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ABSTRACT 
 

Context. Resource allocation is an important issue in order to complete a task in the field of 

agent system. Several protocols are available for task distribution and for efficient resource 

allocation among agents. Efficient task distribution and resource allocation among agents are 

often play important roles to obtain high performance. However, the situation becomes more 

complicated when the resources are dependent on each other where multiple buyers and 

providers of resources negotiate in parallel.  

Objectives. In this paper, we proposed an agent based protocol for synchronizing and 

allocating dependent resources that involves parallel negotiation between multiple buyers and 

providers of resources.  

Methods. Literature survey has been conducted in the studied areas in order to position the 

work and gain more knowledge. Moreover, to validate the proposed protocol, a simulation 

study was performed.  

Results. The suggested protocol can handle dependent resources negotiation parallel and the 

result illustrates that. Moreover, the approach can avoid broadcasting of call for proposals to 

reduce the communication overhead, which usually occur in many other protocols. 

Conclusion. In the suggested protocol, we have presented a new idea of re-planning with 

other techniques like Information board and leveled commitment. In a simulation study, it 

was identified that this approach is able to deal with the dependent resources according to the 

simulation results. 

 

Keywords: 

Agent based system, task sharing, contract net protocol (CNP), parallel negotiation. 
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1 INTRODUCTION 
 

 
 

Agent technology is relatively a new paradigm for modeling of complex and distributed 

systems. It has become an important subject in the artificial intelligence research field. An 

agent system is a computer system that consists of computing elements, known as agents. 

“An agent is an encapsulated computational system that is situated in some environment and 

capable of flexible, autonomous behavior in order to meet its design objectives” (Wooldridge 

et al., 1999).The idea of a multi-agent system is very simple. It is a system that consists of 

more than one agent, which interacts with one another, typically by exchanging messages 

through some computer network infrastructure. The agents in a multi-agent system will be 

representing or acting on behalf of users or owners, which may have different goals and 

motivations. In order to successfully interact, these agents will thus require the ability to 

cooperate, coordinate, and negotiate with each other, in much the same way that we 

cooperate, coordinate, and negotiate with other people in our everyday lives (Wooldridge et 

al., 2002). Multi agent systems (MAS) have caught more and more attention in recent years. 

In MAS, agents cooperate with one another to solve a complex task that is difficult to carry 

out by individual agents (Fan et al., 2008). MAS are important because they have been found 

to have very wide applicability, in areas like diverse and industrial process control as well as 

electronic commerce. The multi-agent systems field is highly interdisciplinary: it takes 

inspiration from such diverse areas as economics, philosophy, logic, ecology, and the social 

sciences. Multi-agent systems provide a powerful and novel tool for modeling and 

understanding societies. These systems draw from a wealth of domains such as distributed 

systems, distributed artificial intelligence, software engineering, computer-supported 

cooperative work, knowledge representation, organizational theory, sociology, linguistics, 
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philosophy, economics, and cognitive science. It is widely expected that multi-agent 

technology systems will become the major paradigm in the development of complex 

distributed systems, networked information systems, and computer interfaces during the 21st 

century (Florea A.M, 1998). 

 

 

An agent exists and performs its activity in a society, in which other agents exist. Therefore, 

coordination among agents is essential for achieving the goals and acting in a coherent 

manner. In a communication mechanism, task distribution (which we call task sharing) and 

allocation of the resources among agents are often key features. Currently, many protocols 

are available for task sharing. Most of them give some improvements of existing ones and 

consider the issues such as communication time and large number of messages. However, the 

problems of sharing tasks and allocating resources that are dependent on each other are not 

explicitly considered. Allocating dependent resources makes problem more complicated 

because dependent resources need to be synchronized. In this thesis, we focused on the 

problem of dependent resource allocation in a multi agent system. We proposed a solution 

approach to handle parallel negotiation of dependent resources.  In our proposed solution, we 

introduced the idea of information board (IB) and re-planning. To conclude our study and 

validation, we conducted simulation study, which indicates that the proposed solution works 

for dependent resources allocation. 

 

 

The rest of the paper is organized as follows. Section 2 presents the background and related 

work about MAS. It focuses on the existing protocols for task sharing between agents and 

their shortcomings. Section 3 illustrates the problem definition and aims for this study. 
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Section 4 presents our research methods for this study. In section 5 we propose our solution 

approach. Section 6 illustrates our solution approach in a case-based simulation study. 

Section 7 covers the validation assessment of our study. Section 8 presents 

discussion/analysis about our solution. Finally, section 9 describes conclusion and future 

work. 
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2 BACKGROUND AND RELATED WORK 
 

2.1 Agent Technology 
 

 

Research in multi-agent system, was initially called distributed artificial intelligent (DAI), 

started in the mid-1970s (Lesser and Corkill, 2011). However, interest in the field of multi-

agent system has grown rapidly since mid-1990s. This rapid growth has been spurred, at least 

in part, by the belief that agents are an appropriate software paradigm through, which to 

exploit the possibilities presented by massive open distributed systems – such as the Internet 

(Wooldridge et al., 2002). Agents may have many properties but common properties that a 

software agent might possess are (Wooldridge and Jennings, 1995): 

Autonomy: An agent must be able to operate without direct intervention by humans or other 

agents. 

Reactivity: An agent must be able to perceive their environment and respond to changes that 

occur. 

Pro-activeness: An agent must be able to exhibit goal-directed behavior by taking initiative.  

Social ability: An agent in a multi-agent system must be able to communicate with other 

agents (possibly humans). 
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2.2 Task Sharing in MAS 
 

 

For completing a common task or goal in multi-agent systems, the efficient communication 

between each agent, and allocation of the tasks or resources between agents are important 

issues. Tasks typically somehow refer to resources, as we described in appendix A. Agents 

need to cooperate in order to achieve their goals, despite the potential for conflicts of interest. 

Sometimes an agent is incapable to fulfill a task because having lack of information, 

resources or sufficient competence.  For this reason, task sharing may take place to complete 

a complex task, which might be decomposed into smaller sub-tasks and allocate sub-tasks to 

different agents (Wooldridge et al., 2002). Task sharing refers to how a task will be shared 

among processing agents. In task sharing, there must be a mean whereby an agent can find 

the most appropriate idle agents to execute those tasks. Although there are a lot of protocols 

available for task sharing, it is difficult to determine a proper task distribution. For example, 

in a large size multi-agent system, there are n agents with tasks (Initiator) that need to be 

executed and m providers of services (participants) are in negotiation. If the agent allocates 

many resources at an early stage, it may not get the bid accepted and therefore resources will 

not be available for other tasks. Resources are used to fulfill tasks as we already discussed. If 

it allocates lately, it may be committed to more tasks than it has resources to fulfill (Knabe et 

al., 2002). The key issue to be resolved in a task sharing mechanism is how to efficiently 

allocate tasks and resources among agents (Smith, 1980).  
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2.3 Related work 
 

 
Numerous interaction protocols are available to provide efficient task sharing among agents. 

One of the most widely used protocols is the Contract Net Protocol (CNP) originally 

proposed by Smith (1980). 

 

 

 

 

In the Contract Net Protocol (CNP), agents with a task, i.e. need to buy a resource or service, 

are called initiators and agents who compete for the task are called participants. Figure 1 

illustrates the steps of CNP, which are follows: 

(a) Recognizing the problem: The initiator agent comes up with a problem 

(b) Task announcement:  The initiator sends a “call for proposals”, including task description, 

to all participants. 

a) Recognizing 
the problem. 

A2 

A3 

A4 

A1 

I have a problem 

b) Task announcement. 

c) Bidding. d) Awarding the contract. 

Figure 1: The contract net protocol (Wooldridge, M., 2002) 
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(c) Bidding: The participants will reply with a proposal, including price and preconditions for 

performing the task, or will refuse to do the task at all.  

(d) Awarding the contract:  The initiator will accept one of the proposals and rejects the 

others. The participant, who gets acceptance, will send a confirmation about the contract for 

the task to initiator, and after completing the task, it will announce the results to the initiator. 

 

 

The major inefficiency in the CNP is that in every execution of the protocol, all participating 

agents needs to commit themselves to do the job, although only one of them will actually get 

the task awarded (Knabe et al., 2002). The problem occurs when participants do not have 

enough resources and allocate it to one initiator. In that case, participants cannot bid for 

another task in parallel. Since only one participant will be accepted for providing the task, all 

other participants may lose the chance to get the task as well as miss the opportunity to bid 

for other tasks. For the same reason, some initiators may remain with unassigned tasks 

(Sandholm et al., 2001). Although the execution of this protocol is efficient, it is hard for an 

agent to decide when to allocate the resources for which task (Knabe et al., 2002). Also 

initiators in CNP, sends the call for proposal by broadcasting, they do not consider the 

potential participators. This produce large information and huge load of communication in 

the whole process. In a multi agent system, a large number of initiators and participant agents 

might be involved.  When a participant agent is in negotiation with a large number of 

initiators, it may receive call for proposals from other initiator agents, which it may be unable 

to bid on because its resources already are allocated to other agents (Knabe et al., 2002). 

