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Abstract

Society, in the past centuries, went through a significant change caused by the explosive growth of 
population and the continuously augmenting level of development. Over the past few decades, market 
demands have changed towards customer-specific manufacturing. Companies have become customer 
order driven, which means that a company must be able to manufacture a high variety of customer-specific 
products, with short delivery times against low costs. 

The change of the market demands implies the need to manufacture with increased flexibility and greater 
efficiency. The factory of the future faces an important challenge: it needs to react adequately to 
perturbations of its environment, changes in the manufacturing systems and uncertainties of manufacturing 
processes. The actual challenge lies in the fact that real-life industrial systems need performance and 
reactivity in order to deal adequately with the continuously growing complexity of manufacturing processes. 
In order to remain competitive, manufacturers had to extend their practices guided just by economic criteria 
like efficiency, productivity, profitability with new ones like health and environmental impacts, resource and
energy conservation, waste management and social aspects.

The globalisation of markets and business forces triggered the extension of the working environment for all 
companies, basically regardless of their size, and the modification of the planning time horizon. The 
importance of finding solutions to production problems that cannot be solved with a single high complexity 
model - even with the use of today’s modern IT - has drastically increased. This new situation lead 
companies to search for new methods, new paradigms. Enterprises confront with decision, optimisation 
problems that are extremely complex due to the extensive decision space (many alternatives), the high 
number of complex constraints, and the necessity of accomplishing simultaneously several objectives.

Under these circumstances, the new paradigms, approach problem solving through decomposition. Amongst 
the recent paradigms, the agent-based solution is seen as one of the most promising in responding to the 
needs of modern companies. A special case of the agent-based paradigm is the holonic view of production 
processes.

The present dissertation proposes agent-based approaches for different levels of production management. It 
is organised in four chapters and an introductory section. The introductory section, parallel to the illustration of 
today’s surrounding operational conditions, enumerates the main requirements of the next generation of 
manufacturing systems. Chapter 1 surveys the new paradigms of manufacturing related to the subject. This 
chapter both defines key terminology, and assesses current research in the area of manufacturing. At the end 
of the chapter, production management levels where agent-based approaches might represent viable 
solutions, are presented. Chapter 2 approaches production management issues at supply chain (network) 
level. This chapter proposes a multi-level quantitative framework to aid the decision making process in 
effectively selecting an efficient and a compatible set of partners. In addition, adaptive behavior algorithms are 
introduced for several agents in the model. The results of different agent behaviors are analyzed through a 
simulation model specifically developed for this purpose.  In Chapter 3 an agent-based approach is proposed 
for handling of order-related uncertainties at company level (interdepartmental order management). Chapter 4
represents the concluding section and summarises the conclusions of this doctoral dissertation. Additionally, it 
indicates future research and development directions. 
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Introduction

INTRODUCTION

Society, in the past centuries, went through a significant change caused by the explosive growth 
of population and the continuously augmenting level of development. As research has increased 
the knowledge of almost every human activity, changes and improvements have steadily come
about also in manufacturing. This development, in the evolving world market, has inevitably 
raised the competition, which, of course, led to an increase in consumer expectations. 

Over the past few decades market demands have changed towards customer-specific
manufacturing. Companies have become customer order driven, which means that a company
must be able to manufacture a high variety of customer-specific products, with short delivery 
times against low costs. To the old concepts that dominated the first half of the 20th century, 
such as the manufacturing islands and the segmented factory, mass and serial production, new 
ones have been added: mass-customization and one-of-a-kind production.

The change of the market demands implies the need to manufacture with increased flexibility and
greater efficiency. There are also two other major problems that appear in manufacturing:
inaccuracies in the manufacturing information and uncertainties with regard to the progress in 
production. So, the factory of the future faces an important challenge: it needs to react 
adequately to perturbations of its environment, changes in the manufacturing systems and 
uncertainties of manufacturing processes. The actual challenge lies in the fact that real-life
industrial systems need performance and reactivity in order to deal adequately with the 
continuously growing complexity of manufacturing processes. 

In the 70s the integration of different factory activities such as design, operation planning, 
manufacturing and assembly throughout the use of information technologies, such as databases, 
networks, etc., came into the limelight because the profit was the main point of consideration 
during different system performance analyses. The integration of different functions happened 
under the concept of Computer Integrated Manufacturing (CIM). Automated Shop Floor Control 
(SFC) systems in manufacturing as part of the computer integrated manufacturing is based on a 
hierarchical approach. More details on the automation of manufacturing and SFC can be found in 
([159], [13], [113], [277]). The main advantages of the CIM concept are the increase of 
productivity, flexibility, quality, reduction of design time and work in process. However, the 
implementation of the CIM concept has not fully reached the expectations, due mainly to 
technological (lack of interoperability among components), economical and social issues [139]. 

The increasing product variety and a low repeat rate, together with the demand for better quality, 
shorter throughput times and lower stock volumes, have called for smaller batch sizes in 
manufacturing. The traditional CIM systems with hierarchical control are suitable for batch 
production in a steady state, does not respond well any more to the challenges of modern,
dynamic and worldwide business. As the rigidity of traditional systems started to be an obstacle, 
in the field of manufacturing systems, decomposition into smaller units became a usual way to 
deal with this difficulty. This decomposition refers not only to physical parts, but also to the 
control architectures. Several attempts were made to develop distributed manufacturing
architectures that are supposed to handle the internal and external changes more effectively than 
the traditional systems. In the past years, new control and organizational architectures, such as 
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fractal factory, bionic manufacturing, random manufacturing, holonic manufacturing s.o. were 
proposed for this purpose.

The reduction of hierarchy in company structures, from the mid-nineties and nowadays, led to 
the point where the concept of structuring firms is moving toward production networks, co-
operative production, extended and/or virtual enterprises (Section 1.4), as a necessity resulting 
from the globalization of markets and businesses forces.

Along with the increasingly demanding manufacturing environment from the 1970’s to the 
1990’s a rapid growth in technology has been noticed. Computer networks become widespread 
and Information Technology (IT) has quickly made its way into all fields of the life including 
manufacturing. As information and communication technologies are rapidly evolving, their 
impact is experienced in our everyday life, working routine and education. New approaches to 
learning, sharing knowledge and integrating competencies are introduced and applied ([99], 
[94]). Most things in life work out better if they are planned. Manufacturing is no exception, 
therefore, one of the biggest challenges in manufacturing today is to plan a system to produce a 
high variety of customer-specific products in the shortest amount of time. The open architectures 
used in the current information systems enable the tight integration of planning and control 
functions. Due to the numerous changes on the world market in the past decades, the key selling 
points for manufacturers have changed. In order to remain competitive, manufacturers had to 
extend their practices guided just by economic criteria like efficiency, productivity, profitability 
with new ones like health and environmental impacts, resource and energy conservation, waste 
management and social aspects. Therefore, a society must find a compromise between being 
internationally competitive and having a healthy environment, between productivity of labor and 
socially healthy workplaces, and other similar apparently contradictory matters.

Taking all issues mentioned above into consideration, the fundamental requirements for the next 
generation of production systems (factories of the future) can be structured as follows:

Enterprise Integration: In order to support global competitiveness and rapid market
responsiveness, an individual or collective enterprise will have to be integrated with its related 
management systems (e.g., purchasing, orders, design, production, planning, scheduling, 
control, transport, resources, personnel, materials, quality, etc.) and its partners via networks 
[209].

Distributed Organization: For effective enterprise integration across distributed organizations, 
distributed knowledge-based systems will be needed so as to link demand management directly 
to resource and capacity planning and scheduling [209].

Heterogeneous Environments: Such manufacturing systems will need to accommodate
heterogeneous software and hardware in both their manufacturing and information
environments [209].

Interoperability: Heterogeneous information environments may use different programming
languages, represent data with different representation languages and models, and operate in 
different computing platforms. The sub-systems and components in such heterogeneous 
environments should interoperate in an efficient manner. Translation and other capabilities will 
be needed to enable such interoperation or interaction [209].
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Open and standardized information systems: Companies forming production networks, in 
order to work as a single integrated unit must be able to inter-operate, share and exchange 
information in real time. As the communication between enterprises may induce high network 
traffic, it is necessary to speed up the exchange of information. The security mechanisms and 
the access rights have to be very well implemented and the redundancy of information should 
be ensured. 

Open and Dynamic Structure: It must be possible to dynamically integrate new subsystems
(software, hardware, or manufacturing devices) into or remove existing subsystems from the 
system without stopping and reinitialising the working environment. This will require an open 
and dynamic system architecture [209].

Cooperation: Manufacturing enterprises will have to fully cooperate with their suppliers, 
partners, and customers for material supply, parts fabrication, final product commercialization,
and so on. Such cooperation should be in an efficient and quick-response manner [209].

Harmonic coexistence of human beings with software and hardware: People and computers
need to be integrated to work collectively at various stages of the product development and 
even the whole product life cycle, with rapid access to required knowledge and information.
Heterogeneous sources of information must be integrated to support these needs and to 
enhance the decision capabilities of the system. Bi-directional communication environments
are required to allow effective, quick communication between human and computers to 
facilitate their interaction [209].

Integration of after sales service issues: Quality, price, and service are three factors that are 
critical to the success of any business. After sales service should be an integral part of any 
company's strategy from the start. Properly handled, service can be a foundation for growth. 
Service varies by the product type, the quality of the product, the price of the product, and the 
distribution channel employed. The characteristics of consumer durables and some
consumables demand that service be available. For such products, service is a feature expected 
by the consumer. In fact, buyers of industrial goods typically place service at the forefront of 
the criteria they evaluate when making a purchase decision.

Integration of environmental, waste management issues: With the rapid implementation of 
environmental legislation world-wide new measures need to be implemented to help innovative 
companies turn their products green-before legislation is enacted. In several countries the 
responsibility for end-of-life disposal of products is already being passed to the manufacturer.
In addition, companies are beginning to "take back" at the end of product life, everything from
computers and electronics to appliances and other consumer goods. The objectives of waste 
management are to control, collect, process, utilize, minimize and dispose wastes in the most
economical way consistent with the protection of public health and the natural environment.
Environmental impacts are also becoming a key issue, a society must find a compromise
between being internationally competitive and having a healthy environment.

Agility: Considerable attention must be given to reducing product cycle time to be able to 
respond to customer desires more quickly. Agile manufacturing is the ability to adapt quickly 
in a manufacturing environment of continuous and unanticipated change and thus is a key 
component in manufacturing strategies for global competition. To achieve agility, 
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manufacturing facilities must be able to rapidly reconfigure and interact with heterogeneous 
systems and partners. Ideally, partners are contracted with "on the fly" only for the time
required to complete specific tasks [209].

Scalability: Scalability means that additional resources can be incorporated into the 
organization as required. This capability should be available at any working node in the system
and at any level within the nodes. Expansion of resources should be possible without disrupting 
organizational links previously established [209].

Fault Tolerance: The system should be fault tolerant both at the system level and at the 
subsystem level so as to detect and recover from system failures at any level and minimize
their impacts on the working environment [209]. 

During my research activities, I had the following main objectives: 
Examination of distributed artificial intelligence techniques and their applications in agent-
based scheduling and control of manufacturing systems,
Study of the applicability of simulation techniques in the research of manufacturing systems
with distributed intelligence, 
Development of an object-oriented simulation framework for analysing agent-based 
production systems,
Development of an agent-based resource allocation model that besides technological and 
economical impacts, considers also the environmental impacts,
Introduction of adaptive agents in production control, 
Elaboration of a framework based on autonomous, cooperative agents for production 
networks control, 
Realization of a simulation model that beyond production logistics tasks makes also the 
representation of the communication flow possible. 

The dissertation is organised in four chapters and an introductory section. The introductory 
section, parallel to the illustration of today’s surrounding operational conditions, enumerates the 
main requirements of the next generation of manufacturing systems.

Chapter 1 surveys the new paradigms of manufacturing related to the subject. This chapter both 
defines key terminology, and assesses current research in the area of manufacturing. At the end 
of the chapter, production management levels where agent-based approaches might represent 
viable solutions are presented. 

Chapter 2 approaches production management issues at supply chain (network) level. This 
chapter proposes a multi-level quantitative framework to aid the decision making process in 
effectively selecting an efficient and a compatible set of partners for the case of large project 
deliveries. In addition, adaptive behavior algorithms are introduced for several agents in the 
model. The results of different agent behaviors are analyzed through a simulation model
specifically developed for this purpose. 

In Chapter 3 an agent-based approach is proposed for handling of order-related uncertainties at 
company level (interdepartmental order management).

Chapter 4 summarises the conclusions of this doctoral dissertation and indicates future research 
and development directions.

9



 Agent-Based Approach for Managing Project Deliveries

CHAPTER 1: AUTONOMY AND COOPERATION IN PRODUCTION MANAGEMENT 

In the past 20-30 years, the importance of finding solutions to production problems that cannot 
be solved with a single high complexity model - even with the use of today’s modern IT - has 
drastically increased. This new situation lead companies to search for new methods, new 
paradigms.

The globalisation of markets and business forces triggered the extension of the working 
environment for all companies, basically regardless of their size, and the modification of the 
planning time horizon. Today’s working environment makes necessary management and 
planning decision taking in a very narrow time horizon and within a very large alternatives 
window.

Therefore, enterprises confront with decision, optimisation problems that are extremely complex
due to the extensive decision space (many alternatives), the high number of complex constraints, 
and the necessity of accomplishing simultaneously several objectives.

Under these circumstances, the new paradigms, approach problem solving through 
decomposition. Amongst the recent paradigms, the agent-based solution is seen as one of the 
most promising in responding to the needs of modern companies. A special case of the agent-
based approach is the holonic view of production processes. 

The present chapter surveys the new paradigms related to the subject, defines key terminology,
and assesses current research. Sections 1.1, 1.2 and 1.3 describe some of the recent 
manufacturing paradigms.

Section 1.4 overviews the different kinds of production networks. Increased reaction ability to 
changes in market conditions and demands, possibility to complement core competencies,
reduction of capital investment and increased redundancy are just a few from the benefits expected 
to result from the involvement of companies in production networks. Other benefits, important
features, and existing architectures are presented as well; open problems are exposed.

Section 1.5 production management levels where agent-based approaches might represent viable 
solutions, are presented. 
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1.1. New research paradigms for production management 

Current practices and newly observed trends lead to the development of new ways of thinking, 
managing and organizing in corporations, where autonomy, decentralization and distribution are 
key characteristics. Computer supported manufacturing systems (e.g. CIM), though efficient 
under intensive and repetitive processes, had been characterized by monolithic structure, 
centralized control, limited flexibility and adaptability, proprieties that no longer represent an 
added value to the new concept of manufacturing enterprise. Distributed Manufacturing Systems
(DMS) were proposed as the next evolutionary step from traditional CIM architectures. 

Distributed systems consist of disjoint components, in other words a system is distributed due to 
being physically broken up into separate components.

Besides distribution, basic properties of the overall system and of each composing entity, include 
autonomy, decentralization, dynamism, reactivness, flexibility and adaptability [223]: 

An entity is said to be autonomous if it has the ability to operate independently of the rest of
the system and if it possesses some kind of control over its actions and internal state. 
Decentralization means that an operation/competency can be carried out by multiple entities. 
One single system can be simultaneously centralized and decentralized. Centralization refers to 
operations, not to the system itself.
An entity is said to be reactive if it adjusts its plans according to its perceptions.
Flexibility is the ability the system exhibits during operation that allows it to change processes 
easily and rapidly in a predefined set of possibilities each one specified as a routine procedure, 
defined ahead of time so that the needs to manage it are in place. In manufacturing, flexible is 
in the sense that machines (or cells) are able to execute several operations. In addition, they can 
quickly change among different production plans according to the part's type to manufacture at 
a given point in time. Flexible manufacturing systems (FMSs) are designed to integrate the 
flexibility of job shops and the efficiency of mass production systems [126]. 
A system is said to be adaptable if it can continue to operate in the face of disturbances 
changing its structure, properties and behavior accordingly to new situations it encounters.

Recently, the agent technology has been considered an advantageous approach for developing 
industrial distributed systems.

When Yoshikawa [279] initiated the Intelligent Manufacturing System (IMS) project [62], 
holonic manufacturing was only one of a set of new research paradigms for the factory of the 
future. The most known, new paradigms of today’s manufacturing are the fractal factory, bionic 
manufacturing, random manufacturing and holonic manufacturing. 

The paradigms can be distinguished by their source of origin - e.g. mathematics for the fractal 
factory, nature for bionic and genetic production systems, philosophical theory on the creation 
and evolution of complex adaptive systems for holonic manufacturing. An overview of the 
different approaches can be found also in [277], [250] and [232]. 

All new paradigms envisage a solution to the same problem: allow manufacturing systems to 
efficiently survive and adapt to a fast changing environment.
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Fractal Manufacturing 

The term of fractal is coming from fractal geometry, objects in multi-dimensional spaces being 
analyzed and described, focusing on the fractional dimension where Euclidean geometry is not 
suitable.

The main characteristics of fractals are self-similarity and self-organization. The goals of all 
subsystems in a fractal are similar, this being achieved by the transmission of enterprise, as 
established by top management, from upper levels in the hierarchy down to the lowest levels. 

The transformation process has a dynamic nature. Each unit may arrange its internal structure 
differently to focus on one or more criteria. Fractals have a current system of goals, which they 
pursue, so, to function as a coherent whole, a goal consistency is to be maintained. The goal 
system works through coordination among fractals occupying same and adjacent hierarchical 
levels.

The fractal factory [266], [216], is an open system, which consists of independently acting self-
similar units (the fractals). Due to its dynamic organizational structure, it is considered a vital 
organism. As a superordinate term to measure the viability and efficiency of a fractal was coined 
the word vitality. Vitality must record and evaluate essentially those variables, which are 
included in the individual characteristic and can be used as a measure for the change of the 
individual characteristics of the level.

The fractal factory has a flexible and efficient information and navigation system. Fractals 
navigate in the sense of constantly checking their target areas, reassessing their position and 
progress. The information system provides data required to manufacture products and allocate 
operating resources. 

