources”, “sub-



   

mit donation proposals”, “request to acquire resources” 
and “donate resuested resources” messages. PNML is 
adopted as the common exchange format between a man-
ager and bidders in the implementation architecture. Our 
analysis indicates that the performance of the systems can 
also be improved via the proposed cooperation mechanism. 
Although we focus on development of cooperation mecha-
nism for agent based manufacturing systems, our results 
may be extended and applied to other types of multi-agent 
systems. 
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