However, if several participants send their proposal to the same initiators, which is not 

unlikely, the result may be that only some of them get a task assigned while others remain 

idle (Knabe et al., 2002). Several approaches have been proposed to solve this problem. Li et 
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al. (2010) proposed an extension of CNP, which is based on the FIPA standards.  The 

proposed extended CNP has been designed to facilitate a flexible cooperation in dynamic 

military task scheduling during distributed agent based military system. They extended the 

process of CNP by adding conditions constraints and iterative confirmations to ensure the 

execution of the task. When a participant replies to the initiator with proposal they can also 

add some conditions or constraints to do that task. Sandholm and Lesser (2001) proposed an 

approach called leveled commitment where both initiators and participants can de-commit 

from the contract by paying a penalty. A drawback with leveled commitment is strategical 

breaching, where a self-interested agent might avoid breaching the contract because it 

believes that the other part will de-commit (Sandholm et al., 2001). In this way it might avoid 

paying a penalty at the same time as it is able to collect a penalty from the other party. 

Vokˇr´ınek et al. (2007) proposed Competitive Contract Net Protocol (C-CNP) negotiation 

protocol for competitive multi-agent environments. C-CNP consists of three phases: a 

contracting phase (conditions for agreement are concluded), an optional de-commitment 

phase (contract may be breached), and a contract termination phase (the compliance with the 

concluded contract conditions is evaluated) (Vokˇr´ınek J. et al., 2007). The protocol supports 

both contract conclusion and contract dissolution/cancellation negotiation. Kinnebrew et al. 

(2009) proposed a variation of the CNP for subtask allocation, which employs brokers to 

limit the communication overhead.  In this approach, broker agents are employed to provide 

efficient matchmaking to reduce the need for communication. This brokered contract net will 

provide a negotiation framework for task allocation with suitable agents to achieve tasks. 

Another approach called Two-Phase Contract Net Protocol (TP-CNP) for limiting the 

communication overhead was proposed by Cheng et al. In TP-CNP Cheng et al. the idea was 

to use a broker agent, responsible for managing all bidding agents and providing quick and 

stable services to manager agents. A similar approach proposed by Fun et al. (2001), called 
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personal assistant that could evaluate the other agents.  The personal assistant keeps 

information about the participants and sends a call for proposal to those participants who can 

accomplish tasks. This idea avoids broadcasting and reduces the number of negotiations (Fun 

et al., 2001). 

 

 

Another approach is the Contract Net with Confirmation Protocol (CNCP), which was 

proposed by Knabe et al. (2002). The great advantage in CNCP is that every participant can 

reply to incoming calls for a proposal without allocating resources, which is achieved by 

postponing the commitment. Since the participants are allowed to send multiple bids, there is 

however a risk that a single initiator ends up with a suboptimal solution, or in the worst case 

scenario, no deal at all. Chen and Song (2004) presented two new solutions to the problem 

that appear in CNCP. One idea include as the concept of threshold, where one participant can 

bid only for a limited number (the threshold value) of “call for proposals”. Threshold is the 

maximum number of pending proposals that one participant can bid for the same resource. 

For example, the participant p can only send 10 bids if participant p’s threshold is 10. The 

threshold value may be different for different participants. However, this method has 

difficulties to determine the suitable threshold value. Furthermore, it only works in a 

cooperative agent system; it is not appropriate for self-interested agents (Xueguang, 2004). 

The second solution to CNCP proposed by Chen et al. (2004), introduces the concept of 

Degree of Availability (DoA).  DoA is the degree of availability of a participant agent and it 

is calculated as DoA = 1 / NCFP, where NCFP denotes the number of call for proposals the 

participant has received (Yun et al., 2009). For example, if participant p already bids 10 

proposals before receives initiator i’s proposal, then initiator i’s probability of getting p’s 

service should be 1/11. So here degree of availability of participant p (DoA(p)) is 1/11, 
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calculated by initiator i.  In a particular bid, when the number of bids of a participant 

increases the degree of availability decreases. For each bid the initiators calculates the 

expected utility from the real utility and the degree of availability for the participants. The 

problem with this idea is that early initiators will calculate an unfair DoA value in 

comparison to later initiators (Chen et al., 2004). Li et al. (2009b) proposed an improved 

contract net protocol based on information intermediary service (CNPIIS) to improve the 

negotiation efficiency of task allocation and effectively decrease the communication costs. In 

CNPIIS, an information intermediary service facility named Common Message Blackboard 

(CMB) is introduced as the information intermediary service agency. This idea combines the 

concept of DoC (Degree of Credibility) and DoA (Degree of Availability). DoC is the ratio 

for an agent to complete tasks successfully and compute by the history of negotiation record 

(Yun et al., 2009). In DoC when initiators evaluate the bids from the participants, it will make 

a decision based on the participant’s historical credibility. With these two concepts, the 

initiator evaluates proposals and required costs not only by the ability but also takes into 

account the DoC and DoA of a participant (Yun et al., 2009). Connected to the same 

broadcasting problem that appears in CNP, Wang and Wang (2005) proposed an extension of 

the CNP based on the bulletin board model. Each participant registers its basic information 

on the bulletin board. According to this method, when the initiator needs to complete a task, 

it searches the bulletin board for the participant who has the ability to complete the task 

instead of broadcasting to all of participants (Wang et al., 2005). This model limits the scope 

of announcement, avoids increasing the load of the system and makes communication 

quicker. To negotiate several tasks concurrently in real time and with more optimal results, 

Ouelhadj et al. (1999) proposed a multi contract net protocol, which is based on a multi agent 

architecture where three types of agents are involved, i.e., resource agent, manager resource 

agent and task manager agent. The resource agent represents the current situation of the 
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resource and it is also responsible to establish the negotiation with other resource agents. The 

manager resource agent receives tasks from task manager agent and start execution the 

schedule processes (multi contract net protocol) with the cooperation of resource agents. The 

task manager agent interfaces with the user receiving the new tasks for the manufacturing 

system. 

 

 

In cascading application, the participant delegates requested tasks into subtasks by starting 

new interactions with subcontractor agents, which might again delegate their tasks to their 

subcontractors, and so on. One example of such a system is a system of Holonic agents. A 

holonic agent consists of several agents, but interacts with agents outside the holon as a single 

agent (Knabe et al. 2002). To deal with the difficulties of cascading applications, Knabe et al. 

(2002) proposed the Holonic Contract Net with Confirmation Protocol (HCNCP). They 

include the possibility of a second proposal in CNCP. Another approach, which uses 

statistical risk estimations, was presented by Schillo et al. (2002). In this approach, risk for 

overbooking is accepted to increase the resource allocation. In this context, a participant may 

bid for more task than it has resources to provide. Overbooking is allowed in a way that the 

expected generated revenues by overbooking are higher than the expected penalties, which 

need to be paid when it is impossible to deliver (Schillo et al., 2002). In order to create more 

advanced protocols, it is possible to combine low - level protocols. For example, such an 

interaction framework is used in the simulation tool TAPAS (Transportation and production 

agent based simulator) for matching transportations and productions in order to fulfill 

customer orders. In this protocol, which was proposed by Holmgren et al. (2007), a new 

interaction starts when a customer order arrives to a coordinator agent. The problem of 

managing orders was solved by introducing a coordinator agent, who manages orders in 
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sequence by keeping incoming orders in a queue. Komma et al. (2007) proposed a hybrid 

communications protocol and addressed the problem of buying two services that depend on 

each other. This hybrid protocol approach is same as the interaction protocol used by 

Holmgren et al. (2007), and it can be described as a combination of two contract net 

protocols. In multi agent system auction is also a commonly used mechanism. Auctions are 

very useful techniques for allocating goods to agents. It is an asymmetric mechanism, in 

which one or more agents try to sell some products to others agents. Also an auction provides 

simplicity in determining market based price for the products. There are several different 

auction protocols, such as, English auction, Dutch auction, etc. However, auctions are too 

simple for many settings: they are only concerned with the allocation of goods. In this thesis, 

our concerned area is negotiation of dependent resources that is why we did not focus on 

auction mechanism. 

 

 

The similar problem of resource allocation of the parallel tasks can be seen in parallel 

programming. In parallel programming the resources should be allocated into a set of 

processors (nodes) that can perform the tasks and those nodes should be connected with each 

other.  Resource allocation should be done in a way that maximizes some system 

performance measure (Shestak et al., 2005).  Efficient and reliable communication among the 

nodes is crucial for achieving high system performance (Xie et al., 2008).  There are several 

proposed solutions for allocating resource efficiently in parallel programming.  Task 

dependencies in parallel programming give another dimension to the problem. The 

dependencies between the different tasks are described in the following manner: one task’s 

output is required as another task’s input (Warneke et al., 2011). A direct acyclic graph 

(DAG) can be used for representing the dependencies of tasks. One of the common problems 
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of task dependency is the deadlock problem. The deadlock problem occurs when the 

dependencies represents by cyclic graph. This situation blocks resources at network endpoints 

as well as inside the network indefinitely (Song et al., 2003).  One deadlock example is 

dining-philosophers problem, in which five philosophers are sitting around the table and 

thinking. In the center of the table there is a bowl of rice, and the table is laid with five singe 

chopsticks, one chopstick on each site of philosopher. When philosopher is hungry, they try 

to pick up two chopsticks that are closest to her for eating.  A philosopher can pick up one 

chopstick at a time and she cannot pick up the chopstick from the neighbor. The deadlock 

situation occurs when a philosopher do not have option to do the next step. It can happen 

when a philosopher cannot pick up one of the chopsticks because the neighbor using it and 

cannot put other chopstick till eating the food (Silberschatz A. et al., 1999).  There are two 

main approaches to solve the deadlock problem: Deadlock avoidance techniques where 

resources are granted to tasks only if the resulting global state is safe (deadlock free); and 

deadlock recovery techniques where resources are granted to tasks without any check and 

therefore, some detection mechanism must be provided (Aghatabar M. M. et al., 2008). 