Characteristics of the fractal factory: 
inheritance of self-similar fractals,
autonomy of goals, 
dynamic restructuring of fractals, 
high autonomy of units, 
setting of individual goals, 
adaptability through vitality, 
network of communication and cooperation, 
fractal navigation to assess situation, 
continuous planning and control as goal revision between parent-child fractals. 

Random manufacturing 

The concept of random manufacturing was introduced to realize flexible and adaptive production 
for dynamically changing orders [105].

The random manufacturing system (RMS) is composed of machine agents that can decide their 
own schedule. The elements specific to RMS are grouped in 4 categories: 1. machine managers,
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2. task managers, 3. the task master, 4. the tender board. Each machine in RMS tends to increase 
its own profit based on its behavior pattern. 

The execution of orders in the system has five main phases: 1. order entry, 2. group making, 3. 
tender, 4. implementation, 5. profit distribution. 

The basic RMS has four main characteristics: 

1. Autonomous machine system
Each machine agent controls its own actions and decisions. 

Each agent contains all information necessary for its operation. 
Advantage: high modularity and flexibility in the system architecture and in the decision 
making process. 

2. Dynamic machine grouping 
The machine groups are not fixed, but dynamically organized or dissolved when an order is 
coming, respective the fabrication is finished. 
The machine agents in the same group cooperate with each other. 
A machine may belong to multiple machine groups in the same time.

3. Tender-based task allocation 
No global function to allocate the jobs. 
Bottom-up scheduling. 
An order is announced to all machines on the shop floor. In case of multiple machine groups 
wanting the same job, a public tender selects the group who receives it. 

4. Shop floor control by a reward and penalty system
Every order that arrives in the RMS has two attributes: a reward for success and a penalty for 
failure.
This reward-penalty system was introduced to control the behavior of RMS. 

Taking its expected benefits and its role within the world-wide IMS project into account, as well 
as its relevance for this thesis, the agent, respectively holonic manufacturing paradigm are 
further presented in a more detailed way. 
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1.2. Agent-based approaches 

An agent is a real or virtual entity able to act on itself and on the surrounding world, generally 
populated by other agents. Its behavior is based on its observations, knowledge and interactions 
with the world of other agents. An agent has capabilities of perception and a partial 
representation of the environment, can communicate with other agents, can reproduce child 
agents, and has own objectives and an autonomous behavior [130]. 

As an intelligent entity, an agent operates flexibly and rationally in a variety of environmental
circumstances given its perceptual and effectual equipment. As an interacting entity, an agent 
can be affected in its activities by other agents and perhaps by humans [176]. Two forms of 
interaction can be distinguished:

Direct interaction – agents directly exchange some form of messages,
Indirect interaction – agents do not communicate directly with each other, but somehow
interact with their environment; they pose information without specifying a specific recipient, 
and collect information without knowing about the sender [223]. 

A multi-agent system (MAS) is an artificial system composed of a population of autonomous
agents, which co-operate with each other to reach common goals, while simultaneously pursuing 
individual objectives [130].

As major characteristics of MASs can be identified the following [111]: 

each agent has just incomplete information and is restricted in its capabilities, 
system control is distributed, 
data is decentralized,
computation is asynchronous. 

Agent communication 

Agents communicate in order to achieve better their own goals or the goals of the system in 
which they exist. The goal of any system is to behave coherently. Coherence refers to how well a 
set of entities behaves as a whole [227]. Communication can enable agents to coordinate their 
actions and behavior, resulting in systems that are more coherent. A taxonomy of some of the 
different ways in which agents can coordinate is shown in Figure 1, where: 

Coordination is the process whereby agents manage interdependencies between activities in a 
shared environment [149]. 
Cooperation is coordination among nonantagonistics agents, a process where mutually
acceptable plans are developed and executed ([81], [246]). 
Competition is a process whereby several entities independently try to achieve the same goal 
(with or without the knowledge of the other participants) [156]. 
Negotiation is the process of coordination among competitive or simply self-interested agents, 
a process by which a joint decision is reached by two or more agents, each trying to reach an 
individual objective [81].
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Coordination

CompetitionCooperation

Planning

Distributed Planning Centralized Planning

Negotiation

Figure 1: A taxonomy of some of the different ways in which agents can coordinate their actions 
and behavior [81] 

Many protocols for cooperation share the same basic strategy: to decompose and then distribute 
tasks. The following mechanisms are commonly used to distribute tasks [176]: 

Market mechanisms: tasks are matched to agents by generalized agreement or mutual selection. 
Contract net: announce, bid and award cycles. 
Multiagent planning: planning agents have the responsibility for task assignment.
Organizational structure: agents have fixed responsibilities for particular tasks. 

The most widely applied mechanism is the Contract net protocol.

The contract net protocol provides a solution for finding an appropriate agent to work on a
given task. An overview of the protocol is made in [81] and parts of it are presented below.

An agent wanting a task solved is called the manager, agents that might be able to solve the 
task are called contractors.

From a manager's perspective, the process is to:
announce a task that needs to be performed,
receive and evaluate bids from potential contractors,
award a contract to a suitable contractor,
receive and synthesize results.

From a contractor's perspective, the process is to:
receive task announcement,
evaluate the capability to respond,
respond (decline, bid),
perform the task if the bid is accepted,
report the results.

Any agent can act as a manager by making task announcements; any agent can act as a 
contractor by responding to task announcements. If contractors are unable to provide a 
satisfactory solution, the manager can seek other potential contractors for the task.

15



 Autonomy and Cooperation in Production Management

Limitations of the contract net protocol are that a task might be awarded to a contractor with 
limited capability if a better qualified contractor is busy at award time; and that a manager is 
under no obligation to inform potential contractors that an award has already been made.

A manager may not receive bids because all potential contractors are eligible but busy,
ineligible, or uninterested (task ranked too low for contractor to bid). The manager can then 
make adjustments in its task plan (e.g. wait until a busy potential contractor is free).

The contract net also provides directed contracts to be issued without negotiation, the 
selected contractor responding with an acceptance or refusal. This capability can simplify 
the protocol and improve efficiency for certain tasks. 

In Multi-Agent Systems (MAS), heterogeneous distributed services are represented as 
autonomous software agents, which interact using an Agent Communication Language (ACL) 
based on speech [206]. 

In order to enable the interoperation of agents on different platforms it is necessary that they 
handle messages in the same way. Therefore, the capabilities and requirements of
communicating agents, as well as basic conversation protocols need to be standardized.

Until now, several efforts have been made for providing protocols and semantics of messages,
among those are the following ones: 

STEP (STandard for the computer-interpretable representation and Exchange of Product data, 
ISO 10303), (http://www.nist.gov) 
CORBA (Common Object Request Broker Architecture), (http://www.omg.org/corba/)
DCOM (Distributed Component Object Model),
(http://www.microsoft.com/com/tech/dcom.asp)
JAVA RMI (JavaTM Remote Method Invocation), (http://java.sun.com/products/jdk/rmi/)
KQML (Knowledge Query and Manipulation Language (http://www.cs.umbc.edu/kqml/)
NIIIP (National Industrial Information Infrastructure Protocols), (http://www.niiip.org/) 
OMG MASIF (Object Management Group Mobile Agent System Interoperability Facility
(http://www.omg.org)
FIPA (Foundation for Intelligent Physical Agents) (www.fipa.org).

Further, this section offers some details on the very promising, still under development work of 
the Foundation for Intelligent Physical Agents.

The Foundation for Intelligent Physical Agents organization was formed in 1996 and registered 
in Geneva in the same year. Its established aim is to develop standards for software agents to 
allow heterogeneous agent systems to interact.

Part of its function is to produce a specification for an agent enabling software framework.
Contributors are free to produce their own implementations of this software framework as long 
as its construction and operation complies with the published FIPA specifications. In this way 
the individual software frameworks are interoperable [190]. 
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FIPA provides an agent management reference model comprising the normative framework
within which FIPA agents exist and operate. The agent management reference model consists of 
the following logical components: agents, Directory Facilitator (DF), Agent Management
System (AMS), Message Transport Service (MTS), Agent Platform (AP) (Figure 2).

Figure 2: Agent Management Reference Model [78] 

FIPA agents exist physically on the Agent Platform and utilize the facilities offered by the AP 
for realizing their functionality. 

In the context of FIPA, an Agent is the fundamental actor on an AP, which combines one or 
more service capabilities into a unified and integrated execution model that may include access 
to external software, human users and communications facilities. An agent may have certain 
resource brokering capabilities for accessing software. A unique Agent Identifier (AID) labels an 
agent so that it may be distinguished unambiguously within the Agent Universe. An agent may
be registered at a number of transport addresses at which it can be contacted and it may have 
certain resource brokering capabilities for accessing software [78]. 

Agents may register their services with the Directory Facilitator (DF) or query the DF to find 
out what services are offered by other agents. Multiple DFs may exist within an AP and may be 
federated.

The agents must register with an Agent Management System (AMS), which is a unique and 
mandatory component of the AP. The AMS exerts supervisory control over access to and use of 
the AP. A Message Transport Service (MTS) is the default communication method between 
agents on different Aps.

Agents must communicate with each other to perform the tasks for which they are responsible. 
FIPA Agent Communication specifications deal with Agent Communication Language (ACL)
messages, message exchange interaction protocols, speech act theory-based communicative acts
and content language representations. Further details on different FIPA specifications can be 
found at http://www.fipa.org/specs [77].

To be considered FIPA-compliant, an agent platform implementation must at least implement the 
Agent Management and Agent Communication Language specifications. There already are 
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numerous implementations of agent platforms that conform to the FIPA Specifications, among
these:

Agent Development Kit (http://www.tryllian.com/)
April Agent Platform (http://sf.us.agentcities.net/aap/index.html)
Comtec Agent Platform (http://ias.comtec.co.jp/ap/)
FIPA-OS (http://fipa-os.sourceforge.net/)
Grasshopper (http://www.grasshopper.de/) 
JACK Intelligent Agents (http://www.agent-software.com/)
JADE (http://jade.cselt.it/ ) 
JAS (Java Agent Services API) (http://www.opensource.org/) 
LEAP (http://leap.crm-paris.com/)
ZEUS (http://193.113.209.147/projects/agents/zeus/). 

Application fields 

The life cycle of products is made up of a series of stages: requirement analysis, design, 
implementation and deployment, operation, logistics, maintenance and decommissioning. Agents 
can be used in every phase of generic life cycle [185]:

Requirements definition (definition of a set of needs that are to be satisfied) 
Positioning (relationship to other products in the enterprise). 
Specification (functions that the product will support). 
Design (mapping the functions to implementation strategies). 
Implementation (the phase of the life cycle in which the product is constructed). 
Commissioning (the product is put to use). 
Operation (maintaining the product in regular productive use). 
Decommissioning.

Without the aim at completeness, some main application fields are as follows: 

Agents in Product Design 
Design becomes increasingly decentralised (team of designers in different locations, working for 
different companies, dealing with the design of the components and subsystems of a complex
product, using many different analysis tools) [167]. A short survey of design systems working
according to the agent principles is given in [185]. Remaining at the main categories only, agents 
can be catalogs of pre-defined parts, pre-existing design tools or the designers themselves
representing components and subsystems of the product. 

Agents in Planning and Scheduling 
Optimization of industrial manufacturing and production processes like shop floor 
scheduling, where agents represent, e.g., different machines or work-cells is a process 
increasingly utilized [167].
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Agents in Real-time Control 
Coordinated proactive objects in process control systems can usefully be viewed as agent-based 
systems. Among other examples, the control of transfer line type manufacturing system is 
described in [185]. 

Agents in Networks
A topic showing the perspective of many advantages is considered to be the applicability of
agents in networks [55], [80], [189], [264]. Usage of agents is possible in different stages of a 
network [270], such as: partner selection, design of networks, the operation of a network, or the 
modeling of the network.

Agents representing different partners in a network can perform one or more functions, 
coordinate their actions with other agents, and can bid at a network marketplace for job-orders. 

Typical real-life application fields of the agent technology are, among others [176]: 
Electronic commerce and electronic markets, where ‘buyer’ and ‘seller’ agents purchase and 
sell goods on behalf of their users. 
Real-time monitoring and management of telecommunication networks, where agents are 
responsible, e.g., for call forwarding and signal switching and transmission.
Modeling and optimization of in-house, in-town, national or world-wide transportation systems,
where agents represent, e.g., the transportation vehicles or the goods or customers to be 
transported.
Information handling in information environments like the Internet, where multiple agents are 
responsible, e.g., for information filtering and gathering. 
Improving the flow of urban or air traffic, where agents are responsible for appropriately 
interpreting data arising at different sensor stations. 
Automated meeting scheduling, where agents act on behalf of their users to fix meeting details 
like location, time, and agenda. 
Analysis of business processes within or between enterprises, where agents represent the 
people or the distinct departments involved in these processes in different stages and at 
different levels. 
Electronic entertainment and interactive, virtual reality-based computer games, where, e.g., 
animated agents equipped with different characters play against each other or against humans.
Design and re-engineering of information- and control-flow patterns in large-scale natural, 
technical, and hybrid organizations, where agents represent the entities responsible for these 
patterns.
Investigation of social aspects of intelligence and simulation of complex social phenomena
such as the evolution of roles, norms, and organizational structures, where agents take on the 
role of the members of the natural societies under consideration. 

Advantages of multiagent systems

There are many advantages [81], [176], provided by the characteristics of multiagent 
systems related to: 
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Technological and Application Needs - Multiagent systems offer a promising and innovative 
way to understand, manage, and use distributed, large-scale, dynamic, open, and 
heterogeneous computing and information systems (e.g. the Internet). 
Natural View of Intelligent Systems - Intelligence and interaction are deeply and inevitably
coupled, and multiagent systems reflect this insight. Natural intelligent systems, like 
humans, do not function in isolation, they interact in various ways and at various levels. 
DAI can provide insights and understanding about poorly understood interactions among 
natural, intelligent beings, as they organize themselves into various groups, committees, 
societies, and economies in order to achieve improvement.
Complexity management – There are 4 major techniques for dealing with the size and 
complexity of enterprise information systems: modularity, distribution, abstraction, 
intelligence. The use of intelligent, distributed agents combines all four techniques. 
Speed-up and Efficiency - Agents can operate asynchronously and in parallel, and this can 
result in an increased overall.
Robustness and Reliability - The failure of one or several agents does not necessarily make 
the overall system useless, because other agents already available in the system may take
over their part.
Scalability and Flexibility - The system can be adopted to an increased problem size by adding
new agents, and this does not necessarily affect the operationality of the other agents.
Costs - It may be much more cost-effective than a centralized system, since it could be
composed of simple subsystems of low unit cost.
Development and Reusability - Individual agents can be developed separately by specialists, the
overall system can be tested and maintained more easily, and it may be possible to reconfigure
and reuse agents in different application scenarios.
Privacy - A centralized approach is not possible sometimes because systems and data may
belong to companies that for competitive reasons want to keep them private.

Challenging issues 

Contemporary agent based techniques are widely used because of the advantages they can 
offer. Although nowadays their development increased considerably, there still are 
challenging questions to be answered, such as [176]: 

1. How to enable agents to decompose their goals and tasks, to allocate sub-goals and sub-
tasks to other agents, and to synthesize partial results and solutions? 

2. How to enable agents to communicate? What communication languages and protocols to 
use?

3. How to enable agents to represent and reason about the actions, plans, and knowledge of 
other agents in order to appropriately interact with them? 

4. How to enable agents to represent and reason about the state of their interaction 
processes? How to enable them to find out whether they have achieved progress in their 
coordination efforts, and how to enable them to improve the state of their coordination 
and to act coherently? 
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5. How to enable agents to recognize and reconcile disparate viewpoints and conflicts? How 
to synthesize views and results? 

6. How to engineer and constrain practical multiagent systems? How to design technology 
platforms and development methodologies for DAI? 

7. How to effectively balance local computation and communication? 

8. How to avoid or mitigate harmful (e.g., chaotic or oscillatory) overall system behavior? 

9. How to enable agents to negotiate and contract? What negotiation and contract protocols 
should they use?

10. How to enable agents to form and dissolve organizational structures—teams, alliances, 
and so on—that are suited for attaining their goals and completing their tasks? 

11. How to formally describe multiagent systems and the interactions among agents? How to 
make sure that they are correctly specified? 

12. How to realize ‘intelligent processes’ such as problem solving, planning, decision 
making, and learning in multiagent contexts? How to enable agents to collectively carry 
out such processes in a coherent way? 
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1.3. Holonic manufacturing systems 

1.3.1. The holonic paradigm 

Holonic manufacturing systems (HMSs) consist of autonomous, intelligent, flexible, distributed, 
co-operative agents or holons [247], [253]. 

The word 'holon' was introduced by Arthur Koestler to mean in the same time 'whole' and 'part'
(holos -the Greek word for whole + the particle on -like proton = holon) in his book 'The Ghost 
in the Machine', part of a trilogy on Open Hierarchical Systems [124]. A holon, as Koestler 
defines the term, is an identifiable part of a system that has a unique identity, yet is made up of 
sub-ordinate parts and in turn is part of a larger whole. 

Many work on the holonic paradigm have been done during the past years [246], [15], [159], 
[113], [67], [68], [13], [236], [248], [250], [276], [277]. Research on HMS is part of the 
worldwide Intelligent Manufacturing Systems project. The task of the HMS consortium is to 
translate the concepts that Koestler developed for social organizations and living organisms into 
a set of appropriate concepts for manufacturing industries in order to obtain advantages such as 
stability in the face of disturbances, adaptability and flexibility in the face of change, and 
efficient use of available resources. The following definitions for holon, holarchy and holonic 
system have been elaborated [247]: 

Holon: An autonomous and co-operative building block of a manufacturing system for 
transforming, transporting, storing and/or validating information and physical objects. It consists 
of an information processing part and often a physical processing part. A holon can be a part of 
another holon. 

Holarchy: A system of holons that can co-operate to achieve a goal or objective. The holarchy 
defines the basic rules for co-operation of the holons and thereby limits their autonomy.

Holonic manufacturing system: a holarchy that integrates the entire range of manufacturing
activities from order booking through design, production, and marketing to realize the agile 
manufacturing enterprise. 