Different proposed techniques consider the solutions for deadlock problem. Though the 

resource allocation is problem in both parallel programming and agent base system, but the 

way of considering the dependency of the tasks are different. In parallel programming 

resources considered dependent if one resource’s output is another resource’s input.  While in 

agent base system resources considered dependent if all resources need to be fulfill for 

satisfying the task.   

 

 

To design an efficient protocol that allows multiple initiators to buy a single resource can be 

difficult; in particular when multiple participants and initiators are present. In summary, a 
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several solutions are available for allowing multiple initiators to buy a single task or resource; 

in particular when multiple participants and initiators are present. However, if the resources 

are dependent on each other the situation becomes more complicated because of the 

requirements of the initiators to plan or synchronize the resources to form a feasible and high 

quality solution. None of the extensions or protocols discussed above solves the problem of 

sharing tasks that are dependent on each other and handles them in parallel. In this report, we 

will focus on the solutions of how to allocate dependent resources in parallel and we will 

describe the problem in details in Section 3. 
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3 PROBLEM STATEMENT AND GOALS 

 

3.1 Problem definition 
 

 
 

Negotiation between intelligent agents is a fundamental issue in multi-agent systems. For 

illustration we use the commonly occurring problem of booking flight tickets and hotel 

accommodation, which are two resources that often depend on each other. First consider the 

case of only buying a flight ticket, which is an example of negotiating for a single resource.  

A single resource problem is a simple problem and well covered with a several suggested 

solutions, such as CNP. As described in the background and related work (Section 2), CNP is 

one of several task and resource allocation protocols where each agent has one of two roles: 

initiator, who has a task to be performed; or participant, who provides recourses, such as 

products, services, etc., to complete the task. However, as stated by Schillo et al. (Schillo et 

al., 2002), problems may arise if we assume a large number of initiators and limited resources 

for each participant. While multiple initiators are requesting for bids, it might be difficult for 

an agent to allocate resources efficiently. The problem becomes more difficult when agents 

negotiate for multiple resources, in particular if the resources depend on each other and many 

agents want to negotiate for the same resource in parallel. For example, a person looks for 

flight ticket and a hotel room for the same time period. There are solutions that deal with 

negotiation of multiple independent resources, such as, different extensions of CNP, like 

CNCP, leveled commitment etc. However, such solutions are unable to deal with negotiation 

for dependent resources. The dependency of resources adds another dimension to the 

problem, i.e. the need for synchronization. When the agent negotiates for dependent 

resources, each resource should be taken into an account and synchronized with each other. 

For instance, when the participant needs to allocate time dependent resources (or services), 
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the start and end times of the resources need to be considered, which requires 

synchronization. The example of booking dependent flight and hotel resources is used for 

illustration.  

 

 

A scenario is considered, where two initiators (I1, I2) look for flight ticket and hotel and two 

participants (P1, P2) provide flight tickets and hotels respectively. Initiator I1 and I2 are 

sending proposals to participants P1 and P2 who are providing two different resources 

respectively flights (R1) and hotels (R2). Each initiator needs to get both of the resources, 

hotel and flight for a successful result; the initiator cannot be satisfied only with one resource. 

This means that resources R1 and R2 are dependent on each other. With  T1,i (i = 1,2,…) we 

marked the time of sending a request for resources to the participant or receiving the reply 

from participant for initiator I1 and with T2,i (i = 1,2,…) we marked the time for initiator I2. 

Both initiators, I1 and I2 send two different requests of resources to participants P1 and P2 

(Error! Reference source not found.).  After sending a request for resource R1, initiator I1 

sends a request for resource R2 regardless of it gets a reply or not for a request for resource 

R1. 

 

The possible outcomes for one initiator are the following: 

1. Initiator gets accepted on all resources: Initiator gets “accept” reply for both 

resources. For example, initiator I1 gets “accept” reply from both P1 and P2. In this 

case task successfully complete for initiator I1.  
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2. Initiator gets both acceptances and rejections: Initiator get “accept” reply for only one 

resource. For instance, I1 gets “accept” reply for flight ticket from P1 and “refuse” 

reply for hotel from P2 (Figure 3). This situation can happen when the participants do 

not have enough resources to fulfill all requests. In this case task incomplete for 

initiator I1. 

3. Initiator gets rejected on all resources: Initiator gets “reject” reply for both resources. 

For example, initiator I1 gets “reject” reply from both P1 and P2. In this case task 

unsuccessfully completed for initiator I1.  

 

 

Flight 

Refus
e 

 

Hotel 
P2 

P1 
R1 

I1 I2 

Accep
t 

 

Refuse 

 

Accep
t 

 R2 

Figure 3: Initiators get reply for request. 
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P2 

P1 
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R2 

Figure 2: Initiators send request for resources. 
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Let us consider the following situation, I1 gets ”accept” reply for R1 and  get “refuse” reply 

for R2. Meanwhile, I2 gets “accept” reply for R2 and “reject” reply for R1. This situation can 

happen due to the limited number of resources. In this case, task is incomplete for both 

initiators. For completing the task each of the initiators needs the resource that the other 

initiator got.  For example, I1 needs resource R2 and I2 needs resource R1. Unless one of the 

initiator rejects the resource acceptance, none of the initiator will complete the task.  

 

 

In most solutions described in Section 2.3, authors focused on problems like improving 

scalability, reducing message overload and decreasing communication time.  The solutions, 

mentioned in the Section 2, discussed about the problem of handling multiple resources. 

None of the extensions or protocols, discussed in the Section 2.3, solves the problem of 

parallel negotiation of dependent resources. The problem of parallel negotiation of dependent 

resources will be further analyzed and a possible solution will be explored in this master 

thesis. 
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3.2 Aims and objectives 
 

 

The overall aim of this master thesis is to propose an agent based solution approach i.e., an 

agent based protocol for synchronizing and allocating dependent resources involving parallel 

negotiation between multiple buyers and providers of resources. 

The aim will be achieved by: 

i. Identifying the limitations of the exiting protocols for task sharing in agent 

systems. 

ii. Defining the requirements of a protocol for allocating multiple dependent 

resources and managing dependent negotiations in parallel. 

iii. Proposing a protocol to synchronize and allocate depending resources and manage 

such synchronization interactions in parallel. 

iv. Evaluating the solution approach by using simulation in a proof-of-concept 

scenario.  
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3.3 Research questions 
 

 
 

Our research questions are: 

RQ1.What are the limitations of the existing protocols for task sharing in agent systems? 

RQ2.What are the requirements of an agent based protocol for multiple dependent 

resources and parallel negotiations? 

RQ3. What is an appropriate agent based protocol for synchronizing and allocating 

dependent resources and managing such dependent negotiations in parallel?  
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4 RESEARCH METHODOLOGY 
 

4.1 Research Approach 
 
 
The research on information technology (IT), which is illustrated by March and Smith 

(1995), complies well with our work. The core of information technology research typically 

involves activities related to identifying and conceptualizing relevant real problem and 

constructing appropriate solutions approaches that are evaluated and implemented. It often 

involves the methods, tools and languages etc., that are developed as a part of answering a 

research question. According to March and Smith (1995), IT research should be concerned 

with both utility, as a design science and with theory, as a natural science. Hence, this type of 

research typically concerns the construction of artificial artifacts, whereas natural science is 

concerned with explaining how and why the things as they are (March et al., 1995). In design 

science research basic activities are to build and evaluate IT artifacts. Build refers to the 

construction of the artifact and evaluate refers to the development of criteria and the 

assessment of artifact performance against those criteria. Theorizing and justifying have 

natural science intent. For IT research, theorize, refers to the construction of theories that 

explain how or why an artifact works within its environment and justify refers to theory 

proving.  

 

 

At the beginning of our research, a literature survey has been conducted in the studied areas 

in order to position our work; and also to get inspiration for how to construct the solution. 

Then we have constructed a solution approach and evaluated it by experiment followed by 
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design science research method. And after evaluation, we theorized our approach followed by 

natural science research method. 

 

4.2 Research Design 
 
 
Overall research design of our study comprises of a set of activities as shown in Figure 4,  

Conduct 

Literature 

survey

Find out 

limitations in 

existing 

solutions

Find out 

requirements for 

a solution

Propose a 

solution 

approach based 

on requirements

R

Q1

R

Q3

R

Q2

Evaluate and 

Theorize

Build the 

solution 

approach 

 

Figure 4: Research Design for master thesis 
 

 

Our RQ1 is mainly focused on finding out the limitations in task sharing in multi agent 

systems with the help of conducting a literature survey. Although the study area is vast, we 
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have confined our focus specifically into the dependent and parallel negotiations. A literature 

survey has been conducted in order to position our work.  Moreover literature studies 

facilitate us in extracting a valuable source of information and ideas throughout our work. 

Such as, the information about available existing available agent-based task sharing protocols 

and find out their limitations. In subsequent section we will illuminate how literature survey 

has been conducted. Our RQ2 started by studying the problem of negotiation of agents to buy 

a single resource, where both multiple buyers and suppliers are present.  The problem 

becomes more complicated, when multiple resources are dependent on each other. The next 

step was to analyze the problem of buying several dependent resources in parallel. After 

formulating the problem definition based on the knowledge acquired from the literature study 

of exiting negotiation protocols in multi-agent system, we find out the requirements for 

developing an agent based protocol for parallel negotiation of dependent resources. The 

investigation from the literature survey helped us to identify the requirements for a protocol 

that can handle the dependent resources and parallel negotiations.  