Other definitions related to HMS: 

a. Modularity is the characteristic, of a system with moderately complex subsystems with high 
internal cohesion, and minimal coupling among the subsystems, of having the impact of 
changes restricted to few modules. Changes in a component are propagated to only few 
components, and thereby modularity increases the future flexibility of a system ([282] -
pp.112).

b. Autonomy concerns the ability of an entity to control the execution of its own plans and 
strategies. It ensures that holons are stable forms capable of dealing with disturbances, since 
holons handle contingencies without asking higher authorities for instructions [66]. 

c. Cooperation is the process in which a set of entities develops and carries out mutually
acceptable plans [66]. 

d. Views are essentially ‘windows’ through which selective aspects of a system can be observed 
[282].
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e. Holonic attributes: attributes of an entity that make it a holon. The minimum set is autonomy
and co-operativeness [247]. 

f. Holonomy: The extent to which an entity exhibits holonic attributes [247]. 

A HMS is comprised of holons, people, communication network, methods for cooperation. HMS 
regards the elements of manufacturing systems, such as machines, operations, human operators, 
and even the manufactured product and its components themselves, as holons. 

Three types of basic holons, namely resource holons, product holons and order holons, together 
with the main information flows between them are defined in the reference architecture in [254]. 
These basic entities are structured by using object-oriented concepts such as aggregation or 
specialization. Staff holons are also foreseen to assist the basic holons in performing their work. 
Other authors refer only to two types of basic building blocks, e.g. order and machine agents in 
[271], job and resource agents in [241], order and machine (resource) holons in [115]. A 
common feature of these approaches is that the functions of the order and product holons are 
somehow integrated in one basic type. One of the most promising features of the holonic 
approach is that it represents a transition between fully hierarchical and heterarchical systems.

To negotiate with one another, agents need a protocol that specifies the role of the current 
message interchange. These sets of rules that state how agents react to events are defined by the 
holarchy.

The control behavior of the holonic manufacturing system is decoupled from the control 
structure. The control strategy applied in the HMS is not fixed, but adaptable to the 
manufacturing situation. Each holon contains the abilities needed to perform its tasks under 
various control strategies. Even more, a whole range of intermediate strategies can be used, 
depending on the situation of the shop floor. 

The holons coordinate and integrate their efforts through cooperation and goal congruence. The 
goal of the enterprise is known at the top level and communicated down as sub-goals to the next 
lower level. Holons can enter temporary hierarchies if the system goals which the holon knows 
can thereby be achieved easier and more efficiently, because introducing a hierarchical structure 
makes possible to: manage complexity, build systems in a modular way, having that way 
advantages in terms of extensibility, adaptability and reuse, develop subsystems in parallel and 
reduce the overall development time.

In designing system architectures a key role is played by the architecting concepts. By means of 
these concepts, total system complexity is reduced or at least made more manageable. When use 
these concepts, architects aim at guiding principles such as modularity in order to design flexible 
systems.

A modular architecture may naturally result in a layered architecture; modules are assigned to 
specific layers. Layers reflect design decisions based on allowable relations and interfacing 
constraints. The layers in architecture represent allowable interfaces among modules. A layer 
builds on its underlying layer, which at its turn builds on its underlying layer as well. 
Consequently, a layer explicitly uses the functionality on its underlying layer, and implicitly uses 
the functionality of all layers underneath its underlying layer [282]. 
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1.3.2. A reference architecture for HMSs 

A reference architecture for HMSs has been developed at the University of Leuven under the 
name Product Resource Order Staff Architecture (PROSA) [254]. PROSA comprises 4 type of 
holons: product, resource, order - considered basic holons, developed based on the 3 relatively 
independent manufacturing concerns that exist, and staff holons. The 3 basic holons are 
considered to: be sufficient to drive a production system, form a necessary set. The basic rules 
for co-operation of the holons in the holarchy are defined by a meta-controller.

The resource holon:
contains the production resource (psychical part), 
contains the resource controller (information processing part), 
offers production capacity and functionality to surrounding holons, 
holds methods to allocate production resources, and knowledge to organize, use and control the 
production resources, 
is an abstraction of production means such as machines, conveyors, storage, personnel, floor 
space etc. 

The product holon:
contains process and product knowledge, 
contains information on the product life cycle, user requirements, design, process plans, bill of 
materials, quality assurance procedures, 
acts as an information server to the other holons in the HMS. 

The order holon:
is a task in the manufacturing system,
is responsible for performing the work correctly and on time,
does not enforce a specific control concept, 
decouples product, process plan and scheduling information from the rest of the production 
system.

The staff holon:
assists other holons in doing their work by giving them advises, 
allows the presence of centralized elements and functionality in the architecture, 
decouples system robustness and agility from system optimization,
ex: centralized scheduler of a shop, on-line shop floor control, CAD-systems.

Every order holon refers to exactly one product holon. If the number of order holons (OH) is 0 
the HMS is idling. The presence of OHs in the architecture is not compulsory, but is advisable, 
because:

having OHs is a natural decomposition of the resource allocation problem,
OHs act as drivers for the specific order they refer to, 
orders with different characteristics can be modeled differently, 
orders with different characteristics can have different behaviors and control strategies. 

The data maintained by holons, the functionality of holons and the knowledge exchange between 
them are illustrated in Figure 3. 
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OO rrdd ee rr hh oo lloo nn
Data:
•state of physical product
•task progress
•task log
Functions:
•scheduling
•deadlock handling
•progress m onitoring
•trigger process execution

PP rroo dd uu cc tt hh oo lloo nn
Data:
•product m odel
•process plan
•quality requirem ents
Functions:
•product (re)-design
•process (re)-planning
•quality verification

RR ee ssoo uu rrccee hh oo lloo nn
Data:
•capabilities
•running tasks
•sub-resources
•activity log
Functions:
•start processing
•processing control
•process m onitoring
•m anages sub-resources
•process control
•plans and perform s m aintenance

Production
knowledge

Process
knowledge

Process
execution

knowledge

Figure 3: Data maintained by holons, functionality and knowledge exchange between them

Holons exchange knowledge about the manufacturing process. To avoid complexity, lack of 
predictability, control difficulties introduced by the interactions between a large number of low-
level agents (ex.: in the case of processing several products simultaneously were technological 
constraints between products might occur), it is best to structure the agents through aggregation 
and specialization. 

Aggregation:
is used to focus on different levels of holons, 
aggregated holons mean several related holons clustered together and acting as a single holon 
with its own identity, 
aggregated holons can dynamically change their content, 
a holon may belong to multiple aggregations (e.g.: a tool can be shared between several 
workstations),
a holon may belong to different levels of aggregations at the same time (e.g.: an equipment
holon may belong as well to a workstation holon, as to a shop holon, as to a factory holon), 
the number of levels is not dictated by the hierarchy, depends on the needs of a certain system,
an aggregation hierarchy is open-ended at the top and at the bottom.

Example: A customer order can be divided in separate batch orders, and further in work orders. 
A shop can be divided in several workstations, which can be further divided in resources. A 
product can be divided in subassemblies, and subassemblies in operations.

Specialisation:

is used to focus on different functions of holons, to differentiate the different kinds of RH, 
PH, OH. 
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Characteristics of PROSA: 

it has a distributed basic architecture, 
it is a fractal system in the original meaning of the word, 
it does not separate the manufacturing system from the manufacturing control system,
the system can dynamically switch between hierarchical and heterarchical control 
the control system structure is decoupled from the control algorithms. This decoupling allows 
reusing structural modules in a different logistic chain, just by replacing the control algorithms,
technical process-related aspects are decoupled from the logistical resource allocation aspects, 
so both can evolve independently. This decoupling allows reusing control algorithms in 
logistically similar factories just by replacing the product holon, 
default functions (such as the deadlock prevention mechanism) can be reused in all systems or 
can be overwritten if necessary, 
 ‘scheduling’ here means short-range planning to assign resources to tasks, 
has horizontal self-similarity:

holons from the same type have similar interfaces and behavior 
in the object-oriented sense all holons inherit a common interface and behavior from the 
basic RH, OH, PH, and can always use this common interface to communicate with another 
holon and does not need to be aware of the fact that this holon might be a special kind (ex: 
rush order holon, first-of order holon), 
advantages on the: 

heterogeneity of orders: special cases can be handled similar to nominal cases, 
heterogeneity of products: the natural heterogeneity of manufacturing system components
is reduced by modeling them as homogeneous as possible, 
heterogeneity of resources: the main interface functions are common to all holons. 

has vertical self-similarity:
delivers homogeneity in the internal operating of holarchies on different levels of 
aggregation,
advantage: reconfiguring the system becomes easier because a RH can be integrated in any 
holarchy without needing to change the functioning of the RH, nor the functioning of the 
holarchy.

Vertical self-similarity is illustrated only for RH because we don’t know yet if the HMS 
architecture is applicable for internal working of a product holon or OH. 

Because each stakeholder (customer, developers, maintainers, users) is concerned with certain 
aspects, exist different views on a system, like: external, process manufacturing control 
concurrent engineering viewpoint. 

So, the innovations introduced by PROSA are as follows: the system structure is decoupled from
the control algorithms; technical aspects are decoupled from the logistical ones; allows 
incorporating more advanced hybrid-control algorithms.
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1.4. Modeling and management of production networks 

1.4.1. Introduction 

One of the newly emerging areas of research, representing a real challenge for the planning and 
management of production systems, is related to the paradigm of production networks. 
Regarding the concept of production networks, different, interrelated concepts can be found in 
the literature: e.g., virtual enterprise, supply chain, extended enterprise. For the time being, there 
is not a unique, universally accepted definition yet for these terms. Usually, no clear distinction 
is made between virtual and extended enterprises, though everyone distinguishes the concepts of 
virtual factories (enterprises) and virtual manufacturing.

Extended enterprises, virtual enterprises and supply chains are considered here as very similar
concepts, each of them being a production network (PN) formed from independent companies
collaborating by sharing information, skills, resources, and having the same goal of exploiting 
market opportunities. A kind of production network focusing on collaboration between 
companies, is a virtual enterprise (VE). If the collaboration network incorporates a dominant
company imposing the rules of the information exchange, we call it extended enterprise (EE).
The alliance that focuses on the chain aspects is then the supply chain (SC) [92].

1.4.2. Definitions and categorization 

Definitions

In the related literature, a quite large number of definitions are presented. In the following some
of them are specified. 

Virtual enterprise 

In [11] a virtual factory is defined as a community of dozens of factories each focusing on what 
it does best, all linked by an electronic network that would enable them to operate as one, 
flexibly and inexpensively regardless of their location.

A virtual enterprise is a temporary consortium formed by real autonomous companies on the 
basis of strong collaboration to exploit fast changing worldwide opportunities quickly, which a 
single company is unlikely to realize [281]. Other definitions of the term “virtual enterprise” can 
be also found in [265], [193], [269], [178], [19], [135]. 

Supply chain 

The supply chain is a set of activities, which span enterprise functions from the ordering and 
receipt of raw materials through the manufacturing of products through the distribution and 
delivery to the customer [50]. 

The supply chain of a manufacturing enterprise can be defined as a world-wide network of 
suppliers, factories, warehouses, distribution centers and retailers through which raw materials
are acquired, transformed into products which are then delivered to customers [211]. Other 
definitions of the term “supply chain” can also be found in [9] and [20]. 
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Extended enterprise 

In [228] the virtual enterprise and the extended enterprise are considered as two different 
notions. The extended enterprise is seen as a network of closely collaborating independent 
partners, where the goal is to achieve competitive advantages by forming formal linkages 
(contracts) and to maintain distributed cooperation throughout the network. An enterprise usually 
belongs to more than one network.

Virtual enterprise- Supply chain 

According to [211] the Supply Chain Management focuses on the chain aspects and is related to 
the life cycle of products, while the Virtual Enterprise focuses on the collaboration among the 
related manufacturing factories. 

Virtual enterprise - Extended enterprise 

The difference between the extended enterprise and the virtual enterprise is that the virtual 
enterprise lasts shorter period of time, and has less formal partnerships [194]. 

The concept of extended enterprise, the closest "rival" term, is better applied to an organization 
in which a dominant enterprise "extends" its boundaries to all or some of its suppliers. The VE 
can be seen as a more general concept including other types of organizations, namely a more
democratic structure where the cooperation is peer to peer [25].

Virtual enterprise- Virtual manufacturing 

A virtual manufacturing system is defined as a computer system, which can generate the same
information about manufacturing system’s structure, states, and behaviors as we can observe in a 
real manufacturing system [107]. The virtual manufacturing model can be used for creating a test 
field for conducting experiments on the extended enterprise models.

Classification

The different types of alliances between enterprises can be categorized not only as virtual, 
extended, supply chain, but also according to criteria presented in Figure 4. 

A llia n c e s  typ e s b e tw e e n  c o m p a n ie s

G eo g ra p h ic  co vera ge D u ra tio n T o p o lo g y P a rtic ip atio n

reg io n al
  co n g lo m era tio n

n a tio n al
w o rld -w id e

sh o rt te rm  b u s in ess
a lliances
lo n g  te rm  a llian ces

d yn a m ic  n a tu re
fix ed  struc tu re

s im u ltaneo u sly  in
  va rio us  n e tw o rks
in  a  sin g le a llian ce

C o o rd in atio n V is ib ility G o a l o rien ta tio n F req u en cy

s tar-like  s truc tu re
d em o cra tic  a lliance
fed eratio n

sin g le  leve l
m u lti  leve l

im m ed ia te
p e rfo rm an ce
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Figure 4: Categorization of alliances according to different criteria [92] 

In a dynamic type production network, enterprises can dynamically join or leave the alliance 
according to the phases of the business process or other market factors.
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The structure of the star-like alliance has in the center a dominant company, defining "the rules 
of the game" and imposing its own standards to the other partners that form a relatively fixed 
network of suppliers. In a democratic alliance, all participants cooperate on an equal basis, 
keeping their autonomy, but joining their core competencies. The federation is a common
coordination structure created between companies that previously have been partners in a 
successful alliance and have realized its benefits.

A participant in a single level alliance can only see its direct neighbors, while in a multi level
one, has some visibility over other non-direct levels. 

1.4.3. Approaches, architectures 

The latest approaches to realize production networks, which involve building virtual enterprise 
architectures, enterprise integration and supply chain management, are based on the agent theory 
[25], [24], [107], [281], the mobile agents technology [20], [193], [195] or the neural networks 
technology [135]. An overview of selected papers, in temporal order is presented below. 
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Fox et al., 1993 X X X
Rabelo et al., 1996 X X X
Camarinha-Matos et al 1997 X X X X
Shen et al., 1998 X X X
Brugali et al., 1998 X X X
Rabelo et al., 1998, 1999 X X X X X
Shen et al., 1999 X X X X
Hongmei et al., 2000 X X X
Yu et al., 2000 X X X
Lutz et al., 2000 X X
Bremer, 2000 X X
Lau et al., 2000 X X

Fox et al., 1993, [50], (ISCMS)

The architecture of the Integrated Supply Chain Management System presented in [50] is based 
on a set of cooperating agents. There are two types of agents: functional agents, for planning and 
controlling activities in the supply chain, and information agents, for information and 
communication services. 
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The functional agents in this architecture are the Order Acquisition agent, the Scheduling agent, 
the Resource Management agent, the Dispatching agent, the Transportation Management agent, 
and the Logistics agent. Supply chain agents exist within an Enterprise Information Architecture 
(EIA), having a generic reusable enterprise model in the centre, in order to support the 
integration of supply chain agents.

The EIA is responsible for finding the information that a certain agent asks for, and also for 
distributing the information an agent wants to share, to the agents that are interested. 

Rabelo et al., 1996, [199], (HOLOS)

The HOLOS [199] scheduling system allows a system to be customer-tailored for each particular 
enterprise and, at the same time, to be reconfigured and adapted whenever new production 
methods, algorithms, production resources, etc., are introduced or changed. 

In this framework an instance of a scheduling system is interactively and semi-automatically
derived from the HOLOS Generic Architecture (HOLOS-GA) [198] reference model, supported 
by the HOLOS Methodology [199], based on Agent Oriented Programming [215] constructs. 

The agent classes used in HOLOS are: the Scheduling Supervisor (SS) (agent that performs the 
global scheduling supervision and it is the unique system’s “door” to other systems), the 
Enterprise Activity Agents (EAA) (the real executors of manufacturing orders), the Local
Distribution Centers (LDC) (represent functional clusters of EAAs in order to avoid 
announcement broadcasting, also responsible to select the most suitable agent for a certain order 
after a negotiation process), and the Consortium (C) (temporary instances created to supervise 
the execution of a given order). 

HOLOS uses the Contract-Net Protocol [81]coordination mechanism to support the task 
assignments to agents, and the Negotiation [36], [200] method to overcome conflicts taking place 
during the scheduling phases. The interaction between the agents is only vertical and agents 
cannot change the set of other agents that they can communicate with. 

The HOLOS control hierarchy uses one global manager (the agent SS), some functional
managers (the agents LDC), and assuming that a shop floor is usually composed of production 
resources (the agents EAA) with small production capacities. A HOLOS agent can establish 
communications with four kinds of external entities: other HOLOS agents, the end-user, a CIM 
Information System and the production resources. 

Camarinha-Matos et al., 1997, [25], [26], (Prodnet II.)

In [26] and [25] the main functional requirements for the design of an architecture for industrial 
virtual enterprises are presented. The work is partly done in the framework of the Prodnet II 
(Production Planning and Management in an Extended Enterprise) project [79]. The aim is the 
development of a reference architecture and supporting infrastructure for virtual enterprises 
particularly suited for small and medium sized enterprises in the area of metalomechanics.

The fundamental features of this architecture are incorporated in two main modules: the Internal 
module and the Cooperation module. The enterprises in the network are viewed as nodes that 
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add some value to the process. The nodes can exchange information at the same time. Every 
node is extended with a cooperation module. The Cooperation module supports the information
exchange among the nodes. The Internal module is connected to the Cooperation module via a 
"mapping interface" and the Cooperation modules of different enterprises are connected to the 
network via a "network infrastructure interface". The Internal Module comprises the complete
structure of the company's information and all the internal decision making processes.

Within this architecture two kinds of nodes are defined: the Network Coordinator node, as the 
regulatory component of the enterprise network, and the Member Enterprise node, which will 
store the information about the enterprise itself, and provide the external connectivity. 

To support several important information management requirements of the virtual enterprises the 
PEER [2] federated object-oriented information management system was used.

Shen et al., 1998, [208], [212], (MetaMorph II)

A hybrid agent-based architecture for manufacturing enterprise integration and supply chain 
management is proposed in the framework of MetaMorph II project ([75], [208], [212]). The 
objective of the project is to integrate the manufacturing enterprise's activities such as design, 
planning, scheduling, simulation, execution, and product distribution, with those of its suppliers, 
customers and partners into an open, distributed intelligent environment. The architecture was 
named Agent-Based Manufacturing Enterprise Infrastructure (ABMEI).

MetaMorph II architecture considers a main manufacturing enterprise central to the supply chain 
management. Each manufacturing enterprise has to have at least one Enterprise Mediator. 
Partners, suppliers and customers are dynamically connected with this main enterprise through 
other kind of mediators via the Internet/Intranet. 

Mediators are agents that primarily provide message services and promote cooperation among
intelligent agents. All manufacturing resources (e.g.: machines, tools, workers, AGVs-
automatically guided vehicles, etc.) are modelled as resource agents and are coordinated by 
layered mediator agents. Parts are also modelled as agents. Part agents do not communicate
directly with resource agents. All manufacturing task requests are sent to the Resource 
Mediators.

MetaMorph II combines the mediation mechanism based on hierarchical mediators and the 
bidding mechanism based on the Contract Net Protocol to solve the cooperative negotiation 
among resource agents. The authors propose two scheduling mechanisms: Machine-Centered 
Scheduling and Worker-Centered Scheduling. The present implementation of ABMEI consists of 
four mediators: Enterprise Mediator, Design Mediator, Resource Mediator and Marketing 
Mediator.

Brugali et al., 1998, [20]

A supply chain infrastructure in a textile-manufacturing environment is presented in [20]. The 
framework consists of static and mobile cooperating agents, organized in three functional levels: 
the supply chain level, the factory level and the user level.
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Mobile agents have behavior, state and location. Agents share the same communication language 
and a common vocabulary. They use code mobility as well. 

Rabelo et al., 1998, 1999, [193], [194], (MASSYVE)

In [193] and [194] a prototype of a multi-agent system for agile scheduling and the extension for 
the operation in a virtual enterprise environment is described. The system is called MASSYVE 
(Multi-agent Agile manufacturing Scheduling Systems for Virtual Enterprises) and is part of the 
MASSYVE INCO-DC KIT Project. MASSYVE uses the HOLOS framework [194] as a baseline 
for advanced scheduling and the PEER information management framework for the information
integration.

MASSYVE proposes a three-layered federated database architecture to support the sharing and 
exchange of information both within each multi-site enterprise and among different enterprises 
uniformly, based on PEER: Intra-organization Federated Layer, Federation of HOLOS systems,
Federation of Virtual enterprises. 

Shen et al., 1999, [210], [211] (CASA, ICAS)

The Collaborative Agent System Architecture (CASA) and the Infrastructure for Collaborative 
Agent Systems (ICAS) have been developed for implementing Internet enabled virtual 
enterprises and for managing the Internet enabled complex supply chain for a large 
manufacturing enterprise, though, initially they were proposed as a general approach for Internet 
based collaborative agent systems [211], [210]. 

The approach comprises the following elements: Cooperation Domain Servers, Yellow Page 
Agents, Local Area Coordinators, Collaborative Interface Agents, High-Level Collaboration 
Agents, Knowledge Management Agents, Ontology Server.

The cooperation domain server receives all the messages sent by the agents in the cooperation 
domain and forwards the message transparently to its destination and may also record all the 
transactions. Yellow Page agents accept messages for registering services and record this 
information in a local database. 

A local area coordinator acts both as a representative of the area to the outside world, and a 
manager for the local agents within the area. It also provides an interface service to the outside 
world.

Collaborative Interface Agents are supposed to be communicative, semiautonomous,
collaborative, reactive, pro-active, adaptive, self-aware and mobile. High-Level Collaboration 
Agents are introduced to increase the basic collaboration services provided by Yellow Page 
Agents and Local Area Coordinators agents.

Agents do not communicate with each other directly, but those working together form
cooperation domains. Each agent in a cooperation domain routes all its outgoing messages
through the cooperation domain server. All Cooperation Domain Servers are connected with the 
Ontology Server for translating messages from different agents into a common format.
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Five mechanisms developed in previous projects (MetaMorph, MetaMorph I, MetaMorph II) are 
used: Agent-Based Mediator-Centric Organization, Task Decomposition, Virtual Clustering, 
Partial Agent Cloning, Adaptation and Learning. 

Hongmei et al., 2000, [67]

A framework for virtual enterprises based on holonic principles is presented in [67]. The 
framework is presented through two views: the global and the local view. From the global point 
of view, authors consider two kinds of holons: Virtual Enterprise (VE) holon and Member
Enterprise (ME) holon. 

The VE holon is seen as the global coordinator of the virtual enterprise and it is located at the top 
level of ME holons. The VE holon is not imposing anything to the other holons, but acts as an 
assistant to them, and provides goals, constraints, warnings, suggestions, knowledge sharing 
services, etc. The ME holons, from the global view, are located on the same level. 
Seen from the local view, holons are distributed on three levels: on the first level the ME holon 
can be found, on the second level the planning holon and the scheduling holon, and on the third 
level the task holons and resource holons.

The paper discusses also the VE control under the holonic framework. This includes planning, 
scheduling, resource sharing, dealing with organizational changes. 

Yu et al., 2000, [280]

In [280] the problem of choosing the enterprises forming the Virtual Enterprise in a multi-agent
environment is discussed. Besides the enterprises, which are seen as agents, the framework
comprises a VE coordinator agent and information servers agents. The goal of enterprises is to 
form the most favourable group that would satisfy a certain need. The Coordinator Agent 
decomposes the goal in sub-goals and forms a VE goal hierarchy. This hierarchy can be 
dynamically changed during the process of partner selection. The partner selection is treated as a 
distributed constraint satisfaction problem.

Lutz et al., 2000, [144] (FAST)

In production networks different kind of subcontracting may take place [144] due to 
technological reasons, and referred as technology-driven subcontracting, due to insufficient
capacity, referred as capacity-driven subcontracting, due to strategic reasons for keeping the 
cooperation with a certain supplier, subcontracting between factories of the same company, etc. 

Subcontracting between suppliers and producers or between producers and customers is called 
classic subcontracting.

In order to achieve a better reliability enterprises in the network should allow and assure some
information sharing regarding machine loading, availability, orders progress, planned demands,
stocks. In order to help increasing the redundancy in networks, a software tool called FAST/net 
was developed. The software provides information about the status of orders, resource 
availability, partners’ stocks. FAST identifies bottleneck systems, marks orders suitable for
subcontracting, and makes calculations on safety stocks.
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Bremer, 2000, [19], (VIC)

A reference model for virtual enterprises can be found in [19]. Enterprises searching for business 
opportunities form an aggregation named Virtual Industry Cluster (VIC). When a business 
opportunity can be exploited, a Virtual Enterprise Broker (VEB) will search through different 
Virtual Industry Clusters for enterprises with the appropriate competencies. The enterprises in 
question will form a Virtual Enterprise (VE). When a VIC has a VEB of its own, the VIC 
becomes a Virtual Organization (VO). The number of enterprises in a VIC is varying, enterprises 
may enter or exit the aggregation at any time.

The VEB obtains and offers business opportunities to the members of VIC and sets up the VE. 
The VIC provides information about the competencies of the enterprises involved. The VE will 
run the business opportunities and take part in its reconfiguration. The VO has to manage
alliances, and define and manage strategies. 

Lau et al., 2000, [135], (NOLAPS)

In [135] a system is introduced to combine data mining and machine learning techniques for 
supporting decision making. The NOLAPS (Neural On-Line Analytical Processing System)
consists of 3 modules: the OLAP module, the Neural Network (NN) module and the Data 
Conversion (DC) module.

OLAP module uses data mining concepts (such as data cubes, fact tables, dimension tables, etc.) 
to access and gather information in large volumes of data. It can be used as an efficient statistical 
analyser and visualization tool. In addition, NN module—which can be trained on the data 
provided by OLAP—uses artificial neural network technology, and can on one hand predict 
future, on the other hand alert in case of abnormal scenarios. Furthermore, its outcomes can be 
used to refine OLAP’s data cube structure. Finally, DC module offers efficient data transfer 
between OLAP and NN.

1.4.4. Advantages 

The involvement in production networks like these, has numerous advantages for the member
enterprises, such as: 

increased reaction to changes in market condition and demands, because the participation in the 
network involves a better flexibility and agility; 
possibility to complement core competencies in order to be able to share some market
opportunities;
ability to specialize in few areas, representing the core competencies;
new market opportunities, by increasing the geographic coverage;
improved quality and responsiveness to market opportunities; 
elimination of capacity bottlenecks and reduction of capital investment through resource 
sharing;
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making global life-cycle orientation possible; 
increased reuse and recycling in waste management;
increased redundancy, as more than one partner may produce the same service or product. 

1.4.5. Problems, open questions 

In every production network, one of the main problems is represented by the information
interchange through the network. In addition to this, problems caused by differences in culture, 
trust issues are added. A scheme of the issues to be considered is presented in Figure 5. 

Main problems in production networks

Information
piracy

Data sharing
deepness

Temporary failure
of network

Information
speed

Information
overload

Accountability
Wrong information

provision Standardization Cultural
differences

Cultural
assumptions

Figure 5: Issues to be considered when independent companies join into alliances 

Information interchange 

Piracy. The security mechanisms and the access rights have to be very well implemented, in 
order to protect the network against unauthorized access to information, which could lead to 
secret information reveling, unauthorized utilization of resources, result in the alteration of 
information without any gain to the intruder.

Deepness. In some cases, partners agree to share data by making internal information visible for 
each others, such as the capacity of a particular shop floor, the orders progress, material flow 
status, etc., in order to adjust their own planning. An issue to be dealt with in this case is how 
deep a partner can allow to the others to see into his internal structure.

Temporary failures. The redundancy of information should be ensured, because temporary
failures might happen in the network. 

Speed. In order to work as a single integrated unit companies must be able to inter-operate, share 
and exchange information in real time. As the communication between enterprises may induce 
high network traffic, it is necessary to speed up the exchange of information.

Overloads. The high network traffic mentioned above can cause not only slowness in the 
network, but also overloads. Therefore, the data volume in a network has to be limited. This can 
be done through the reduction of the need for communication or the reduction of details.
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Accountability. It is necessary to guarantee that the sender and/or receiver should not deny the 
transaction after it has taken place [146]. 

Incomplete or wrong information provision. Enterprises in the network do not consider the 
global optimization as their main purpose, but they act selfishly, often having antagonic goals, 
and therefore, sending wrong or incomplete information on purpose, even though a general 
willingness to cooperate can be assumed.

Standardization. Because of a different technical background, at the time they enter a production 
network, companies may use different software, different standards, different communication
protocols. In order to exchange and share information with each others, enterprises must agree 
on the use of some common standards.

At the moment, most enterprise networking experiences are based on the implantation of the 
STEP standard for the exchange of technical product data and of the EDIFACT standard for 
commercial data exchange. In agent based system developments, standards as CORBA 
(Common Object Request Broker Architecture) (http://www.omg.org/corba/) have been used for 
inter-agent communication, and for developing agent based manufacturing systems, KQML 
(Knowledge Query and Manipulation Language, http://www.cs.umbc.edu/kqml/) as a common
communication language for agents, with KIF as a common content format. The situation 
regarding quality management has also to be considered.

Cultural differences 

Enterprises can enter a PN such as a virtual enterprise e.g. from different geographic areas. In 
this case, new issues that have to be dealt with will appear: 

Different legislation in different countries, 
Different time zones, 
Different currencies, 
Different technical and cultural background, 
Different educational level, 
Team-work experience, etc. 

Cultural assumptions 

Between the members of a PN must exist an ethic code for providing a base for trust and the 
warranty of cooperation between members. Companies are supposed to manifest solidarity, 
collective orientation, trust [50]. 

For enterprises (agents), in order to cooperate, there must be cultural assumptions such as [269]: 

agents are constraint based problem solvers, 
agents have the ability to generate more than one solution, 
agents have the ability and authority to realize local goals and possibly relax a sub-set of
constraints if the global solution is further optimized, etc. 
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1.5. Agent-based approaches for managing different levels of the production 
hierarchy

In literature, aspects of production are treated from a level division point of view from different 
perspectives. For example Vernadat [263] is dividing the design of manufacturing systems in 3 
levels: conceptual level, organizational level and physical level. Horvath and Markos [70] present 
the following level division of production processes: 1. Part level, 2. Setup (operation) level, 3. 
Manufacturing feature level, 4. Operation step level, 5. Pass level. These levels are augmented by 
Van Luttervelt et al. [260] with a sixth, uppermost layer (batch level) with information available 
about the number of product components, about the processing steps to be carried out and their 
corresponding time demands, tools and machines to be applied etc. Approaching the stratification 
from the point of view of layer-related optimisation and control of discrete technological processes, 
Detzky and Toth ([239], [237]) identify the following four, interconnectable levels of the inner 
hierarchy of manufacturing systems, starting with the top layer: 1. Manufacturing level, 2. 
Processing subsystem, 3. Mechanical subsystem, 4. Physical subsystem. Markos and Horvath [70] 
divide process planning of part manufacturing into five levels: 1. Preplanning, 2. Planning the 
sequence of operations, 3. Operation planning, 4. Planning the operation elements, 5. Post-
processing. For the planning of manufacturing processes, Toth and Erdelyi [240] distinguish three 
levels of product and tool design: 1. Planning of assembly processes, 2. Pre-planning of parts 
manufacturing, 3. Planning of the manufacturing processes of parts. Bruccoleri et al. [283] make a 
level division of negotiation models for different production planning levels as follows: very high 
level negotiation, high level, medium level, low level, respectively shop-floor level negotiation. 

The approaches presented in this thesis try to offer solutions to production management issues on 
the different levels of the production hierarchy through models developed by using the agent-
based technology. 

In our concept, production management is divided on the following 4 levels (Figure 6): 

Network level: refers at supply-chain level production management,

Enterprise level: refers at interdepartmental production management,

Shop-floor level: refers at the manufactory level management,

Product level: represents the product level management from creation until disposal. 
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Network level (4)

Project agentSupply agents

Enterprise level (3)

Order management agent Department agents

Shop-floor level (2)

Task master agent Resource agents

Product level (1)

Production Transport Use Maintenance Disposal
Product agents

Network level (4)

Figure 6: Levels of production management

4th Level: The network level addresses the production management issue at supply-chain level 
and models the collaborative interaction of different enterprises working together in fulfilling a 
job order from an external customer.

In the approach further introduced in this thesis, enterprises are seen as collaborative agents with 
no predefined relationships (independent agents). For this level an agent-based framework for
effectively selecting an efficient and a compatible set of partners in the supply network of large 
project deliveries is proposed. This could also be seen as assignment of resources to orders at 
network level (from the coordinating company‘s point of view- star-like alliance). The approach 
is detailed in chapter 2 of this thesis. 

3rd Level: The enterprise level takes into account production management decisions needed to 
be dealt with among different departments and sometimes different plants belonging to the same
company.

Here, the enterprise and its departments are modelled as agents. Such an enterprise, at network 
level, would be seen as a supply agent. For this level an agent-based approach is proposed for 
order-related uncertainties handling at company level (interdepartmental order management).
The approach is described in chapter 3. 

2nd level: The shop-floor level takes into account specific technical and time constraints at 
manufactory level. Given the extensive length at which approaches for this level are treated in 
the literature, a new model introduction for this level was not in the scope of thesis. 
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1st level: The product level considers the product level management from creation until disposal 
The approaches for level 1, introduce concepts for certain agents’ role after production and are 
presented in chapter 4 of the present thesis. 

The concept above presented and the approaches to be introduced in this thesis are schematically
represented in Table 1: 

Production management Agent-based approach presented

Network level supply-chain level agent-based approach for managing 
project deliveries 

Enterprise level Interdepartmental level agent-based approach for 
interdepartmental order management 

Shop-floor level manufactory level -

Product level product creation until disposal level concepts for certain agents’ role after 
production

Table 1: Agent-based approaches introduced for the different production levels 

Although several agent-based approaches have been presented in the literature, the existing 
approaches focus on only-one level of production, without offering participants in production 
networks models that support their functioning at all levels of production.

My research activity formulated in this thesis attempts to fill out this gap, by offering agent-
based approaches for all production levels, as envisaged in Figure 5.

In order to further distinguish between the approach proposed and others, it can be mentioned
that the solution in this thesis goes beyond the state-of the art by: 

Considering actual parameters of today’s advanced working environment (e.g.: environmental
issues, performance bond, availability experienced when making a job-order, implementation
of AutoID techniques, ISO 14000 implementation etc.), 

Offering solution also for fields that have not been yet correspondingly treated in the 
literature, although very frequent in reality (e.g.: projects delivery), 

Extending the attributes of product agents (holons), and proposing the introduction of a new 
type of agents (waste-management holons) in respect with the new society rules that impose
manufacturers to become stewards for their products over the entire life cycle, including 
disposal.
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CHAPTER 2: AGENT-BASED APPROACH FOR MANAGING PROJECT 
DELIVERIES

This chapter approaches enterprise production/management issues at the supply chain (network) 
level.

One common key issue in designing inter-organizational networks is the partner selection 
process. Designing (building-up) an efficient supply network greatly influences the level of 
uncertainty that a company is encountering. The business processes although involving many
different organizational partners, must be efficient both individually and as a collective group. 
Despite of its central importance, limited research has addressed pre-contractual evaluation of 
participants (agents). Substantial research has addressed the liabilities incurred after an alliance 
is established, yet relatively little is known about the main contracting organization’s a priori 
efforts to qualify participants (agents), especially in the particular case of large project deliveries. 
Existing studies underscore the potential to alleviate uncertainty through contracts, but they are 
tacit with respect to the pre-contractual assessment of agents. Consequently, research that 
identifies means to constrain the pre-contracting selection problem is needed.