 

RQ3 has mainly been approached by proposing a solution for synchronizing and allocating 

dependent resources and managing such dependent negotiations in parallel, based on the 

requirements for such a solution [RQ2].  Due to the nature of the studied domain it is 

practically impossible to conduct real world experiment. Therefore, to conclude our study and 

validation, we conducted simulation study as a proof -of- concepts scenario, which we 

believe, shows that the proposed solution works for dependent resources allocation. 
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4.3 Literature review 
 

 

According to Dawson (2009), literature review is essential for identifying the limitations, 

understanding the issues, to get information about the existing solutions and providing 

references for further improvements. Our main goal of the literature review is to gain 

knowledge and necessary information about task sharing in MAS and to answer RQ1 and 

RQ2.  

 

4.3.1 Search Method: 
 
 

We started our literature survey by defining the search followed by keywords (in section 

4.3.1). During our literature study we made use of the following key words, multi agent 

system, resources allocation, contract net protocol, task allocation, task sharing protocol. The 

keywords were properly defined and modified throughout our work. While choosing the 

databases, we considered sources where most of the literature is peer reviewed. We used the 

following databases to search from:  

 Inspec (reference database) 

  Compendex (reference database) 

 IEEE Xplore (full text database) 

  ACM Digital Library (full text database)  

 Google Scholar.  
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Our search was limited to publication years between 2000 and 2011. We wanted to focus on 

the recent works. There were exceptions where we extended the search from earlier years in 

cases, as the topic is well studied since 1980. We excluded IEEE and ACM publications from 

the search results of Inspec and Compendex in order to reduce duplication. Regarding our 

inclusion and exclusion criteria we evaluated articles by taking into account the relevancy of 

the article. We read the title, abstract of the articles and include them based on some inclusion 

criteria (see below). We evaluated the papers based on the following inclusion criteria.  

The inclusion criteria are given below: 

• The article should be a peer-reviewed article. 

• The articles’ context should be based on some protocols of multi-agent based system. 

• The articles should be available as full text. 

If the relevancy of the article is not clear by reading the title and abstract, we decided to 

exclude the articles from selected list. Articles that do not fit into our inclusion criteria’s were 

excluded. Also, an article for which the content of the paper was unclear by the title and 

abstract was excluded. Also from some publication we followed the references, citations and 

found more papers.  
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5 PROPOSED SOLUTION 
 
 
 
 

None of the solutions mentioned in Section 2 talks about dependent resources. The main idea 

of handling dependent resources is to get all required resources or none of them. In the case 

of dependent resources, each resource is indirectly related to each other. Each resource 

separately cannot complete the task. The example in Section 3 illustrates that fact. Task 

successfully completed, if initiator gets accepted on all resources. Task unsuccessfully 

completed when initiator gets rejected on all resources. Task incomplete, if initiator gets 

rejected for at least one resource. Each of the discussed solutions gives some improvement of 

previous solutions and mentions some factors for efficient negotiation that we found in our 

literature survey [RQ1]. 

 

 

Our RQ2 is “what are the requirements of an agent based protocol for multiple dependent 

resources and parallel negotiations”. We got the requirements for RQ2 from our literature 

study and problem definition. We found that many factors should be taken into account for 

making the negotiation between agents efficiently. The factors are time, effectiveness, 

accuracy and trust. One of the requirements is start and end time of the tasks, which mean 

synchronization. Time is one of the issues, which is considering in mostly all proposed 

solutions. When number of agents and tasks increase the communication time is also increase 

because agents need to communicate with more agents for tasks. Time reducing can be done, 

for example by reducing the number of messages that need to be communicated.  Effectively 

allocating tasks is another issue, which needs to be considered.  Allocating dependent 

resources efficiently in the early stage will help in the further communication between agents.  
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For example, Li et al. (2009b) considered that factor while introducing the proposed solution. 

Such requirements have been taken into account in the proposed solution. 

 

 

In our proposed solution we introduced information board (IB). IB is like a third agent who 

stores and provides information to facilitate the negotiation between initiators and 

participants. It helps initiator by giving a list of participants who has the ability to complete 

that task. About IB we are inspired by the idea of bulletin board (Wang et al., 2005) and 

common message blackboard (Yun et al., 2009), however, the proposed IB has some 

different functionality compare to their idea. In particular, we used the ideas of evaluation 

and de-commitment in our proposed solution. Evaluation idea is mentioned in the Wang and 

Wang (2005) and used for evaluating received information from agents. De-commitment idea 

is mentioned in Sandholm and Lesser (2001) proposed approach, called leveled commitment 

(details in related work). Most importantly, we introduced the idea re-planning to make the 

protocol works in complex situation. In the proposed protocol each of the agents can have 

one of the following roles: initiator, participant and information board.  

 

 

The process of the protocol 

 

The interaction process between Initiator, Information board (IB) and Participants of solution 

is shown in Figure 5. In the beginning of the process initiators and participants communicate 

with IB for updating and receiving information. Further communication goes between 

initiators and participants for re-booking resources and signing contracts.  In Table 1 we 

describe the message types that are used in the interaction protocol.  
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Give information (participant) Participant name, participant location, resource type, 

resource name, resource cost, available resource quantity, 

duration for providing the resource, resource start location, 

and resource end location. 
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Figure 5: Interaction process in proposed solution 
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Ask for information Initiator name, initiator location, total cost for all 

requested resources, total duration for finishing task,  

resource type, resource name, requesting resource 

quantity, resource start location, resource end location, and 

priority list for participant. 

Give information (IB) List of tuples from participant including participants all 

information 

Call for proposal Initiator name, initiator location, total cost for all 

requested resources, total duration for finishing task,  

resource type, resource name, requested resource quantity, 

resource start location, and resource end location. 

Propose Participant name, participant location, resource type, 

resource name, resource cost, available resource quantity, 

duration for providing the resource, resource start location, 

and resource end location. 

Request Initiator name, resource type, resource name, requesting 

resource quantity, resource start location, resource end 

location, and deadline for replying. 

Update NoR (NoT, NoFT). 

Refuse Refuse request. 

Agree Request and the deadline for replying. 

Accept-request/sign contract Agree. 

Reject-request Refuse agree. 

Stop contract Stop accept-request 

Continue contract Accept-request 

Failure Stop accept-request 

Inform result Participant name, resource type, resource name, requested 

resource quantity, resource start location, resource end 

location, and finish successfully or finish unsuccessfully.  

 
Table 1: Specification of message types in order of appearance in the interaction protocol  
 
The confirmation and rejection messages that are used in the protocol are considered self-

explanatory, that is why we have chosen not to describe them. 
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Phases of the protocol: 

 

The Figure 5 shows the interaction process in the proposed protocol. The process consists of 

 six phases that are described below.   

1. Providing information 

Participants give information about themselves and available resources to the IB.  In 

different steps during the communication process participant continuously updates 

and give information to IB.  

2. Planning and evaluation 

Initiator can choose to get information only through IB or contact and ask information 

directly from participants as well. Case 1 describes the situation when initiator gets 

information from IB. Case 2 presents the situation when initiator directly contacts the 

participant for information. 

Case1: Initiator asks information from IB for finding the participants who can provide 

the tasks. By asking, initiator gives conditions for the tasks, as well as the priority for 

participants. Based on that information, IB searches and sorts the participants who can 

provide the mentioned tasks.  The sorting is done by the priority for participant. For 

example, initiator has the priority for participant in the following order:  degree of 

ability (DoAb), cost and time. IB returns already sorted list to initiator. Initiator, 

without spending more time, sends the requests to the first participants in the list. 

Initiator can ask for new information from IB whenever necessary.  

Case2: Initiator sends “ask for information” to participant(s).  Participant(s) analyze 

“ask for information” and gives information (“Propose”) to initiator.  It is assumed 

that a set of participant is known by the initiator. 
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Initiator evaluates information and makes the initial plan. If necessary, initiator can 

re-plan the initial plan. For instance, initiator tries to re-plan the sub-task that is 

provided by the participant who no longer can provide the resource. Initiator will do 

re-planning by trying to find another available participant for the same resource.  

3. Pre-booking 

After evaluating the information, initiator makes the plan and decides which 

participants to contact. Initiator tries to book the resources by sending requests to 

those participants. Each participant can refuse or agree to the request. In the case of 

agreement the resource is booked. When initiator gets refused from participant, it tries 

to re-plan. The number of requests (NoR) of participant in IB updates with each 

received request. 

4. Commitment and negotiation 

If initiator and participant both are agree on the request than they will sign the 

contract.  In the process of signing contact initiator and participant can also negotiate 

about the penalty for de-committing. When initiator and participant sign contract, 

number of task (NoT) and status information needs to be updated in IB. 

5. De-commitment 

During this phase, if the initiator finds a better participant (participant who provides 

service with better conditions), it can stop contact by paying agreed penalty to 

participant. Otherwise initiator and participant continue the contract. 

When participant wants to stop the contract and no longer provide the requested 

service, it pays a determined penalty to initiator. Initiator tries to replace the 

participant who cancelled the contract with another one. If initiator could not replace 

the participant who cancelled the contract, it will do re-planning. 
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In the case when both initiator and participant want to stop the contract, they can 

communicate or negotiate about the paying penalty. They can decide to pay a low 

percentage of the fixed penalty as because they both want to stop the contract.  

6. Finalizing and updating 

If participant succeed to provide the requested service, participant sends the result 

information (“Inform result”) to the initiator. 

In the end of the contract IB needs to be updated. The number of successfully finished 

task (NoFT) of participant in IB updates if participant successfully finished task. 

Based on this information and other updates, such as NoT and NoR, IB calculates and 

updates degree of ability (DoAb).  

More details about the functions of each agent can be found in Appendix D- Simulation 

description.  

 

 

Information board 

 
 

Information board (IB) helps initiators to find the suitable participants easily. The agent with 

available resources can register its information on IB. The registration on information board 

is optional, participant can choose to register its information or not. Participant, who does not 

register on the IB, can be accessed directly. On the other hand, if initiator does not want to 

contact with IB for information, initiator can directly contact with participant. Participant, 

who registers on IB, needs to provide some information. The information is optional but the 

more information participant will give to IB, the more the possibility of that participant to be 

chosen by IB for the task. By receiving the task detail from initiator, IB will first pick up the 

participants with more information. The information is: participant name; location of 
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participant; offer service; cost of the service that participant provides; time of the provided 

service and amount of resource.  

                       

                  

                    Information board

Participant Name:

Location:

Offer Service: 

Cost of Service:

Time of Service:

Amount of Resource:

NoT(number_of_tasks) (updated by both agents)

NoFT(number_of_finished_tasks) (updated by 

both agents)

NoR(number_of_requests) (updated by both        

agents)

DoAb=DoC+DoA (updated by information 

board)

Initiator
Participant

 

 
Figure 6: Information Board 

 

 

Participant name defines the name of participant agent. Location shows the physical location 

of the agent. Offer service gives the idea of the agent service with a key word. Cost and time 

of the service shows respectively price and duration of the provided service. Amount of 

resources shows the number of resources the participant has. 

 

 

IB also keeps information that needs to be updated by both initiator and participant agents.  

When the initiator negotiates with participants for a request, the number of requests (NoR) is 

updated on IB. NoR shows the number of requests the participant had received. In the case 
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when contract is signed, the initiator and participant update the number of tasks (NoT) in IB. 

NoT shows the number of contracts the participant had signed.  If the contract finished 

successfully, this information is placed in IB by updating the number of finished tasks 

(NoFT). NoFT shows the number of contracts the participant finished successfully.  

Based on the updated information, the IB calculates the degree of ability (DoAb), which 

shows the ability of participants based on their completed tasks and resources. It is based on 

the idea of DoA and DoC. DoA is the degree of availability of an agent and calculates by 

using the number of proposals (Chen and Song 2004). DoC is the ratio for an agent to 

complete tasks successfully and calculates by the history of negotiation record (Yun et al., 

2009) (more details are available in related work).  During the interaction process of protocol, 

IB updated the information from both initiator and participant side. Updating same 

information from both sides makes that information more trustable and decrease the chance 

of fake information. This information helps the agents to make accurate and efficient 

decisions.  

 

 

IB helps to decrease the time of communication for planning and signing the contract. In the 

case when initiator uses only IB for planning, the proposed solution skips the first 

communication phase with participant for planning, which can be seen in the existing 

solutions. Another important factor for efficient negotiation is trustworthiness. In the 

proposed solution, as the IB updates from the both initiator and participant side, agents can 

get reliable information about interested agents. In the solution the communication is flexible 

in the sense of both initiators and participant can de-commit by paying penalties if they find 

better proposal or no longer can provide the resource.  When the agents communicate for 

dependent resources, the participant should not commit at the time of bidding otherwise the 
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initiators requests will not be handled in parallel. In the proposed solution the mentioned fact 

is also considered. 

 

 

The proposed solution consists of six phases that are described above. Each phase represents 

some part of the solution and can be looked as a separate action. Some of the phases, such as 

re-planning, evaluation, negotiation and de-commitment, can be replaced with different 

strategies. Replacement of the phase depends on scenario. 
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6 SIMULATION OF PROOF OF CONCEPT 

IMPLEMENTATION 
 
 
 

In order to evaluate our solution we created a proof-of-concepts scenario, in which we tested 

our approach.  The simulation of proof-of-concept is based on multi-agent system. We have 

designed and implemented some test cases to analyze the performance of our protocol. The 

major factors of measuring the performance of our solution approach are the number of 

communication messages, and the success rate of initiator. The main purpose of the 

simulation study is to show the suggested protocol has the potential to work in negotiation 

situations involving agent-based coordination of parallel and dependent resources. The 

factors that affect the result of simulation are the number of agents, number of resources in 

the system, and order quantity. More details about proof of concept scenario will be available 

in Section 6.1. 
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6.1 Simulation 
 
 

Each system needs to be studied to see how it works. According to Law and Kelton (1999), 

the system might be studied in the following way:                               

                                      

System

Experiment 

with the actual 

system

Experiment with 

a model of the 

system

Physical model
Mathematical 

model

Analytical 

solution
Simulation

 

 

 

 

The experiment is doing with the actual system, when it is possible to make changes with the 

actual system and look for the behavior of the system. However, in many cases such 

experiment is too costly and too disruptive to the system.  That is why the model of the actual 

system is creates and experiment is doing with a model of the system. There are two ways to 

represent the model of the system. Physical model builds the physical representation of the 

system. Mathematical model uses the logical and quantitative relationships for representing 

the system. However, some analytical solutions can become too complex. In this case, the 

system is examined by means of simulation. The simulation is used to check the behavior of 

            Figure 7: Ways to study a system 
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the systems. There are some advantages to use simulation. In simulation, experiments can be 

performed on a model of the real system, rather than the real system itself. In such a model, 

variables use to represent key numerical measures of the inputs and outputs of the system. In 

the simulation, the model includes uncertain variables whose values are not under our control 

and decision variables or parameters that can control (Simulation- Introduction, n.d.). In the 

simulation, the model includes uncertain variables whose values are not under our control and 

decision variables or parameters that can control (Simulation- Introduction, n.d.).            

Figure 7 illustrates the mentioned above ways to study the system. In our study, we need to 

handle multiple agents and coordination between them, which can be done using multi-agent-

based simulation. Also we need to put different variables to check system potentiality and 

control those variables to analyze the result. 

 

 

We simulated a proof-of-concept scenario, which is a slightly modified version of a scenario 

presented by Holmgren (2011). The studied domain (with many actors buying and providing 

services in parallel) makes it appropriate for illustrating our solution (Holmgren J., 2011). 

The modification of a scenario has been done to avoid the complexity and make it simple. 

For example, the scenario, described in Holmgren et al., shows in detail the transport 

network, while transporting the products to the customer. The scenario contains 5 

intermediate nodes for transport terminals, in which some type of logical operation are 

performed. In our test, we are not showing the transport network in details, for keeping the 

scenario simple. The testing scenario contains only one intermediate transport node.  Other 

modification of the scenario will be described below in this section.  
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Tools for Simulation: 

 

We implemented our simulation model using the C# programming language with the help of 

Visual Studio IDE. We made use of a multi-threaded approach, so that the agents can act 

independently and individually. Along this, we use MySQL Database to manipulate the data. 

We run our simulation on a platform with 1.40 GHz processor and 32-bit Windows operating 

system. 

 

 

Scenario Description: 

 

The scenario contains one supplier node in Klaipeda (Lithuania) for participants and three 

nodes for initiators; in Älmhult (Sweden), Copenhagen and Esbjerg (Denmark). 

Transportation is carried out by using three modes of transportation (rail, road and sea). An 

illustration of the transport network in our scenario is given in Figure 8.  
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Älmhult(SE)

Esbjerg(DK)

Karlshamm(SE)

Copenhagen(DK)

DK=Denmark, SE=Sweden, LT=Lithunia

Rail

Road

Klaipeda(LT)

Sea

 

Figure 8: An illustration of the transport network that is used in the scenario. 
 
 

As can be seen in Figure 8, all transports go via Karlshamn (Sweden), in which a mode 

change needs to occur. In the scenario, transportation by rail, road, and sea is offered by three 

transport providers. Each of transport providers, which are participants, offers one type of 

transportation. That is, there is one transport provider for each transport mode. In the studied 

scenario, the starting point for all transports is Klaipeda. The ending point is either Älmhult, 

Copenhagen or Esbjerg. The following routes are considered for traveling from Klaipeda to 

the initiators: 

 Klaipeda (Sea) Karlshamn (Rail) Älmhult 

 Klaipeda (Sea) Karlshamn (Road) Älmhult 

 Klaipeda (Sea) Karlshamn (Rail) Copenhagen 

 Klaipeda (Sea) Karlshamn (Road) Copenhagen 

 Klaipeda (Sea) Karlshamn (Rail) Esbjerg 

 Klaipeda (Sea) Karlshamn (Road) Esbjerg  
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Each participant has its attributes, as well as the attributes of offering resource. Participants 

have the following attributes: name of participant and location of the participant. Each 

resource, provided by participant, has the following attributes: name of the resource, the 

available quantity of the resource, the type of the resource, the duration of the resource, 

which shows the delivery time for product and the transportation time for transport, and cost 

of the resource. For transportation it also mentioned the starting and ending points. The 

example of attributes for participant and offering resource are given in Table 2 and Table 3.  

 

Attributes Values 

Name Participant 1 

Location Klaipeda 

 
Table 2: Input data for attributes of a participant 

 

Attributes Values 

Name Truck 

Type Transport 

Quantity 6 

Duration 4 

Cost 40 

starting_point Karlshamn 

ending_point Älmhult 

 
Table 3: Input data for attributes of a provided resource type transportation. 