The present chapter seeks to augment research on the inter-organizational networks partners’ 
selection process through an agent-based approach. Screening activities undertaken by the main
contracting organization for the case of large project deliveries and parameters to be considered 
are identified, a multi-level quantitative framework to support the decision making process in 
effectively selecting an efficient and a compatible set of partners is proposed, different agent 
behaviours are modelled and their impact on the results of the bidding processes is analysed. 

Insights of chosen work area (project deliveries) are given in Section 2.1. The proposed 
framework for partner selection and order assignment is described in Section 2.2. Section 2.3
incorporates conclusions related to the subjects part of Chapter 2. 
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2.1. Specifics of project deliveries and partner selection in the literature 

2.1.1. Introduction to project deliveries 

Recently supply chain management has emerged as one of the most important fields of 
operations management research. There is already much research on commodity and consumer
goods supply chains (see for example [22]). However, much of industrial activity is by its 
character project delivery [64]. In this specific field, supply chain research is much more limited.

A project delivery chain consists of the suppliers and logistics service providers that are needed 
to deliver a certain unique investment project [122]. Examples of project delivery chains are the 
chains needed to deliver the materials and components for building a new bridge or to install a 
new elevator in a house. Looking at project delivery specifically is motivated by many
fundamental differences in the supply chain requirements. For example, in commodity delivery, 
where there are substitutes a delivery service of 96% can be quite satisfactory. In a project 
delivery, where perhaps a hundred different materials are needed this level of delivery service 
inevitably leads to project delay, which is highly undesirable and leads to cost increases and 
customer dissatisfaction [88].

Also, in commodity and consumer’s goods supply chains the individual deliveries are usually not 
earmarked for a specific purpose and customer. On the contrary, in a project delivery chain many
items are unique, and destined to a specific project site, and a specific use. This further 
complicates the reliable management of the project delivery supply chain. 

Finally, the delivery in the commodity and consumer goods supply chain is generally made
through established distribution channels to established retail outlets. In project delivery, the 
delivery is to project locations that are continually changing and the logistics is provided by 
frequently changing logistics service companies.

Another particularity of this type of projects is that, given the variable project site locations, the 
project manager can establish secure local warehouses only with difficulty. Therefore, the 
delivery of the different sub-orders, in order to avoid the risk of theft and loss, often has to be 
done according to a strict time schedule. In other words, the deliveries can be done neither earlier 
nor later than planned. Penalty costs are incurred in both cases. In the case of a conventional 
‘logistics company’ (Figure 7) centric tracking solution part of the project delivery chain will 
remain ‘invisible’. 

The management of such project delivery supply chains is one of the most challenging logistics 
tasks.
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Figure 7: Project delivery chain 

The first part of this chapter concentrates on large project deliveries (LPD). For a better 
understanding of the environment of the chosen subject, further the general problems in project 
deliveries are debated. 

2.1.2. Problems in project deliveries’ supply chain management 

There are many fundamental requirements that are difficult to fulfill in a project delivery 
environment. The issues listed in this section currently lack effective solutions in a network 
environment where the participants come from different organizations and many tasks previously 
handled by a single entity are outsourced to a number of different organizations based on 
competition [88].

When we expand the scope of integration/collaboration from department to company unit, then 
further to company supply chain and to project network the ‘tools of integration’ change. The old 
tools of integration were business processes and supply chain. What is needed in project delivery 
are collaboration networks where we can add and leave out participants with minimal set-up 
work.

The basic problem in a project delivery supply chain is to know where required materials and 
resources are. Problems represent the lack of timely and accurate information related to project 
status, inventory and asset levels, and project delivery costs.

The challenge for implementing inventory management in the project delivery network is to 
know how much and where different materials are. It is also difficult to know how much and 
what materials there are at each project site. This also makes it difficult to implement
replenishment service models that have become popular in manufacturing, such as only paying 
the supplier for materials and services actually used, or vendor managed inventory. 
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Tracking assets, such as construction equipment is similarly a challenge when many
organizations are involved in a project. This is the problem of asset management: Knowing what 
resources are available and where are they? 

As already mentioned, synchronized delivery is important when projects sites are in many
different and changing locations. Receiving several shipments for one task incurs unnecessary 
costs. This problem may be seen as a merge-in-transit issue, dealing with the matter of how to 
assemble all the order lines from different sources into one delivery while in transit. 

These difficulties lead to problems in both project management and cost accounting. The 
problem related to cost accounting is that it is difficult to calculate what performing individual 
actions costs, when the performance is determined by the availability of materials and resources 
that are not tracked.

The problem in project management is how to react to delivery delays and lack of resources 
when these problems only become known when the related tasks should have been started. What
can be done in response to a late delivery the day the installation should be done? What can be 
done when an expert is unavailable? Lead-time visibility is also an issue for responding to 
problems and re-planning.  How long does a delivery actually require, and where are the 
bottlenecks?

There are also problems related to end-of-life processing. What to do with replaced parts in a 
renovation project? Should they be scrapped, or should they be sent for further processing or 
repair somewhere? Design changes and changes in specifications pose similar problems when 
work is carried out in a multitude of locations.  A further issue is information loss of project 
components after the delivery: How can individualized maintenance, installation be managed?
How to know what needs to be done with this particular item?

Briefly, the above-mentioned issues can be summarized as follows: 

Lack of timely and accurate information related to order status, inventory level, delivery 
times: Where is the delivery? (Track and Trace), 
Inventory management: How much and where are the different materials?,
Point of use visibility: How much and what materials are there at the project site?, 
Asset management: What resources are available and where are they?, 
Activity based costs: What does performing individual actions cost?,
Pay by scan or pay by use: How to pay the supplier for materials and services actually used?,
Lead time visibility: How long does a delivery actually require, and where are the 
bottlenecks?,
End-of-life processing: What to do with replaced parts?, Can they be scrapped, or should they 
be sent for further processing or repair somewhere?,
Information loss of project components after the delivery: How can individualized 
maintenance, installation be managed? How to know what needs to be done with this 
particular item? , 
Customer resistance to unsynchronised delivery (receiving several shipments for one order): 
How to assemble all the order lines from different sources into one delivery while in transit? 
(Merge in transit), 
React to project delays: What can be done in response to an identified problem?,
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Rescheduling project resources: inconsistencies or delays associated with lack of expert 
knowledge when a member of the team is unavailable, 
Vendor managed inventory: How can responsibility for availability be given to the supplier?, 
Error in data collection: matching the information flow to the physical deliveries, 
Product recall: if an incident involving a defect or tampering happens, in most cases it is 
difficult to track the source of the problem / recall the products in question, 
High inventory loss (due to pilfering and spoilage), 
High warehousing costs: How to reduce the need for local inventories?.

In the graphical representation of Figure 8, an example of activities and their precedences for a 
smaller project delivery is presented. The activities are work orders for different suppliers. The 
starting of many activities depends on the accomplishing of other activities, therefore any break 
in the timely and appropriate fulfillment of an activity may trigger the delay or even the failure
of the entire project. With so many actors in the production network, the right selection of the 
partners is critical for the realization of the project.

Final project
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Activity 1 
SA1

Activity 2
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Activity 3
SA3

Activity 4 
SA4

Activity 5 
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Figure 8: Example of activity orders in the supply chain of a project delivery 

2.1.3. Partners selection in the literature 

Today's quickly changing market demands necessitate high flexibility in cooperation between 
manufacturers, making short-term cooperation more frequent, where companies team up for a 
limited period of time for one specific purpose. This applies to large companies and their 
suppliers, as well as to SME's setting up virtual enterprises. As new partners for cooperation are 
selected more and more frequently – and often from a “market” with large numbers of potential 
partners – the demand arises for tools which automate or support the decision process. Due to 
this need, decision support methods for team composition are in the focus of recent research. 
Attempting to set up computational tools for partner selection, it is easy to recognise that 
mapping the properties of prospective partners onto numerical measures may introduce 
uncertainty – partly due to subjective judgement of these aspects, and often, due to incomplete
information. Also, the high number of potential partners bears problems as it quickly increases 
computing time. Therefore, numerous approaches use special techniques either to simplify the 
decision algorithm or to cope with information deficiencies. 
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Talluri et al. [230] suggest splitting the team composition task into two phases. In the first phase, 
a set of prospective partners is selected according to fitness for given types of processes to be 
performed in cooperation. In the second phase, an integer goal programming method is applied 
to determine a favourable team composed of the set of partners narrowed down in phase 1. 

Splitting-up the problem to subtasks is essentially realized by distributed AI as well. Rocha et al. 
[202] present an example where software agents interact in an electronic market. Though the 
authors' final goal is to cover all lifecycle phases of a virtual enterprise composed of several 
participants (i.e., identification of needs, partner selection, operation and dissolution), the most
crucial part (partner selection) has been implemented so far in a multi-agent system. The system
contains market agents placing a call for VE formation according to prescribed 
criteria/constraints and enterprise agents (containing general communication knowledge as well 
as information about their own capabilities) placing bids for participation. After receiving the 
bids, partners are selected and possible constraint conflicts resolved through a negotiation 
protocol.

Often, delivering the end product is the only fixed goal of cooperation in production networks as 
certain technological steps of production can be substituted with equivalent alternatives. 
Members of production networks with given manufacturing capabilities can be thought of in an 
analogous way, so that manufacturing a product can be mapped onto a directed graph where 
various paths can be taken between source and goal. In the method proposed by Fischer et al. 
[145], numerical values are used to characterize each partner or technological step, so that a cost 
function can be estimated for a given path. Fischer et al. [145] used both genetic algorithms and 
ant colony optimisation to find an optimal solution within the graph, the latter technique proving 
more efficient. 

Choy et al. [112] state that decision support systems/databases, which aim at dealing with the 
selection problem at its full extent, are often too complex to be financially affordable. Therefore, 
they propose the application of an easy-to-handle AI technique, case-based reasoning (CBR), 
which searches among known and stored cases and suggests a solution with extrapolation if 
necessary. The authors show an application example where the reasoning technique is integrated 
into a comprehensive system managing both customer relationships and supplier relationships. 

Dahlstrom et al. [35] require even less with respect to the numerical certainty of the partners'
selected properties and rely on existing contacts within a network as “evaluators.” They propose 
a set of simple rules with regard to the network's properties - such as network density, or strength 
of ties and multiplexity in a candidate's egocentric network, – to minimize the cost of optimal
partner selection. 

It is often overlooked that inspecting the partners one by one and selecting them according to 
given criteria does not necessarily result in best cooperation, i. e., efficiency of the team as a 
whole also deserves special attention. This issue is addressed in [230], as well as in [35], while 
much more emphasis is put on the team as a whole by Petersen et al.[188]. The authors of [188] 
focus mainly on virtual enterprises composed of small or medium-sized enterprises (SME's),
modelling the processes of bidding for participation and actual cooperation with software agents 
taking utility values of prospective partners as well as team utility into consideration. 
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2. 1.4. Outline of particularities of large project deliveries 

In today’s global economy the complexity of many supply chain relationships is increasing and 
effectively supporting dynamic trading practices is difficult. Therefore, new techniques are being 
developed and their introduction in practice is urged. In doing so, the specifics of the subject 
analyzed, must be clarified.  Large project deliveries have particularities such as: 

Continually changing project locations, 
Continuously changing suppliers and logistics service provider companies,
Warehouses absence, 
Early or late delivery, as well, strictly not wanted, 
Need for a 100% level of delivery service, 
High customisation of items in the delivery chain, 
Need for very reliable partners in the network of suppliers and carriers. 
Need to satisfy in the same time, sometimes conflicting objectives such as: 

Minimize inconvenience to the public, 
Minimize environmental impact,
Stay within the project's budget limits,
Design and construct a quality project, 
Complete the project on or before de established due-date, 
Offer superior customer service, etc. 

Investment options involving large project deliveries (LPD) are evaluated against numerous
criteria including costs, travel times and congestion relief, community and environmental
acceptability, and consistency with other studies. In consequence, a major issue in LPD is the 
selection-building of the project delivery network. The parties involved in the supply chain of the 
contracting organization for the project delivery have to be chosen in the way that the 
organization will be able to accomplish its own aims, usually the ones mentioned above. 

Project management (planning and control) is on the market with a broad set of well-proven 
methods and large-scale computerized application systems. Still, the agent-oriented approach 
offers possibilities of further improvement in the area of modelling and decision support. 

One of the principal aims of the work further presented is to offer a solution for selecting the 
most appropriate supply chain network in the case of large project deliveries, given the 
particularities of this type of network. The selection criteria and a decision-making model will be 
presented for this purpose. 
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2.2. Proposed framework for partner selection and order assignment in 
networks of large project deliveries 

In our view, the problem of continuously growing complexity of supply chain networks and the 
necessity of considering variable policy can be advantageously addressed by using agent-based 
approaches. The approach promoted in this thesis uses this paradigm as its primary source of 
inspiration.

The production network, such as the supply chain, is a complex interaction of a number of 
functional entities in order to achieve some level of performance in the delivery of
products/services to customers.

In the following a multi-agent-system architecture for ‘building’ of supply chain networks in the 
case of large project deliveries is proposed, with special emphasis on supply agents’ assessment
prior work at the project site (contract preparatory). This section aims at explaining the selection 
criteria for the right chain for a large project delivery. In addition to contributing to the scientific
literature, this research also aims at supporting practical business situations in the industry by 
creating a normative decision-making model based on an agent-based approach. 

The research problem ‘How to select the most appropriate supply chain for a large project 
delivery’ is explicitly studied from the project company’s (agent) standpoint.

After clarifying the objectives, in the next section we deal with the overall description of the 
principal agents in the approach. 

2.2.1. Types of agents in the model 

Given the case of a large project delivery, the network of suppliers for executing the project has 
to be built. In doing so, the contracting organization responsible for the whole project delivery 
will send bid announcements to a number of possible supplier companies. The announcements
will contain requirements for the information that has to be included in the bids. Based on the 
data sent, the supplier companies will be assessed with the aim of building up an efficient value 
chain for delivering the given project within the parameters required. The selection criteria for 
choosing the most suitable bids and the decision-making model proposed are presented in the 
next sections. 

In the proposed model several types of agents are included. Not all the agents involved in the 
supply chain, nor their functionality, will be comprehensively discussed. Focus is on the agents 
most critical for the introduction of the approach and on their functionality.

Figure 9 illustrates the types of agents that play a role in the concept presented in this chapter, 
and the communication flow among them.
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Figure 9: Agents in the model

In the figure, the abbreviations stand for: 
PA = Project Agent 
MB = Management Board 
NBA = Network Builder Agent 
CA = Cost Agent 
DDA = Due-date Agent 
E&QA = Environmental and Quality Agent 
SA = Supply Agent 

It is to be noted that all network-building-related communication is done via the NBA, which is 
in contact as well with internal agents, as with all external agents. 

The agents that belong to the same company (PA): MB, NBA, CA, DDA, E&QA are called 
inside agents, while the SAs are external agents. 

The Project Agent (PA) represents the contracting organization responsible for the whole 
project delivery. The project agent establishes all the rules for the chain and the information is 
always passing through its own network. 

The Network Builder Agent’s (NBA) main task is to form the best network of suppliers for
completing the project in the necessary parameters, while respecting the policy rules of the PA. 

The Management Board is formed of human agents and, together with the NBA, has decision 
responsibilities on the type of rules, number of rules, level of where the rule belongs, utility of 
each rule, assessment parameters, any change on the above, min/max values for Unreliability 
Factor (RF), modifications on factors involved in RF calculation etc. 

The Cost Agent decides on all cost issues: maximum admissible price for a subcontracted 
activity, any occurrent cost relaxation, and all other currency-related parameters, such as: 
performance bond, warranty, payment dates etc. 

The Supply Agents (SA) represent suppliers and logistic service provider companies. Each 
production center is viewed as a single resource with the ability to perform multiple activities 
resulting in the production of a quantity of a product or service. 
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Agents in the system all possess at least the properties below: 

pro-activeness: the agent has an agenda to pursue and will persist in trying to achieve its 
aims,
reactiveness: the agent will notice and respond to changes in the environment,
autonomy: the agent will act without necessarily being instructed to take particular steps, 
situated: the agent both influences and is influenced by the environment around it. 

The agents should include the following components:
communication interface for incoming and outgoing messages (bids, status etc), 
control mechanism for coordinating their actions and events,
knowledge about themselves (abilities, price, environmental effects, etc), 
knowledge about its environment (knowledge about other agents, etc), 
reasoning mechanism for using the acquired knowledge, 
learning mechanism for updating the acquired knowledge, 
record keeping mechanism, which allows to learn from history. 

When an order for a project delivery is received, the PA has to build a network of partners and 
make orders assignment among them.

The project will be divided by the PA into activities. Here the activity can be defined as a part of 
the project (often called sub-project), seen as a job order or order line by the supply agents.

Each activity has a number of characteristics such as quantity to be delivered, quality 
requirements, time of completion, location of delivery. Activities in the model are subject to 
several types of constraints: 

precedence constraints, 
time constraints, 
merge constraints. 

Precedence constraints restrict the order of activities, they are used to specify when one activity 
must start or end with respect to the start or end time of another activity. Several types of 
constraints might occur, such as: start_before, finish_during, start_after, finish_after, do_during
etc.

Temporal constraints synchronize the execution of two activities. More precisely, the start or end 
variable of the preceding activity must be less or equal to the start or end variable of the 
following activity, with a given delay. Delay is an amount of time that must elapse between the 
two variables involved in the precedence constraint.

Merge constraints are necessary when composite deliveries from different sources are not 
delivered individually to the project site, but held up and combined into one delivery while in 
transit between the supplier and the final destination.

Tasks of the PA relevant for the approach are to: 

identify all the activities in the project, together with their interdependence and the order in 
which they must be done, 

49



 Agent-Based Approach for Managing Project Deliveries

estimate the duration of each activity, the total length of the project, and the time by each 
activity must be finished if this completion time is to be achieved (build network of 
activities),
establish the policy to be followed when selecting the partners in the supply chain network, 
build the supply chain network, 
make estimates regarding costs, 
establish the steps to be followed after the bidding SC network has been defined, but before 
the work at the project site begins, 
supply agents assessment,
monitor the progress of the project and quickly react to deviations from plans, 
make adjustments to schedule if and as required. 