 
 

As mentioned above, the scenario contains three initiators in Älmhult (Sweden), Copenhagen 

and Esbjerg (Denmark). The task of the initiator is to order products and matching transport. 



  42 

The task of an initiator is fulfilled, when it manages to get both resources. The task of 

initiator is unfulfilled, when initiator does not get at least one of the resources. 

 

 

Each initiator has its attributes, as well as the attributes of requesting resources. Initiator has 

the following attributes: name of initiator, location of the initiator, total duration that shows 

maximum allocated time accepted by an initiator to receive the product transported/delivered 

to the destination and total cost that shows the maximum amount of money one initiator is 

willing to pay as a total for the product and the transportation. Each task, requested by 

initiator, has the following attributes: name of the task, the requested quantity of the task, the 

type of the task, the starting location of the task and the ending location of the task. Examples 

of attributes for initiator and requested task are given in Table 4 and Table 5.   

 

Attributes Values 

Name Initiator 1 

Location Älmhult 

Total_Duration 36 

Total_Cost 1000 

 
Table 4: Input data for attributes of an initiator 

 

Attributes Values 

Name Ferry 

Type Transport 

Quantity 2 

start_location Klaipeda 
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end_location Karlshamn 

 
Table 5: Input data for attributes of a requested task 

 

 

In the scenario, one type of product and tree type of transportation (truck, train and ferry) is 

used.  We did the following assumption in the scenario: 

 The loading and unloading time of the product is included in the transportation time. 

 The possible waiting time of change between transportation is included in the 

transportation time.  

 The single vehicle type is used for each transport mode. Also, it is assumed, that each 

transportation type is able to handle the weight of the requested product. 

 The routing schedule of the vehicles is not considered. Since each initiator orders ones 

per day, we are considering the total duration of transportation and not the timetable 

of the day.   
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6.2 Result and Analysis 
 

 

The main purpose of the simulation study is to show that the proposed protocol has the 

potential to work for parallel negotiation of dependent resources.  

With the simulation we want to show how the proposed solution will work for dependent 

resources.  

In our simulation study, we analyze the following experiments: 

1. Decrease the amount of resources in the system: The quantity of available 

transportation (train/truck) of each participant decreased. The quantity starts from 15 

and decrease to 0. The quantity of available product and ferry of each participant, also 

the requested quantity of product and transportation of each initiator remains same.  

2. Change the requested quantity for initiator: The requested quantity of 

transportation (train/truck) of each initiator changed by giving the random values. The 

requested quantity generated with the help of Poisson distribution. We are using the 

mean of the requested resources of the initiator as a feed into the Poisson number 

generator. The mean value is gradually changed. The requested quantity of product 

and ferry of initiator, also the available quantity of product and transportation remains 

same.  

For each setting we simulated 5 days, and we are considering each simulation run as a day. 

There are no dependencies among the days. In the beginning of each day the values of all 

fixed attributes are the same. What happen one day will not affect what will happen the next 

day. To be able to compare the data for each different setting, the values for other attributes 

are the same.  
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The observed outputs from our simulation experiments are:  

1. Number of messages (communication load) 

The communication load is referred to as the number of messages related with 

negotiation to complete all tasks. 

2. The success rate  

The success rate represents the number of initiators with successfully completed tasks. 

A task is considered complete only if both products and transportation can be 

successfully booked. 

 

 

6.2.1 Decrease amount of resources 
 
 

 

In the first experiment, we decrease the quantity of resources for each participant from 15 to 

0. The quantity of each requested resource for initiators is mentioned in the Table 6. 

 
 Product Ferry Truck/Train 

Initiator 1 4 4 (space) 4 

Initiator 2 2 2 (space) 2 

Initiator 3 6 6 (space) 6 

 
Table 6: The quantity of requested resources for each initiator. 

 
 
Based on the initiators requested order and participants resource quantity, some initiators may 

get resource immediately while others may do re-planning. The quantity of resources affects 

the number of successfully finished tasks. All initiators finish tasks successfully with or 

without doing re-planning when participants have enough resources. Otherwise, some of 

initiators finish task unsuccessfully. The output data of success rate is presented in Figure 9. 
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It can be seen that the success rate increases with increasing amount of resources in the 

system.  

 

 

Figure 9: Participant resource quantity vs. the average success rate in percentage. 
 
 
 

 

Figure 10: Participant resource quantity vs. average number of total messages. 
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Figure 10 shows the average number of total messages during the negotiation. The duration 

of the negotiation between initiator and participant is different, based on the available 

resources quantity. This fact can be seen in Figure 10. Only few initiators finish tasks 

successfully when participants have less resource quantity. This means that few initiators 

successfully booked resources while others got refused from the beginning. That is why with 

the less resource quantity the average number of total messages is less as well. By increasing 

the participant resource quantity more initiators finish tasks successfully.  From Figure 10 it 

can be seen that in the middle values of participant resource quantity, such as 6 or 7, the 

average number of total messages is the highest. When all initiators finish tasks successfully 

and each of participant has resource quantity for satisfying only few initiators, initiator does 

re-planning. Re-planning phase increase the number of messages during the negotiation. As 

many initiators do re-planning as higher the number of messages during the negotiation. By 

further increasing the participant resource quantity the average number of total messages 

decreases. None of the initiators do re-planning when one participant has enough resources to 

satisfy all initiators. In this case, when participant have enough resources to satisfy all 

initiators, the negotiation needs less messages. The most interesting values for the average 

number of total messages in the overall results, shown in Figure 10, is between values 6 and 

12.   With participant resource quantity 6 to 12 initiator does re-planning. It affects results by 

increasing both the number of messages during negotiation and the time of negotiation.  
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Figure 11: Participant resource quantity vs. each initiators average number of messages. 
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Figure 12: Participant resource quantity vs. average number of messages in pre-booking 

phase. 
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messages in pre-booking phase decreases a little. This is happening because all initiators 

finish task successfully from the first request and none of the initiator do re-planning face. 

This fact can be seen in Figure 12.      

        
 

6.2.2 Changing the requested quantity for initiator 
 

 

In the second experiment setting, we are changing the quantity of requested transportation 

(train/truck) from each initiator side. The quantity is generated randomly by using the Poisson 

distribution.  The average value of requested products changes from 1 to 15. The quantity of 

available resources per day for each participant is shown in Table 7. 

 

 
Resource type Quantity 

Product 100 

Ferry 10 

Truck 25  

Train  15 

 
Table 7: The quantity of resources for participant. 

          

Based on the initiators requested order and participants resource quantity, initiator may or 

may not enter to re-planning case. The output data of success rate is presented in Figure 13. 

From Figure 13 it can be seen, that all initiators finish task successfully when the amount of 

requested resource quantity is less. Success rate decreases when the requested resource 

quantity of the initiator increases.  This can be explained by the limited resources of 

participants. Success rate is low, when participants do not have enough resources to satisfy all 
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initiators. In the case, when participants have enough resources to satisfy all initiators, 

success rate will be high independently of the requested resource quantity.  

 

 

               Figure 13: Average requested resource quantity of initiator vs. success rate. 
 
 
 

 

Figure 14: Average requested resource quantity of initiator vs. average number of messages. 
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The average number of messages during the negotiation process can be seen in Figure 14. 

Participants can satisfy initiators from the first request, when the requested resource quantity 

is less. Due to this initiators do not enter to the re-planning phase. By increasing the requested 

resource quantity, some initiators do not get satisfied from the first request. In this case 

initiator needs to do re-planning, which increase the need for negotiation. From Figure 14 it 

can be seen that with the average 8, 9 or 10 requested resource quantity the average number 

of negotiation messages is high. With this average requested quantity initiator goes through 

all phases of negotiation process. Further increasing the requested resource quantity some 

initiators do not get satisfied at all due to less resources of participant. In this case, initiators 

not only skip re-planning phase but some of them also skip commitment and negotiation 

phases.  This can be seen in Figure 14 where the number of messages during the negotiation 

decrease while increasing the average requested resources quantity. 

 

 

Figure 15: Average requested resource quantity of initiator vs. average number of messages. 
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Figure 15 illustrate the average number of messages in the negotiation process for each 

initiator separately. The average number of messages is different as different initiators 

requested resource quantity is different. With the average request resource quantity1 to 4 all 

initiators get satisfied from the first request. Based on this, all initiators have the same 

average number of messages despite of different requested quantities. The average number of 

messages becomes different when some initiators do not get satisfied from first request. 

Those initiators do re-planning, which increases the average number of messages and makes 

it different for different initiators. This can be seen in Figure 15 where, starting from average 

requested quantity 7, the average number of massages for different initiators is different.  