2.2.2. Steps when building-up the network of supply agents 

The steps followed when building up the network of suppliers (Figure 10) have been identified 
as the followings:

Figure 10: Steps when building-up the PN 

Naturally, iterations among steps may occur. This situation is envisaged in Figure 15. 

Step1: Identify activities 
The first step consists of the identification of relevant activities in the project, together 
with their interdependence and the order in which they must be done. 

Step2: Build network of activities 

Estimate the duration of each activity, the total length of the project, and the time by each 
activity must be finished if this completion time is to be achieved. Timing of activities 
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may be done using the critical path method (CPM) or the project evaluation and review 
technique (PERT).

Step3: Separate activities 

Decide which activities: 
- can be done by the PA, and 
- which ones need SAs. 

Step4: Build PRS 

Establish the policy to be followed when selecting the partners in the supply chain 
network, decide what rules to incorporate in the PRS, Decide what to do in case of equal 
bids, what priorities/utilities to give to the different rules. 

Step5: Decide queries timing

Decide when to announce activities (depending on the project duration). 

Step6: Decide queries destination 

Decide where (to which SAs) to send the queries. 

Step7: Send queries for bids 

NBA announces activities (call for bids), 

SA decides whether is interested in the call, or not. If interested, sends as reply the bid 
including the requested information.

Step8: Gather bids 

The NBA gathers the replies/bids sent in the bidding window time.

Step9: Evaluate bids 

The assessment of the supply agents prior contracting phase is made.

The evaluation process may result in finding or not a feasible solution. If a feasible 
solution is found, the evaluation process is ended. If no feasible solution is found, then an 
iterative process is started: the NBA will negotiate as well with the agents inside its own 
company representing the goals included in the PRS, as with outside supply agents, and 
decide what parameters to relax. 

Step10: Announce results 

The bidding SAs will be informed whether they won or not the bidding process. 

Step11: Up-date database 

All information related to the assessment process (e.g.: who sent in bids, qualifications 
obtained by each SA, results of the evaluation etc.) is stored in a general database, which 
is to be updated regularly.
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From the above-mentioned steps, in the next section, the problem of supply agents’ 
assessment is addressed. 

2.2.3. Supply agents’ assessment

Supply agents’ assessment can and should be effectuated during the whole life cycle of the 
supply network, usually in the following 3 stages (Figure 11):

1. prior work at the project site (contract preparatory), 
2. during work,
3. after work completion. 

Of our concern, at the moment, is the contract preparatory evaluation, as part of the agents’ 
selection in the supply chain of a large project delivery. The question to be addressed further in 
this section is how to select the most appropriate supply chain in the case of large projects (from
PA point of view). 

The selection of supply agents will be made on a tender base: after all the activities are 
identified, the network of sub-projects is built, and the policy rules for the project 
accomplishment are established, the NBA will send open-tender announcements for each of the 
identified activities. Supply agents, if interested, will respond to activity-announcements by 
sending bids. Activity-announcement messages will be sent only to agents known as having the 
capability of performing the activity. 

Messages can be grouped in 2 categories:

query, which is the message event to which the agent is responding; and
reply, which is the message event that should be returned to the sender of query as the agent's
response.

An agent can reply to any message event that it receives. 

The NBA usually, sends the activity announcements in the same cadence with the progress of 
work at the project site. This is due to the fact that projects’ duration is long (1-2 or even 4 years) 
and if the contract for a job, for example, that has the starting (due)-date after 1,5 years would be 
done 1,5 years prior the contract, would have much more uncertain terms.

In the case of short lead-time projects generally, queries for bids will be sent simultaneously, but 
the contracts will be signed at different times, after several negotiations and compliances.
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Figure 11: Supply agents’ assessment

At complex, big projects the NBA prepares a schedule for announcements sending. This will be 
determined based on the technological schedule, when should the certain material or 
subcontractor be available; for being available in time, when should the contracts be signed, how 
long before contracts signing should the bid queries be sent, in order to have enough time for 
bids evaluation, negotiations etc. 

The Supply Agents have at disposal a given interval of time for answering the announcements
(bidding time). The supply agents are, naturally, capable of performing several different 
activities. One SA may send bids in response to several activity-announcements, even if those 
are part of the same project. 
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The information carried by activity announcements includes: 

The identification of the message type (e.g.: bid, activity announcement),
The identification of the activity, 
The type of the activity, 
Activity description, 
Activity accomplishing due-date, 
The time had at disposal by the SA agent, from the time of receiving the announcement, for 
sending the bid, 
List of information types that should accompany the bid, 
Data to be included in the bid. 

Similarly, the information incorporated in bids will comprise:

The identification of the message type (e.g.: bid, task announcement),
The identification of the SA sending the bid, 
The identification of the announcement that triggered the bid sending, 
Data making possible the offer evaluation, as specified in the activity announcement.

Action selection in the case of NBA should demonstrate that:

favours goal satisfaction, particularly actions that satisfy more than one goal,
exploits opportunities, can change current goal focus when necessary, 
generally sticks to a goal rather than changing all the time,
looks ahead for future difficulties and opportunities. 

For a good bid evaluation it is necessary that precise and comprehensive information will 
accompany the offers. Therefore, it is important to correctly establish what information will the 
NBA ask for, when sending the activity announcements.

In the activity announcement (call for bids) should be unambiguously specified the requested 
product (service, material), the quantity needed, the delivery time (activity due-date), the biding 
time, as well as the quality requirements defined in the professional directives and the 
information expected from the supply agents (necessary in the bid evaluation process). 

One of the conditions for bid acceptance is that the SA takes responsibility for respecting the 
prescriptions stipulated in the laws and regulations in force, as well as the quality and 
environmental requirements established by the Project Agent. The supply agents should be 
prepared to adequately document the activities accomplished in order to make possible their 
identification and monitoring.

In the next section the evaluation mechanism is presented, the issue of possible conflict among
goals is discussed, while following the Priority Rules System is presented.

2.2.4. The evaluation mechanism, duality of goals

One of the determinative issues in the proper accomplishment of a project delivery is the 
evaluation mechanism of the supply agents. The evaluation process is schematically represented 
in Figure 12.
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Figure 12: Supply agents’ evaluation (notation explanation in Table 2) 

The NBA agent has to be able to evaluate the value of each action from a local perspective and 
also consider its impact on external objectives. 

As beforehand presented, there are a number of issues that are matter of concern in the 
assessment process. To each one of the issues a goal function is attached (e.g.: considered issue: 
cost, goal: minimize cost and/or cost not higher than a previously established sum).
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The introduction of such functions though, raises the question: What if agents in the MAS have 
different goals or goals that conflict with each other? If we look at the situation inside one 
company, we will find that some of the goals may be antagonistic to one another. Even more, the 
internal goals of one company may be conflicting with the goals of the network that he decides 
to join. In other words, a continuous duality between self and environment, between internal 
processes and external processes may be noticed.

To serve the best pursuing of each goal and targeting the achievement of a balance between 
competing demands, we propose that each issue (goal) to be represented by an independent agent 
(e.g.: cost agents, environmental and quality agent, due-date agent). 

Naturally, if the factory policy requires it, additional agents may be introduced, when other 
different matters are to be taken into consideration. As well, when establishing the policy, the PA 
may decide to incorporate certain issues on other levels then in the presented approach. For 
example, instead of considering the issue of ‘a certain SA having previously successfully 
implemented AutoID’ on the rules from the Level 1, this issue may be introduced on Level 3, 
case in which will become an equal-value case rule.

Because the performance bond and the warranty are at the end reflected in a certain amount of 
money, also these 2 issues are included in the area of responsibility of the cost agent. 

The evaluation mechanism proposed is based on a multi-level system, - Priority Rules System
(PRS)-, that states the evaluation criteria for the incoming bids. Establishing the rules in the PRS 
defines the permissible actions in the bid selection activity. The strategic selection of the actual 
action among permissible choices is guided by the contingencies of the environment and the 
policy chosen. The global system performance is very sensitive to the definition of the market
rules, and to the fine-tuning of the rules; different rule setting in a dynamic market mechanism
result in different system performance.

In order to achieve the overall goals, agents must communicate with other agents. These 
communications need to be unambiguous and structured so as to allow agents to interpret each 
other’s objectives. In the proposed approach, each goal will be represented in a rule in the PRS. 

2.2.5. The Priority Rules System 

Defining the fixed rules and the flexible strategies is a design process. The approach presented is 
a prescriptive one; the fixed rules represent the requirements desired for the system.

The fixed rules in the PRS are hierarchically imposed, but the introduction of hierarchy in 
distributed control systems has been proven to have several advantages. Hierarchical systems
encompass a natural modularity, enabling the control of large and heterogeneous systems. Their 
control algorithms based on predictive planning introduce structural rigidity. Market mechanisms
in heterarchical systems have evident advantages when disturbances are frequent. However, they 
require a flat structure. Decoupling of structural from algorithmic issues becomes possible by 
defining a dynamic hierarchical structure in which prediction-based control as well as dynamic
market mechanisms can be applied. 
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The issues of concern in a bid evaluation process in the case of large project deliveries and 
incorporated in the Priority Rule System proposed are the followings: 

Cost
Due-dates
Environmental issues 
Performance Bond 
Warranty
Trustiness:

Registered capital 
Economic indicator 
Reference work: 

reference work from the past 3 years
 common work up to the present 

Other factors: 
Availability experienced when making a job-order 
Products catalogue 
Transportation possibilities ( e.g.: in 24 h) 
The SA has previously successfully implemented AutoID techniques 

Quality:
the SA has implemented ISO 14000 
the SA does not have ISO system introduced yet:

is there a quality plan for the project realization (execution) prepared?: 
yes, no, occasional,
during the project execution is there a laboratory employed for quality 
control?: laboratory denomination, is the laboratory accredited?,
are the instruments used during the project execution checked?
short description of the company,
organizational chart of the company, key personnel presentation, 
description of the technological equipment used, 
presentation of the number of employees (intellectual, technical, 
administrative, labourers). 

The Priority Rules System proposes the incorporation of three categories of rules, on three 
different levels: 

1. on the first level: the eliminatory rules,
2. on the second level: the value rules, and 
3. on the third level: the equal-value state rules.

Let S be the set of rules in the PRS, R1, R2…Rt the rules and L1, L2, L3 the three levels. To each 
rule a priority is assigned, which also determines the integration of a given rule on a certain 
level. The priority of rules (Pr) on the first level is higher than the priority of rules on the 2nd

level, which is higher than the priority of rules on the 3rd level. The highest priority is considered 
to be 1, the priority of rules on the first level Pr(L1) = 1, the priority of rules on the second level 
Pr(L2) = 2, while the priority of rules on the third level Pr(L3) =3. Consequently Pr(L1) = 1> 
Pr(L2) = 2 > Pr(L3) =3. 
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The received bids will be first analysed on the light of the rules situated on the level with the 
highest priority: the eliminatory rules. If these rules’ terms are not satisfied, the respective bid 
will be excluded from the competition, else it will be sent for further evaluation to the level with 
the next lower priority. Level 1 comprises rules related to bidding window time, due-dates, 
trustiness etc.

The value rules include rules with quantitative requirements. For example: one rule incorporates 
the goal communicated by the Cost Agent, such as: [min Price  (price  300000)] - minimize the 
amount paid for the given product/service and set the highest limit for this as a certain amount.

The equal-value state rules gather the rules that will be considered only in the case of equal 
results for bids previously analysed by rules on the preceding level.

Figure 13: The Priority Rules System

The eliminatory rules proposed for incorporation on the PRS (Figure 13) are as follows:

Eliminatory rules (Pr = 1):

The Due- date rule,
The Bidding time rule,
The Qualification rule.

The Due-date rule concerns the available interval of time for performing the activity. If the 
finishing time of the activity specified in the bid will exceed the due-date established by NBA 
for the activity in question, the bid is excluded from further processing and will be rejected. 

58



 Agent-Based Approach for Managing Project Deliveries

The Bidding time rule concerns the time interval when the bids can be sent. If an SA sends a bid 
after the interval of time specified by the NBA, the bid will not be evaluated, in other words, will 
be excluded from the competition.

The Qualification rule will appraise supply agents by looking at characteristics such as 
trustability, quality etc. as shown in Table 2. Based on this analysis an Assessment Value will be 
given which triggers SAs categorization in one of the categories: Adequate (A), Temporarily (T) 
or Rejected (not adequate) (R): 

- A = Adequate: The quality management and environmental policy of the 
supplier/logistic service provider in the A category is appropriate, the regular control 
of its products/services, based on the favorable experience, may be disregarded. 

- T = Temporarily: The supply agents in the T category do not have quality and 
environmental control methods, their services are satisfactory; when employing them
their products/services are regularly supervised. Each supply agent contracted for the 
first time will be given T qualification.

- R= Rejected: The suppliers/carriers in the R category are not adequate, they will 
not be included in the supply chain. 

Assessment parameters 
Description Live ISO system ISO system not 

yet introduced
According to ISO 40 points -
Internal regulation - 20 points 

Quality management system 

No such system - 0 points 
Quality plan Is prepared - 1 point 

Employed - 2 pointsUsing laboratory
Accredited - 7 points

Preparedness of key personnel - 5 points
Manpower employed - 2 points 
Technological equipment - 3 points 
Reference works 30 points 30 points 
Other issues for employment recommendation: 
- Availability experienced when making a job-order 
- Products catalogue
- Price-level stability 
- Transportation possibilities ( e.g.: in 24 h) 
- Previously implemented AutoID technique 
- Other

30 points 30 points 

100 points Total points: 
maximum attainable points:100 points
                   received points: 

Qualification: Marking Assessment Value

Not adequate subcontractor or carrier R 0 - 69 points 

Temporary qualified supplier T 70 - 79 points 

Appropriate (adequate) supplier A 80 - 100 points 

Table 2: The point-based system of the qualification rule for the SAs’ appraisal
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Bids in A and T category will be further evaluated, while bids qualified as R will be excluded 
from the competition. The Assessment Value and the categories are stored in the PA’s General 
Database. These data are modified/up-dated in 2 occasions: each time the SA sends a bid within 
a new project, and after the final assessment of any work performed by the given SA.

When a certain SA is considered for cooperation, a check is needed in order to see whether has 
been previous cooperation. A supplier/logistic service provider with qualification T will be 
chosen over an SA with qualification A, only if no such SA satisfies the requirements for the 
completion of the given activity. 

The Assessment Value data change after final work evaluation is done via the Unreliability 
Factor (RF). The value of the RF is the result of the assessment of the given SA when finishing a 
certain assumed work activity; SAs appraisal aspects at this stage are presented in Table 3. 
Naturally, the MB may decide on the modification of these aspects if the company policy 
requests so.

Final-Appraisal Aspects 
I. Experienced during monitoring 

Quality (nr. of faults)
Technology observance 
Personnel professional preparedness 
Level of technological control 
Internal monitoring 
Promptitude of ordered repairs 
Equipped at what level
Cooperation availability 
Cost, guarantee 

II. Adherence to the contractual term (deadline)
III. Experienced on takeover

Quality (nr. of faults) 
Reception of complaints 
Settlement of complaints 
Fulfillment of due-dates repairs 
Others (Availability experienced, level of professional preparedness, 
accuracy…)

Table 3: Issues considered at final work evaluation 

In other words, the Unreliability Factor represents the percent in which the work was not 
performed as agreed from the 100% that should have been the realization of the assigned work 
under the agreed parameters. Naturally, the best case is when RF = 0. 

The impact of the RF on the first level rules through the changes that it triggers in the agents 
categorizations by the modification of the Assessment Value is exemplified in the screen-shot 
below (Figure 14).
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Figure 14: Changes triggered by the Unreliability Factor on the first level rules

Value rules (Pr = 2):

The value rules can be simple rules or a combination of simple ones. A simple rule is a rule that 
contains only one issue of concern (for example: cost). In the case of combined rules, several 
issues have to be looked at simultaneously. In doing this, each rule will be given a utility. 
Specification of utility functions or value functions is commonly used to compare different
options available. Appropriate translation of the cost of uncertainty and risk associated with each 
option needs to be done in order to guide the overall system performance to desirable levels. In 
case utility function cannot be specified a priority, the agents’ learning mechanisms help to judge 
the utility of their decisions and improve as the system evolves. 

The rules proposed for this level are the: 
Cost rule, 
Performance bond rule, 
Environmental effects rule.

The Cost rule concerns the cost of performing the activity.

The Environmental effect rule concerns the value of the negative effects of operation on the 
environment.

The Performance bond rule refers to the good execution of the assumed activities.

Every decision variable on this level will be multiplied by the corresponding utility value 
(factor). Each decision variable is represented in appropriate dimensionless units. The utility 
factor reflects the importance of the given rule for the management, in other words the 
factory’s policy. The utility of the rules can be changed according to the actual goals of the 
given company.
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The result of the corresponding computation is going to be the weight of the bid according to the 
rule.

The total weight of the bid (BW) is the sum of the weights according to the rules. The objective 
function is to minimize this weight. Then,

BW = Uc*C + Ue*EnvEf + Up*P                                   (1), 

where C is the cost variable, Uc the utility assigned to the cost rule, EnvEf is the environmental
effect variable and Ue the utility assigned to the environmental effect rule, P represents the 
performance bond variable and Up the utility assigned to the performance bond rule. In the 
computation, values are considered up to 5 decimals.

In formula (1) the values for variables C, EnvEff, respectively P represent normalized,
dimensionless values for the given category of the cost, environmental effect and performance
bond values included by agents in the bids. The NBA will establish, before the beginning of the 
bidding process, the maximum values for the variables in the bids. The normalized value of this 
maximum will be always 1. In example: NBA establishes the maximum cost of an activity as 
being 10000 dollars. Then MaxCost = 10000 dolars. The normalized value of MaxCost=1. Let’s 
say that a given SA will give a value for the cost in bid of 5500 dollars. Then CostInBid = 5500 
dollars. The normalized value of the CostInBid = 5500/10000 = 0,55. Therefore, variable C in 
formula (1) will be 0,55. 

The sum of the utility values on this level is always 1 (100%). Therefore if Uc = 40%, Ue = 15%, 
then Up will be (100-40-15)% = 45%. 

Predictive scoring is the process of using historical information to predict future outcomes. A 
number of scoring models can be found in the literature and these may be used in determining
the values given to the utilities. For most of the simulation runs presented in a later section, the 
values for utilities have been 0.4 for Uc, 0.4 for Ue, respectively 0.2 for Up. In this example the 
cost and environmental issues are of the same importance, therefore, the rules taking these two 
matters into consideration have the same utility value. 

The maximum values for the variables in bids and the values of utilities are established by the 
contracting organization before the sending of bids announcements, this ensuring a fair bidding 
process, and also allowing that the given PA -maybe depending on changing conditions- to 
enforce its own considerations, its own point of view. 

Equal-value state rules (Pr = 3):

The equal-value state rules gather the rules that will be considered only in the case of equal BWs
for bids previously analysed by rules on the preceding level; in the proposed framework, the 
warranty rule.

In a generalized way, the bid evaluation process follows the structure below: 

 if priority of the rule = 1 
then verify for each bid whether ALL conditions of R1 are satisfied 
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if YES, then send bid for further evaluation 
else (if at least one is not satisfied, then) eliminate bid from the evaluation cycle 
and send it to the temporary holder of rejected bids 

 elseif priority of the rule = 2
then compute BW
AND if BW = min

then if BW = unique (no 2 bids with the same value for BW)
then declare the bid as the winning one
else send bid for further evaluation 

 elseif priority of the  rule = 3
then compare values incorporated in R3 and declare as the winning one the 
bid that conforms with the objective function (max or min value) 

Following the above presented approach for finding the most appropriate supply agents in the 
network, in most cases after appraisal feasible solutions are found for every activity, but there 
exist cases when this is not so. This aspect of the problem is discussed in the followings.
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2.2.6. Reconsidering alternative actions 

As result of the bids evaluation process for a certain activity, two alternatives are possible:

at least 1 feasible solution is found, 
none of the bids fulfils all constraints.

If the latest case arises, the NBA will not always assume that failure of a chosen plan instance 
means the goal cannot be achieved. Instead, it may reconsider other applicable plans and try one 
of them. It is this property that allows agents to avoid many of the pitfalls of more primitive
reasoning models. Rather than having 'one shot' at achieving a goal, an agent can try a number of 
approaches to solving the problem by attempting any number of applicable plans. The NBA will 
negotiate with inside and outside agents and decide what parameters to relax. This process will 
be iterative and there may be several cases where the supply chain has to be revised a few times
before being considered successful. This is due not only to the fact that the information available 
to agents involved in a negotiation is asymmetric, but also because of the mostly conflicting 
goals of different agents. Both iteration over resources (agents) and over parameters in the rules 
(e.g.: cost) needs to be done. 

The first thing to do when no feasible solution is found as result of the bids’ evaluation process is 
to analyze the source of not compliance. At this stage, technical reasons cannot be the cause of 
no conformance, as only those bidders can be considered, that comply with the customer’s
expectations. Therefore, non-compliance cause may be economical or due-date related issues.

Besides, only the designer or the investor may authorize technical changes, this is not in the area 
of responsibility of the NBA. 

After establishing the source of no conformance negotiations will begin between the NBA and 
the other agents.

If the negotiations are cost related, in the case of a more expensive supplier agent (the cost is 
higher then the one previously targeted by the Cost agent of the project), the NBA tries to 
negotiate on the followings:

change the payment due-date to a further one (e.g.: from 30 days to 60 days), 

increase the amount of money paid by the SA in case of late delivery (work) (e.g.: for 
each late day after the due date 100.000,- Ft/day, but maximum 15% from the contracting 
price, which will be retained from the final invoice) 

increase the warranty given by the SA : this may be performance bond (during work 
accomplishment) or warranty period. The warranty may be money retention or bank 
guarantee. Naturally, different countries have implemented different legislation to be 
respected. In example, the Hungarian legislation does not specify warranty engagement
in the building industry, just warrant. The difference between the two concepts consists in 
the fact that in the case of the warrant it has to be proven that the builder made a mistake
in the work and only after this he will go and do the repair work; while in the case of
warranty engagement the builder has to first do the repairing and only after the 
examination of the source of the problem (construction, design, operation etc.) will be 
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effectuated. Warranty engagement is applied when/if this is stated in the contract. 
Therefore, the SA that offers a longer warranty period will be preferred. 

Towards the end of the work it is more important the time line, while at the beginning of the 
work the cheapest price is targeted, and the negotiations will follow this principle. If the work 
would not be accomplished in time, it would be not just a money loss, but also prestige loss, and 
this is not something that in the nowadays’ strong competition companies could afford.

Figure 15 shows the chain of events and communication flow in the case that the result of the 
evaluation process is a bid that although positively passed true the assessment process does not 
satisfy all conditions for being awarded yet. In example, the cost of the given bid exceeds the 
upper limit of this value set by the Cost Agent. A negotiation process led by the NBA begins at 
this point. The NBA first sends a query for cost value relaxation (decrease) to the CA, which will 
reply either by simply extending the upper limit, or by (most often) asking a counter-action in 
return for cost relaxation, as enumerated above. The NBA will start now the negotiation with the 
external SA, accordingly with the data agreed with the CA. An iterative process of negotiation 
between the SA, NBA and CA will be conducted until a solution acceptable for all agents is 
reached. For the very rare case when this is not possible, the NBA will negotiate with the MB a 
change in the rules (and/or utilities), which will conclude in a new evaluation process. If no 
modification can be agreed on by the MB, the process of searching for appropriate SAs will 
restart by sending bids to new agents, that have not been addressed first. 

Naturally, a similar internal negotiation process would be done with other agents, if the case of 
non-conformance is different then the cost. 

Dealing with errors, misinformation and rogue information is an important issue with agents, 
attention has to be paid to the authentication and data consistency issues, and incorporate 
evaluation mechanisms in the agent architecture. The information gathered by an agent, if 
possible, should be verified from other sources before it is used in a decision process.
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2.2.7. Adaptability in agents’ behavior

To operate effectively in open environments agents must be adaptive. Adaptability is needed 
because distributed systems such as supply chains are inherently open, and act in heterogeneous, 
and dynamic environments. Agents that functions continuously and inhabit an environment with 
other agents over a period of time should be able to learn from experience. An individual agent 
can exhibit adaptivity relative to a variety of internal reasoning processes. In our model agents 
reason on the results of the bidding processes in which they participated by means of statistics 
collected.

Preceding every bidding process, statistics are gathered as well by the Supplier Agents, as by the 
Network Builder Agent in their own local databases.

Certain agents will reason on the results of the bidding processes in which they participated and 
try to adapt their behaviour. 

Such SA will look at history about the number of bids it sent, how many of these have been 
awarded, type of data requested by the NBA, etc.. If it observes that a.) for a certain activity type 
it was first awarded in repeated occasions, than this changed (somebody else received the 
assignment), or b.) for a given activity type it was never awarded, then the agent tries to reason 
on the causes of this, based on the parameter types it was asked for in the bid announcement.
E.g: if it was requested to provide data on cost, environmental effect, warranty, performance
bond etc. it is safe to assume that the cause of not being given the assignment lies in the value he 
offered for one or several of these parameters. Naturally, in case a.), a possible cause could be 
that the activity he was responsible for, was not performed 100% in the parameters agreed 
(possible delays etc, so RF>0) and this influenced the assessment made by the NBA. Either case, 
the SA will try to adapt (Figure 16) to better correspond in the assessment process, by changing 
the value of either cost, performance bond etc. 

SA
SA
SA

SA Bids sent

Winning bids

STATISTICS

Nr. of bids
Type of data in the bid

Values of param.

reasoning

adaptation

SA
SA
SA

SA Bids sent

Winning bids

STATISTICS

Nr. of bids
Type of data in the bid

Values of param.

reasoning

adaptation

Figure 16: Supply Agents adaptation 

At its turn, the NBA, based on the history it has about the performance of the agents awarded, 
may decide on introducing new rules in the evaluation mechanism, or in the modification of the 
values for the utilities of certain rules (Figure 17). E.g.: if NBA notices that a given agent, at the 
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assessment after work execution, has a positive value for RF (meaning that the work was not 
performed 100% as agreed) in several consecutive occasions, instead of reducing its Assessment
Value (AV) with the same percent of RF as in the present, for the next evaluations will reduce it 
with a higher percentage (i.e: double the previous percentage). An other possible 
measure/adaptation that may be executed in replacement or in addition with the above, is that at 
following bids evaluations, the NBA will prioritise the awarding of SAs that in the past had 
RF=0 (or the lowest).

NBA

reasoning

adaptation

Bids received

Winning bids

STATISTICS

Nr. of bids
Data types in announcem.

Utilities distribution

NBA

reasoning

adaptation

Bids received

Winning bids

STATISTICS

Nr. of bids
Data types in announcem.

Utilities distribution

Figure 17:NBA adaptation 

Furthermore, using the statistical data of bids previously received, the NBA may perform what-if 
analyses using a simulation model, based on which may decide on the modification of the 
utilities for certain rules, or even the introduction of different ones (Figure 18). For example,
giving different utilities to rules, the winning bids will change accordingly, triggering different 
values for the cost, environmental effect etc. The different settings might show that some utility 
values should never be chosen as this way the cost or other parameter of higher interest is 
increasing too much in comparison with other utilities settings.

NBA

•Project Cost
•Reliability

Change on the rules or parameters in rules

•Rules
•Parameters

•Change the ratio of each  utility
•Chose only from bids of SAs that
had RF=0 in the past 
•Change the effect of RF

Simulation
of the agent-based 

system

NBA

•Project Cost
•Reliability

Change on the rules or parameters in rules

•Rules
•Parameters

•Change the ratio of each  utility
•Chose only from bids of SAs that
had RF=0 in the past 
•Change the effect of RF

Simulation
of the agent-based 

system

Figure 18: NBA adaptation based on what-if analysis 
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2.2.7.1. Agents’ behaviour

The agents, naturally may prove different behaviours: some will act adaptively, while others not. 
The adaptive behaviour, at its turn, may manifest in different ways such as: profit-oriented 
behaviour, safe behaviour or greedy, etc. A schematic exemplification of different types of 
behaviours is shown in Figure 19 and detailed in the followings.

Supply agent
behaviour

Adaptive

Non-Adaptive

Safe

Greedy

Other

Profit-oriented

Supply agent
behaviour

Adaptive

Non-Adaptive

Safe

Greedy

Other

Profit-oriented

NBA
behaviour

Adaptive

Non-Adaptive

Other

Reliability-oriented

NBA
behaviour

Adaptive

Non-Adaptive

Other

Reliability-oriented

Figure 19: Behavior types exemplification

Let CostInTable be the starting value of the price in the next biding process (remains the same if 
no event requires its modification) and let PriceLowestBound be the limit imposed by certain 
agents for the value of the cost specified in their bids (the price can not go under this value).

Profit-oriented behaviour of a SA: this behaviour requires results of at least 3 previous bidding 
processes for the same activity type. An agent with this behaviour will effectuate modifications
on the cost specified in the next bidding round if all 3 consecutive previous bids have the same
result (awarded or unsuccessful). If for a certain activity the agent wins the bidding process 3 
times in a row, then it increases the amount of money asked for (higher cost value) in the next 
bidding process with a certain percent (IncrPO) from the previous value. In the case that this new 
bid proves to be winning, the value of the variable CostInTable will be made equal with the cost 
included in the given bid. Otherwise, if the bid was unsuccessful, the value of the CostInTable 
will not be modified.

In the case that all 3 previous consecutive bids have been unsuccessful, then the agent will 
decrease the amount of money asked for (lower cost value) in the next bidding process with a 
certain percent (DecrPO) and CostInTable will be changed for this value, regardless of the result 
of this particular bidding process. This decrease in the price has 1 more condition though, 
namely that this new value for the cost in bid should not be lower than the PriceLowestBound.
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Profit Oriented Behaviour 
Nr of 

winning bids 
in last 3 
rounds

Cost Bid4 CostInTable

If Bid4 
winning

Cost Bid4 
(CostInTable:= CostBid4) 

3 +%
CostBid4:=CostInTable
+ CostIntable*IncrPO If Bid4 

unsucc.
unchanged (last value written in) 

0 -%
if CostInTable - 
CostIntable*DecrPO
PriceLowestBound
CostBid4:=CostInTable
- CostIntable*DecrPO 

Cost Bid4 
(CostInTable:= CostBid4) 

1,2 unchanged (last value written in) 

Table 4: SA’s profit-oriented behaviour 

Safe behaviour of a SA: this behaviour requires a statistic of 3 previous bidding processes and 
the agent with this behaviour will make changes in bid if having the certainty of 2 bids with 
similar result -for the same activity type- in the past 3 rounds. If after 3 consecutive bidding 
rounds, the agent wins at least 2 times (majority bids winning), then in the following bidding 
round it increases the cost specified in the bid with a certain percent (IncrS) from the previous 
value. However, this percent is lower than the agents with profit-oriented behaviour will adopt at 
increase in price (IncrPO>IncrS). If from the 3 bids 1 or none is winning (majority of bids 
unsuccessful) then in the next bidding round it reduces the cost specified in the bid with a 
percent (DecrS) higher than the percent in the price decrease used by the agent with profit-
oriented behaviour (DecrS>DecrPO). Naturally, this process has a limit as well; accordingly the 
new value for the cost in bid should not be lower than the value established for the 
PriceLowestBound. In both cases, the CostInTable will be modified and given the value of cost 
included in the new bid. 

Safe Behaviour 
Nr of winning 
bids in last 3 

rounds

Cost Bid4 CostInTable

2, 3 +%
CostBid4:=CostInTable + 
CostIntable*IncrS

Cost Bid4 
(CostInTable:= CostBid4) 

0, 1 -%
if CostInTable - CostIntable*DecrS 

 PriceLowestBound 
CostBid4:=CostInTable - 
CostIntable*DecrS

Cost Bid4 
(CostInTable:= CostBid4) 

Table 5: SA’s safe behaviour 
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Greedy behaviour of a SA: the agent with this particular behaviour tries to acquire as many
winning bids as possible, therefore, after each rejected tender for a given activity, in the next 
bidding process it reduces the value for cost in the bid (with DecrG percent), but without going 
under a certain bound (PriceLowestBound). The value of the variable CostInTable will be made
equal with the cost included in this given bid. 

Greedy Behaviour 
Nr of winning 

bids in last 
round

Cost Bid4 CostInTable

0 -%
if CostInTable - 
CostIntable*DecrPO
PriceLowestBound
CostBid4:=CostInTable - 
CostIntable*DecrG

Cost Bid4 
(CostInTable:= CostBid4) 

1 unchanged (last value written in) 

Table 6: SA’s greedy behaviour 

A comparison between the 3 behaviours is schematically presented in the figure below, 
respectively in Table 7. 
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2%

Real cost
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Figure 20: Cost data for different behaviours 

An important observation is that agents acting in an adaptive environment will also have to adapt 
themselves in order to remain in competition and be able to win in the bidding process. 
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2.2.7.2. A simulation model for studying agents adaptability

The inherent need for agent’s adaptability can be studied by comparing the results of different
behaviours through the use a simulation model. By performing ‘what-if’ experiments in a 
simulation model, identification of improved business practices that could be implemented is 
possible. For the above-presented reasons, as for validation and testing purposes of the concept 
envisaged in the previous sections, a simulation model has been built. 

Figure 21: Screen-shot of the simulation model

The simulation model was built from the NBA’s point of view, but may have several uses:
NBA: evaluation of bids, 
NBA: comparison of the results of the bidding processes when NBA has a Reliability-
oriented behaviour and when not, 
NBA: study of what-if cases for different values of utilities, 
NBA: study of what-if cases for different parameters in the rules, 
SA: study the effect of adopting different behaviours, 
SA: fine-tuning of the parameters of their behaviour (e.g.: Incr and Decr variables). 
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In the simulation model built, competing supply agents with different competencies send bids for 
the activities that they are able to perform. In the model the evaluation process made by the 
NBA, different agent behaviours are simulated (conform with data in Table 7), statistics about 
the bidding processes are gathered.

2.2.7.3. Impact of agents’ adaptivity

For studying the effect of agent’s adaptivity, several simulations have been performed. In the 
followings, three different simulation cases are detailed. 

Simulation runs: 
CASE 1: What-if analysis: Simulation runs for different utility values. 
CASE 2: Simulation runs for different supplier agents’ behaviours. 
CASE 3: Simulation runs for different NBA behaviours. 

CASE 1: What-if analysis: Simulation runs for different utility values

In the simulation model, 15 what-if cases have been analysed, for 15 different cases of utilities 
values in the PRS of the evaluation mechanism, as shown in the screenshot of Figure 22.

Figure 22: Utilities values for the different runs 

Based on the results of the different simulations, reasoning can be made either based on a single 
parameter (e.g.: envir. eff.), or on several parameters simultaneously (e.g.: cost and env. eff.). 
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Naturally, for different utility values, the winning bids can be different. Figure 23 and Figure 24 
show the cost, respectively environmental value variations for different activities (orders) in the 
15 simulation runs. For example, each of the 15 columns above the writing ‘Activ20’ in the 
graphs show the value of the cost (respectively env. eff.) for a run with a certain value for the 
three utilities. The number of columns coincides with the number of different set-ups for the 
utilities values and performed runs, in the present case: 15. 

Figure 23: Cost values in the winning bids for different utilities settings 

Figure 24: Env. eff. values in the winning bids for different utilities set-ups 
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In the graphics representing parameters studied for different utilities set-up it’s easy to notice 
that in some cases the parameters have surpassingly high values, and that therefore certain 
settings might never be a good choice in the system.

CASE 2: Simulation runs for different supplier agents’ behaviours 

For studying the behavior of different agents and its possible effects on a bidding process, 
simulation runs were performed for different behavior scenarios. For all scenarios, simulation
runs were made for 15 bidding-evaluation processes, for 30 different activity announcements per 
run. 25 supply agents took part in the bidding process, each with its own capabilities (agents are 
able to perform different type of activities; some more, others less types). In the runs, when the 
case, the following agents are set to have adaptive behavior: 

SA3: PROFIT-ORIENTED BEHAVIOUR 
SA11: SAFE BEHAVIOUR 
SA7: GREEDY BEHAVIOUR 

SCENARIO 1: Only agent SA3 is behaving adaptively, proving a Profit-Oriented behaviour, all 
other agents behave non-adaptively

SCENARIO 2: Only agent SA11 is behaving adaptively, proving a Safe behaviour 

SCENARIO 3: Only agent SA7 is behaving adaptively, proving a Greedy behaviour 

SCENARIO 4: All 3 types of adaptive behaviour are present in the process: SA3 acts profit-
oriented, SA7: acts greedy, SA11 acts safe, while the other agents behave non-
adaptively.