 

 

Figure 16: Average requested resource quantity of initiator vs. average number of messages 
in pre-booking phase. 
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resource quantity re-planning can be done more than once. As shown in Figure 14and Figure 

15, with the less average requested resources initiator successfully finishes task without re-

planning, when the participant can satisfy the requested resources. So, with the average 

request resource quantity1 to 5 the average number of messages is less, which can be seen in 

Figure 16.  The average number of messages increases while increasing the average number 

of requested resources. This happens when the initiator do not successfully finish task from 

the first request and needs to do re-planning. Figure 16 illustrate the increasing average 

number of messages with increasing the average requested quantity of initiator. Further 

increasing the average requested resource quantity; some initiators may do re-planning more 

than others. This occurs when more than one participant cannot satisfy the requested quantity 

of initiator and initiator needs to do re-planning again. This explains continuously increasing 

average number of messages in Figure 16.  
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7 VALIDITY ASSESSMENT 
 
 

The simulation has been done with a purpose to show that our proposed protocol has 

potential to take care of dependent resources. In spite of the ability and the performance of 

the solutions approach, some threats to validity remain in our study. We used one specific 

scenario for simulation study which is a part of the actual scenario. The results of simulation 

study satisfied the expected outcomes. Therefore, the simulation result we have can differ 

while using the actual scenario or in some other domain. So, the protocol might perform 

worse in some other scenarios. Also, in our simulation we gave only two dependent resources 

(product and transportation). It may show different characteristics or performance with more 

number of dependent resources. Further validation of the suggested protocol is needed. In the 

simulation, some variables value changes in the experiment, while others stay stable during 

the experiment. The result shows that the changing variables are partly dependent from the 

chosen values of the stable variables. The result can be different while choosing other values 

for static variables based on scenario.  

 

 

In the proposed protocol a large number of communication and calculation is done by the 

Information Board (IB). IB also stores necessary information about the participants inside its 

own database. In the simulation study the number of agents is few. Due to that fact, the stored 

data in IB is less and handled according to scenario.  By increasing the number of agents the 

amount of stored data in IB will also increase. It can affect to the communication factors, 

such as, time. Also, depends on the scenario may be the data needs to be handled in the 

different way.  In our proposed protocol we also used the idea of de-commitment (Sandholm 
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et al., 2001). This approach is already implemented and tested that is why we did not 

implement it in our simulation. One of the threats to validity in our study is the difference 

between the simulated result and the result of the real life environment. The real world 

phenomena may be interpreted in different ways by different decisions makers.  Also, based 

on the domain, the taken major factors can effects on the result may be different from the 

one, taken in the conducted simulation.   
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8 DISCUSSION 
 

 

We have presented a novel protocol, which dealt with dependent resources in parallel 

negotiation. The protocol mainly operates for dependent resource cases. As it has already 

been previously mentioned in the “related work” and “problem definition” sections that our 

work is new -  apparently no research has been conducted in that particular problem domain 

(at least according to the best of our knowledge).  Due to such reason in our validation 

process it is difficult to compare the proposed protocols with existing ones (protocols). 

However, the simulation results indicate that our proposed solution works. Also, it has 

potentiality to work in agent-based coordination of parallel and dependent resources 

negotiation. Compare the results of each graph and the behavior of the protocol in the given 

settings, the figures show the correct behavior of the protocol for the considered setting. We 

are using measuring factors, such as number of communication messages and success rate, to 

our findings data as they are also used in the real world to measure the performance of these 

types of protocols. However, the proposed solution needs to be more tested in different 

scenarios.  

 

 

In our proposed protocol we introduced the idea IB, which helps to decrease communication 

overhead by reducing the broadcasting from initiator.   With the use of IB initiator only gets 

information about the potential participants based on the particular task at hand. Also there is 

an option that initiator can broadcast “call for proposal” messages directly to participants. 

The IB, by sending the sorted list of participants for all needed resources to initiator also 
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helps to reduce the processing time. From the sorted list of participants initiator can choose 

and sends request for all dependent resources in parallel to the possible contractors. 

The major idea in our proposed protocol is introduction of re-planning phase with other 

techniques. Re-planning gives chance to initiator to finish task successfully. If one participant 

fails to provide the expected services or initiator get rejection for one resource, the initiator 

will try to replace the cancelled participant by using the re-planning phase. Normally, in any 

case of failure, initiator sends the call for proposal to all participants again, which increase 

the communication overhead and also increased the time. In the considered scenario, initiator 

already has the available participant list for the resources from IB. In the case of failure, 

initiator sends the request to the next participant in the list. Consequently, it will decrease the 

communication overhead and processing time. In the case, when other participants are the 

best contractors for initiator, the re-planning of failed participant will increase productivity. 

 

 

In the end of each communication, independent of success, each agent updates the IB. This 

updates will make information more trustable. Each time both initiator and participant update 

one of the following numbers, NoT, NoFT or NoR, the IB calculates and updates the DoAb. 

DoAb helps initiator to get the idea about participant’s behavior to the previous task. The 

high value of DoAb shows that the probability of finishing the task and do not stopping the 

contract is high. The updated information from both sides (DoAb), makes the possibility to 

assess the trust of a participant. In our protocol, we also used the idea of de-commitment. The 

idea of de-commitment is mentioned in proposed approach by Sandholm and Lesser (2001). 

The availability of penalties help agents do not make the contract, which cannot be satisfied. 

This phase can be looked as the external protection of the protocol for avoiding the contracts, 

which cannot be fulfilled. In our implementation we tried to keep the scenario simple and 



  59 

show that it works for dependent resources negotiation. Also, this approach is already tested 

and implemented in other protocol that is why we did not implement it in our simulation.   

In the Section 5 we mentioned that the proposed solution consists of six phases. As we 

discussed, for some phases different agents can use different strategies, depending on the 

scenario. In our solution we are giving this opportunity to add or remove one phases and also 

changes the phase’s strategy based on the environment.  However, this idea needs to develop 

further. 

 

 

The information board keeps and gives all needed information about participants. If the 

information board, for some reasons, fails to provide needed service, initiator will have the 

option to directly send request message to all participants. This will increase the factors, such 

as, broadcasting, total time, etc. So, the information board is a single point of failure. There is 

a possibility that participant will not give information to information board. In that case, all 

participants might not be registered in information board and initiator, who supposedly will 

communicate with information board, will miss some participant’s information.  On the other 

hand, there is always possibility for direct communication between initiators and participants. 

 

 

In addition, when the number of initiators and participants increase in the system, the number 

of tasks will increase as well. When the number of tasks increase, negotiation between 

initiators and participants also increase, this makes the situation more complex. Moreover, 

synchronization of negotiation will be difficult due to large number of initiators and 

participants. As a result, the time and other factors for synchronization can increase as well. 
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Increasing the number of participants will increase the information storage in IB, which need 

a huge memory space. 
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9 CONCLUSION AND FUTURE WORK 
 
 
 
Our RQ1 [What are the limitations of the existing protocols for task sharing in agent systems] 

was to find out the limitations of existing solutions of task sharing. We discussed some 

existing solutions and their shortcomings. In our study we found one of the major limitations 

that none of them concerns about the situation where several agents negotiate in parallel. 

 

 

Our RQ2 [What are the requirements of an agent based protocol for multiple dependent 

resources and parallel negotiations], was to find out the requirements of a protocol for 

dependent resources. From the limitations and discussion of existing solutions in related work 

section we found some factors that need to handle in dependent resources negotiations, such 

as, synchronization time. Each resource information such as, starting and end time should be 

taken into account and synchronized with each other when the agent negotiates for dependent 

resources. For instance, when the participant needs to allocate time dependent resources (or 

services), the start and end times of the resources need to be considered, which requires 

synchronization. 

 

 

We took the factors that were identified in RQ2 into account and proposed an agent based 

protocol for parallel negotiation of dependent resources [RQ3, What is an appropriate agent 

based protocol for synchronizing and allocating dependent resources and managing such 

dependent negotiations in parallel]. To evaluate our protocol, we implemented the protocol 

and conducted two simulation experiments for a proof-of-concept scenario. In one 
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experiment we decreased the amount of resources in the system.  In second experiment we 

changed the requested product quantity for initiator. From our simulation result we showed 

that, our protocol has the potential to handle the parallel negotiation of dependent resources. 

 

 

In our protocol, we introduced the idea of re-planning to increase the chance of initiator to get 

requested resources and finish task successfully. The IB idea, used in the protocol, helps to 

reduce the processing run time and the broadcasting. By reducing the broadcasting the 

communication load reduced as well. Also, in our protocol initiator and participant updates 

data, such as, number of finished task, to make information more reliable in IB. 

 

 

Below we give a few points to further development of our proposed solution. 1) Further 

validate the protocol i.e. by including more real worlds aspects in the test simulation and 

testing it for other domains, 2) Further develop the protocol, 3) Test different strategies for 

the different phases of the protocol.  
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Appendixes 

Appendix A- Description of the used terms 
 

 

Task: A task can be described as something that needs to be done, for instance, a problem 

that needs to be solved or a job that needs to be performed. A task usually involves different 

types of resources, such as, services or goods.  

 

Resource: Resources are different type of services or goods that can be used to fulfill a task, 

i.e., a problem or a job.  

 

Sub-task: To complete a complex task it might sometimes be necessary to decompose the 

task into smaller sub-tasks that can be allocated to different agents.  

 

Task sharing: Sometimes an agent is incapable of fulfilling a task, e.g., since it lacks 

information, resources or sufficient competence. Task sharing is referred to as the process of 

sharing tasks or sub-tasks among agents. 

 

Dependency in task-sharing: A dependent task sharing situation occurs when a task needs to 

be divided into sub-tasks that in some way depend on each other. 

 

Initiator: An initiator is an agent who requests resources for fulfilling a task, or in other 

words, has a task that needs help to fulfill.  

 

Participant: A participant is an agent who provides resources or services (to initiators) for 

fulfilling a task.  

 

Parallel negotiation: Parallel negotiation occur when multiple initiators and participants are 

trying to provide and request resources simultaneously in the same market. 

  



  69 

Appendix B- List of the used terms 
 

 

CNP:     Contract Net Protocol. 

C-CNP:  Competitive Contract Net Protocol 

TP-CNP:  Two Phase Contract Net Protocol 

CNCP:  Contract Net with Confirmation Protocol  

CNPIIS:  Contract Net Protocol based on Information Intermediary Service 

DoC:  Degree of Credibility 

DoA:  Degree of Availability. 

HCNCP:  Holonic Contract Net with Confirmation Protocol  

TAPAS:  Transportation and production agent based simulator 

IB:  Information board  

NoR:   Number of requests  

NoT:  Number of tasks  

NoFT:   Number of finished tasks  

DoAb:   Degree of ability  
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Appendix C– Statistics of Different Databases Searching 
 
 

 
Database Search String Articles Founds 

IEEE 
 
 
 
 

(((multi agent system) AND 
resources allocation) OR 
contract net protocol) OR 
((((multi agent system) AND 
resources allocation) AND 
contract net protocol) AND 
task allocation) OR ((((multi 
agent system) OR resources 
allocation) AND contract net 
protocol) OR task allocation) 
OR ((((multi agent system) 
AND resources allocation) 
AND task allocation ) OR 
contract net protocol) OR 
(((multi agent system) AND 
task sharing) OR contract net 
protocol) 
 

669 

ACM 
 

Equivalent search string 256 

Inspec 
 

 Equivalent search string 980 

Compendax 
 

Equivalent search string 646 

Total Article 
 

 2551 
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Appendix D - Simulation description 
 
 
 

In the proposed solution the following roles are represented as agents: initiator, participant 

and information board (IB). We will hear discuss the process flow of each agent. 

 

Participant 

 

The process flow of participant can be seen in the Figure 17. There are two types of 

participants, a) transport resource providers and b) product providers.  However, the process 

flow is the same for both types of participants. The participant registered itself into IB by 

sending information to it. The participant sends its personal information, such as participant 

name and participant location, as well as the resource information that participant provides, 

such as resource type, resource name, resource cost, resource quantity, resource duration. 

Participant provides also starting and ending points for resource type transportation. All 

information is optional and participants can choose which information to give to the IB. The 

more information the participant will give, the higher the probability is for the participant to 

be selected to provide resources. 

 

 

The participant receives different messages. The messages can be follows:  

If the message is “resource request” from initiator, first of all the participant sends update 

message for NoR to information board, by increasing NoR with one. After that, the 

participant checks if there is enough available resources. When the requesting quantity of 

resource is more or equal then available quantity of resource, it means the participant have 
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enough resources for fulfilling the initiator request. In this case, the participant sends agree 

message to the initiator and books the resources for the initiator. The message includes the 

deadline for replying about further decision. The deadline is fixed for all requests. With the 

resource booking, the participant decreases the number of available resources with the 

number of requested resources. In the other case, when the requesting quantity of resource is 

less then available quantity of resource, the participant sends request refused message to 

initiator. In the end of both cases, participant waits for new message.  

If message is “agree” message to initiator’s request, the participant checks the deadline of the 

message. When the deadline of the message is more or equal than current time, the 

participant assumes that initiator refuse pre-booking. The participant changes message as 

refused pre-booking by initiator and waits for new message. If the deadline is not passed, the 

participant waits for new message. If message is “refuse pre-booking” message from the 

initiator, the participant cancels the booked resources. The participant increases the number 

of available resources with the number of requesting resources and waits for new message.  

A “agree pre-booking” message from the initiator means initiator agrees to sign a contract 

with the participant. The participant sends agree message for signing a contract to initiator. 

After that the participant sends update message for NoT to information board, by increasing 

NoT with one and starts to do the task. When the participant finished the task, the participant 

sends notification about finishing the task to initiator. By receiving conformation about 

checking the finished task message from initiator, the participant sends update message for 

NoFT to information board, by increasing NoFT with one.  
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Initiator 

 

The process flow of initiator can be seen in Figure 18. The initiator asks from the information 

board the list of the participant, who are able to provide the requested resource, i.e., who have 

the suitable resources for initiator. The initiator gives to the IB its personal information, such 

as, name, location, total cost and total duration, the requesting resource information, such as, 

resource type, resource name, requesting quantity, start location and end location. Initiator 

also gives the priority for participant. The priorities are three and they are the following: 

DoAb, cost and time. We are using weighted values to define priorities where the 

accumulated weight is equal to one (1). 

 

The initiator gets from IB the list of participants in the form of tuples. The tuple contains 

three participants for the three requested resources. The initiator sends the request message to 

the first tuple in the list when the list is not empty.  In a request initiator sends initiator name, 

resource type, resource name, requesting quantity, start location and end location. The 

initiator also mentions the deadline for reply. The deadline is fixed for all requests. Initiator 

sends update message for NoR to information board, by increasing NoR with one and giving 

participant name, and after sending the request message.  

 

 

Each time the initiator receives a message, initiator checks the message status.  The messages 

can be follows: If message is “resource request” from initiator, initiator checks the deadline 

of the message. The deadline passed, when the deadline of the message is more or equal that 

the current time. In this case, the initiator assumes that the participant refuse request. The 

initiator changes message as refused request by participant and waits for new message. If the 
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deadline is not passed, the initiator waits for new message.  If message is “refused request” 

from the participant, the initiator checks the number of replied messages. If all request 

messages have been replied, the initiator checks the number of refused messages. When all 

request messages are refused and the initiator did not get any pre-book reply, the initiator 

again asks from IB the list of the participants. If less or equal than half received request 

messages are refused, the initiator does re-planning. The initiator takes the pre-booked 

participants information and tries to find in the list from IB the tuple of participants, which 

will contain the pre-booked participants. If that kind of tuple exists in the list, the initiator 

sends request message to none pre-booked participants in the tuple and waits for new 

message. Otherwise, the initiator refused pre-booked participants and again asks from IB the 

list of participants.  If more than half received request messages are refused, the initiator 

refused pre-booking participants and goes to the next tuple in the list. As it was mentioned in 

Section 5, depending on the scenario, re-planning can be replaced with different strategies. 

If message is “pre-booked by participant”, the initiator checks the number of replied 

messages. If all request messages has been replied, the initiator checks the number of pre-

booked messages. When all request messages are pre-booked and the initiator did not get any 

refused reply, the initiator sends agree pre-booking message to all participants. The initiator 

sends update message for NoR to information board, by increasing NoR with one and giving 

participant name, and wait for new message. If more than half received request messages are 

pre-booked, the initiator does re-planning. Re-planning is done in the same way as described 

above. When less or equal than half received request messages are pre-booked, the initiator 

refused pre-booking participants and sends request messages to the next tuple in the list. The 

initiator sends update message for NoR to information board, by increasing NoR with one 

and giving participant name, and wait for new message. 



  79 

If message informs about finish task, the initiator sends to participant conformation about 

checking the finished task message. After that the initiator sends update message for NoFT to 

IB, by increasing NoFT with one and giving participant name, and finish tasks successfully. 

Otherwise, initiator waits for new message. When initiator second time asking from IB the 

list of participant and getting empty list, initiator finishing task unsuccessfully.  

 

 

Information Board 

 

The process flow of IB can be seen in Figure 19. 

The responsibilities of IB is to keep information about participants (it can also keep 

information about initiators), give the list of tuples from the participants to the initiator, when 

the initiator asks for information and updates the participant information, when it gets update 

request from both initiator and participant. IB keeps the information about agents who 

registered. When the participant registers, the initial value of DoAb, NoR, NoT and NoFT is 

0.  
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IB takes following information from the initiator: personal information, such as, name, 

location, total duration that shows maximum allocated time accepted by an initiator to receive 

the product transported/delivered to the destination and total cost that shows the maximum 

amount of money one initiator is willing to pay as a total for the product and the 

transportation, the requesting resource information, such as, resource type, resource name, 

requesting quantity, start location and end location.  First of all, IB searches in the registering 

participants, who can provide needed resources. After that, IB makes all possible 

combination of participant tuples based on information given by the initiator. IB returns the 

list of tuples of participants to the initiator.  

 

 

IB keeps NoR (NoT, NoFT) update message from initiator. When IB gets new NoR (NoT, 

NoFT) update message from the initiator, IB increase the corresponding message of the 

initiator.  After getting NoR (NoT, NoFT) update message from the participant, the initiator 

checks equivalent update message from the initiator. If the quantity of NoR (NoT, NoFT) 

update message from the initiator is more then 0, IB increase the NoR (NoT, NoFT) of 

participant by one. The initiator decreases NoR (NoT, NoFT) update message number from 

the initiator by one. IB calculates and updates the DoAb for the participant.  IB is being 

updated from both agents during the all negotiation.  

 

 

In the simulation the number of initiators and participants is fixed. The number of initiator is 

3 and the number of participant is 4. The four participants located in Klaipeda (Lithuania). 

Each of participants offers one type of transportation. Transportation is carried out using 

three modes of transportation (rail, road and sea). All transports go via Karlshamn (Sweden), 
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in which a mode change needs to occur. Three initiators located in Älmhult (Sweden), 

Copenhagen and Esbjerg (Denmark). Each of the initiator negotiates for the product and 

transportation.  Each of initiator and participant is running as separate thread and doing their 

tasks, for example checking message, replying, updating etc. As the agents are handled by 

threads, the execution of each agent is random because the threads are handled randomly.  

Simulation clock is not connected with pc clock. For each setting we simulated 5 times, and 

we are considering each simulation run as a day. There are no dependencies between 

different days. Each initiator orders one time per day.  

 

 