Tables A present the winning agents for each activity in the run. Tables B show the total number
of bids won by the given agent for that specific run. Three different colours are marking the 
results of the bidding processes for the three agents that in some simulation runs are set to have 
adaptive behaviour (orange colour for SA3, green colour for SA7, pink colour for SA11).
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Table 8: A, Scenario 1: winning agents for each activity in the run 

Table 9: B, Scenario 1: number of bids won by an agent for the specific run 
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Table 10: A, scenario 2: winning agents for each activity in the run 

Table 11: B, Scenario 2: number of bids won by an agent for the specific run 
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Table 12: A, Scenario 3: winning agents for each activity in the run 

Table 13: B, Scenario 3: number of bids won by an agent for the specific run 
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Table 14: A, Scenario 4: winning agents for each activity in the run 

Table 15: B, Scenario 4: number of bids won by an agent for the specific run 

The graphs of figures Figure 25, Figure 26, Figure 27 show the variations in the price 
communicated by the given SA in the bids sent to the NBA and caused by the behaviour 
according to which the agent acts.
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Activ24

Figure 25: Cost in bids sent by the agent with profit-oriented behaviour (SA3) -scenario where 
also other agents act adaptively (SA7 and SA11) 

The result (price at different runs) of one selected activity (Activ24) during 15 simulation runs 
(bidding processes) has been emphasized (thicker line) in the graph.

Having a parallel look at activity Activ24 in the graph in Figure 25 and in the Table 14, it can be 
noted that the agent SA3 increases the price in bid after the third bidding process, due to the fact 
that it was awarded in all 3 previous processes and keeps increasing the price until the first
bidding process where does not win the bid (Run7). The unsuccessful bidding event triggers a 
reduction of the price in the next bid, which leads again to bid awarding in the next 3 bidding 
processes. As in Run11 Activ24 is again awarded to a different agent then the one in discussion 
and then SA3 will again decrease the price in bid.
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Activ12

Figure 26: Cost in bids sent by the agent with greedy behaviour (SA7) -scenario where also other 
agents act adaptively (SA3 and SA11)

Looking at the selected activity (Activ12) in the graph of Figure 26 and in the table of Table 14 
is easy to remark that, following the rules of its behaviour, SA7 keeps the price stable as long as 
it is awarded for the given activity. It will start decreasing its price in bid after the first bidding 
process where it was unsuccessful (Run8) and the bid was won by an other adaptive agent 
(SA11). SA7 stops reducing the price in bid when is awarded again (shown by the vertical line). 
It will start reducing again the price after Run14 when an other agent is being awarded for 
Activ12.
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Activ9

Figure 27: Cost in bids sent by the agent with safe behaviour (SA11) -scenario where also other 
agents act adaptively (SA3 and SA71)

For exemplification purposes, Activ9 was emphasized on the graph. From Figure 27 and Table 
14 it can be noted that: according to the safe-behaviour characteristics, due to the fact that SA11 
had at least 2 unsuccessful bids in the first 3 bidding processes, it starts decreasing the price in 
the following bid sent until Run8. Because in the Run6 and Run7 it was awarded, in the offer of 
Run8 it will increase the price and continuous increasing as long it has 2 won bids in the past 3 
bidding processes (Run11). As in Run12 is not awarded, the line in graphs starts decreasing 
again up to Run15 where the cost is increased as a result of successful bidding in Runs 13 and 
14.
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Table 16 presents a summary of the A type tables for the 4 simulation scenarios. The cases 
where agents had adaptive behaviour are marked with light-grey background.

Adaptation Nr. of bids won in all runs 
 PO

(Scenario1)
G

(Scenario2)
S

(Scenario3)
PO,G,S

(Scenario4)
PO

(Scenario1)
G

(Scenario2)
S

(Scenario3)
PO,G,S

(Scenario4)
SA3 X - - X 33 26 16 17

SA7 - X - X 15 129 55 55

SA11 - - X X 0 0 215 192

Table 16: Summary of results of the four scenarios 

Comparing the results on the different scenarios, it can be noted that: 

1. Looking at the results in the first 3 scenarios reflected in tables A and B Scenarios 1, 2 
and 3, it is easy to see that when agent SA11 is not adaptive, never wins any bid, while 
when it behaves adaptively wins many,

2. Looking at the results of the 4th scenario, at those activities where adaptive agents are 
able to perform (e.g.: rows containing statistics for activities 16, 21, 27 in Table A, 
Scenario 4), it can be seen that after a certain number of runs exclusively the adaptive 
agents win bids, 

3. It is possible to make a comparison also among behaviours. From the 3 ones given now, 
it’s easy to note that, with the present settings, the Safe behaviour is the one that prevails 
in the bidding processes with winning tenders, 

4. Studying the results in the summarizing Table 16 it can be noted that individual agents in 
the model have better results (or at least equally good) when they act adaptively than 
when they don’t. 

Considering the above, probably most relevant to be noticed is that agents that don’t adapt 
themselves in an environment where other competing agents act adaptively will finish by being 
totally excluded from the winning list. 

Naturally, variations in the number of bids won may occur if different values are chosen for the 
increasing, respectively decreasing variables, or by increasing the number of agents that act 
adaptively.
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CASE 3: Simulation runs for different NBA behaviours 

In this specific simulation scenario, beside certain supplier agents, also the NBA behaves 
adaptively, proving a reliability-oriented behaviour: if a given winning SA, in repeated occasions 
performs under the expectations (has a positive value for RF greater than a given bound), when 
calculating its Assessment Value, the NBA will reduce SA’s AV with a higher percentage (in 
our example it will double the previous percentage) than in previous computations. The screen-
shot in Figure 28 reflects the above-envisaged situation. 

Figure 28: Reliability-oriented behaviour 

An illustration of data gathered in the General Database of the NBA referring to the different
supplier agents and their performance in the bidding processes, respectively after performing
different assigned activities is given in Figure 29. 
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Figure 29: SAs related data in the General Database of the NBA 

The data in the screen-shot of Figure 29 are gathered during 15 simulation runs, where NBA has 
had a reliability-oriented behaviour. It can be observed that, accordingly, the Assessment Value 
of some agents has diminished with the correspondent RF percent from its AV value (e.g.: for 
SA3, SA16), respectively with 2RF if the sum of the past two values for the RF was greater than 
the established value 2 (e.g.: for SA5).

The reduction of the Assessment Value based on the agent’s evaluation after finishing an 
assigned work, triggered the re-classification of certain agents in a different (lower) category 
(e.g.: SA3, SA5, SA7). 

Table 17 and Table 18 show the results of the bidding process for 15 simulation runs when also 
the NBA acts adaptively (having a reliability-oriented behaviour). Table 17 presents the winning 
agents for each activity in the run. Table 18 shows the total number of bids won by a given agent 
for the specific run.
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NBA: Relability-Oriented behav, SA3: PO, SA7: Greedy, SA11: Safe Behaviour
Run1 Run2 Run3 Run4 Run5 Run6 Run7 Run8 Run9 Run10Run11Run12Run13Run14Run15

ActivT1 SA17 SA17 SA17 SA17 SA7 SA7 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11
ActivT2 SA6 SA6 SA6 SA6 SA6 SA6 SA6 SA6 SA6 SA11 SA11 SA11 SA11 SA11 SA11
ActivT3 SA5 SA5 SA5 SA3 SA3 SA3 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11
ActivT4 SA16 SA16 SA16 SA16 SA16 SA16 SA16 SA16 SA16 SA16 SA16 SA16 SA16 SA16 SA16
ActivT5 SA16 SA16 SA16 SA16 SA16 SA16 SA16 SA16 SA16 SA16 SA16 SA16 SA16 SA16 SA16
ActivT6 SA5 SA5 SA5 SA3 SA3 SA3 SA16 SA3 SA3 SA3 SA16 SA3 SA16 SA16 SA16
ActivT7 SA17 SA17 SA17 SA17 SA17 SA17 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11
ActivT8 SA17 SA17 SA17 SA17 SA17 SA17 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11
ActivT9 SA21 SA21 SA21 SA21 SA7 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11
ActivT10 SA16 SA16 SA16 SA16 SA16 SA16 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11
ActivT11 SA23 SA23 SA23 SA23 SA23 SA23 SA23 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11
ActivT12 SA7 SA7 SA7 SA7 SA7 SA7 SA7 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11
ActivT13 SA17 SA17 SA17 SA17 SA17 SA17 SA17 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11
ActivT14 SA16 SA16 SA16 SA16 SA16 SA16 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11
ActivT15 SA21 SA21 SA21 SA21 SA21 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11
ActivT16 SA5 SA5 SA5 SA7 SA7 SA7 SA7 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11
ActivT17 SA17 SA17 SA17 SA17 SA17 SA17 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11
ActivT18 SA4 SA4 SA4 SA7 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11
ActivT19 SA16 SA16 SA16 SA16 SA16 SA16 SA16 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11
ActivT20 SA17 SA17 SA17 SA17 SA17 SA17 SA17 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11
ActivT21 SA6 SA6 SA6 SA6 SA6 SA7 SA7 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11
ActivT22 SA3 SA3 SA3 SA3 SA3 SA7 SA3 SA3 SA3 SA16 SA3 SA3 SA16 SA16 SA16
ActivT23 SA16 SA16 SA16 SA16 SA16 SA7 SA7 SA16 SA16 SA16 SA16 SA16 SA16 SA16 SA16
ActivT24 SA3 SA3 SA3 SA3 SA3 SA3 SA8 SA3 SA3 SA3 SA11 SA11 SA11 SA11 SA11
ActivT25 SA17 SA17 SA17 SA17 SA17 SA17 SA17 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11
ActivT26 SA17 SA17 SA17 SA17 SA17 SA17 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11
ActivT27 SA19 SA19 SA19 SA19 SA19 SA19 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11
ActivT28 SA16 SA16 SA16 SA16 SA7 SA7 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11
ActivT29 SA16 SA16 SA16 SA16 SA16 SA16 SA16 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11
ActivT30 SA17 SA17 SA17 SA17 SA17 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11 SA11

Table 17: A, Runs with NBA proving a reliability-oriented behaviour 

NBA: Relability-Oriented behav, SA3: PO, SA7: Greedy, SA11: Safe Behaviour
Run1 Run2 Run3 Run4 Run5 Run6 Run7 Run8 Run9 Run10Run11Run12Run13Run14Run15

SA1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
SA2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
SA3 2 2 2 4 4 3 1 3 3 2 1 2 0 0 0 29
SA4 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 3
SA5 3 3 3 0 0 0 0 0 0 0 0 0 0 0 0 9
SA6 2 2 2 2 2 1 1 1 1 0 0 0 0 0 0 14
SA7 1 1 1 3 5 7 4 0 0 0 0 0 0 0 0 22
SA8 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1
SA9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
SA10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
SA11 0 0 0 0 1 4 14 23 23 24 25 25 25 25 25 214
SA12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
SA13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
SA14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
SA15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
SA16 8 8 8 8 7 6 5 3 3 4 4 3 5 5 5 82
SA17 9 9 9 9 8 7 3 0 0 0 0 0 0 0 0 54
SA18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
SA19 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 6
SA20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
SA21 2 2 2 2 1 0 0 0 0 0 0 0 0 0 0 9
SA22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
SA23 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 7
SA24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
SA25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Table 18: B, Runs with NBA proving a reliability-oriented behaviour

As the NBA’s aim during these runs was to improve the percent of work completion in the 
agreed parameters, by comparing results of these simulations with those obtained when NBA 
was acting non-adaptively, it can be observed that agents with low performance are awarded less 
run-after run, until even becoming excluded.
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Summarizing the main impacts of adaptability, the main conclusions that can be drawn, as 
supported by the simulation runs, are as follows: 

System performance (if measured in percent of work completion in the established 
parameters) is being improved when the NBA acts adaptively (NBA having a reliability-
oriented behaviour). 

The system performance can be improved by doing what-if simulation and like this 
establishing the appropriate values for the utilities in the rules (fine-tuning of the evaluation 
system).

Agents acting in an adaptive environment will also have to adapt themselves in order to 
remain in competition and be able to win in the bidding process. 

By studying simulation runs for different types of behaviour, supply agents might improve
their performance (if measured as number of won bids) by choosing the behaviour that 
would allow them to better approach their goals.

Supply agents, may also, through the use of the simulation model, do fine-tuning of the 
parameters of their behaviour (e.g.: Incr and Decr variables).

2.3. Conclusions 

Efficient production networks are envisioned as the solution to meet the constantly changing 
needs of the customer at low cost, high quality, small lead times and high variety. Some of the 
critical issues in the formation of the supply networks of large project deliveries where addressed 
in this chapter.

Selecting an efficient and a compatible set of partners can diminish the level of uncertainty that a 
company is encountering. The present chapter seeks to augment research on the inter-
organizational networks partners’ selection. An agent-based model for the bidding-evaluation 
processes occurring among participants in large project delivery networks has been elaborated and 
introduced. The main agents in the model and their functionality have been described. Screening
activities undertaken by the main contracting organization and parameters to be considered have 
been identified.

One of the determinative issues in the proper accomplishment of a project delivery is the 
evaluation mechanism of the supply agents. An evaluation mechanism based on a multi-level
system, -Priority Rules System-, that states the evaluation criteria for the incoming bids has been 
proposed.

Furthermore, for studying agents’ adaptability and its impact a simulation model has been built. 
Different agent behaviours have been modelled and the results in the bidding process have been 
analysed.
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Conclusions and further research directions

CHAPTER 3: AGENT-BASED APPROACH FOR INTERDEPARTMENTAL ORDER 
MANAGEMENT

3.1. Introduction 

This chapter presents an approach based on autonomous, co-operative agents for order 
management at enterprise level.

The framework proposed supports the functioning of several departments belonging to a given 
enterprise, working together for fulfilling a job-order (request) from an external customer.

The approach in this chapter tries to show that the agent-based and constrained programming
techniques could be advantageously used together.

The company and the departments involved in the order management decisions are represented 
as agents. In order to ensure a better foresight and a more established opinion when a decision 
about the acceptance of a given order is to be made, a constraint programming based decision-
support model has been elaborated.

The decision-support model helps in deciding whether the capacity constraints of the company
make possible the acceptance of the order and in foreseeing the order accomplishing due-date. 
The model functions in 2 modes. When the model is started in the first mode, a quick capacity 
availability check is made, without any modifications on the schedule of orders previously 
accepted. In the case that the results of the analysis are negative, meaning that it shows that the 
capacity and time constraints do not make possible the acceptance of the order, the assignment is 
not yet rejected, but instead the decision-support model will be started in its second mode. This 
mode will try to schedule the new order doing also modifications on the medium term schedule 
of orders already accepted, naturally, without breaking their constraints. 

Section 3.2.1 describes the agents in the model, while 3.2.2 details the constraint-based decision-
support models proposed. The problem representation and implementation issues are depicted, 
the types of constraints represented in the system are overviewed, and two application examples
are given. 

The chapter concludes with summarizing thoughts gathered in Section 3.3.
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3.2. Proposed approach for interdepartmental order management

A close analogy between the departments within an enterprise and also between actors in the 
production networks, and agents in a shared environment can be noticed. This analogy is seen in 
the fact that departments within an enterprise work towards both global and local goals with 
shared, finite resources. Furthermore, departments often must work together to achieve these 
goals. Therefore, in the approach introduced in this chapter, as well the company as certain 
departments will be treated as agents. 

As specified also in the previous chapter, timing is a determinative issue in order handling right 
from the bid-sending phase. This is so because ability to respond accurately to a job 
announcement in a given time window, and furthermore availability during tendering have a 
decisive impact in the tender awarding. In today’s highly competitive environment, quick 
reaction time is required also when disturbances occur during order fulfilment.

It is often that dealing with uncertainties means either rescheduling of existing tasks or 
negotiation with other decision agents, as well internal as external agents. 

During network operation for order execution from an external customer, at each supplier agent 
site in the network different departments (decision units) are involved in the order management,
from the bidding phase until job execution.

The more complex is a product the more important is the contradiction between the global and 
departmental level interests and objectives. 

In this chapter an agent-based approach is proposed for handling of order-related uncertainties at 
company level (interdepartmental order management).

3.2.1. Department-agents in the approach 

The departments, respectively the corresponding-agents (Figure 30) involved in the enterprise 
level order management in the approach presented are as follows: 

Management department – Order Management Agent (OMA) 
Finance department –Cost Agent (CA) 
Production planning and control department – Planning Agent (PA) 
Manufacturing department – Manufacturing Agent. 
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Order Management Agent (OMA)
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Figure 30: Agents in the approach 

As part of the decision making-process of a given order management, a department-agents,
analogous to a decision centre described by Vernadat in the GRAI grid [263], is characteristics 
by:

its objectives and its decision variables, 
its set of activities, 
input relations (coordination, decomposition, synchronization), 
output relations (result of decisions made, decision frame, synchronization), 
internal relations among inside activities. 

Among the responsibilities of each department, the followings are considered as main ones:
Management department: Mission definition, strategic planning, 
Finance department: Financial planning, funds management,
Production planning and control department: Capacity planning, inventory control, 
Manufacturing department: Manufacturing operations, quality control, facility
maintenance.

The Order Management Agent decides on the acceptance of an external job-order, being 
responsible with the upper-level order management. OMA, in order to decide about the 
possibility of assuming the execution of a job, will ask the Planning Agent to perform capacity 
analysis among its plants. The responsibility of OMA is as well making a feasible order 
allocation among its plants, if several. In case a disruptive event occurs in the delivery of the 
product or service assumed, OMA will negotiate with the other department-agents (i.e.: possible 
rescheduling negotiation with the Manufacturing Agent, possible price modification negotiation 
with the Cost Agent) and/or with the customer agent (the Project Agent in the production 
network). OMA is also responsible for all order-related contact with the customers including 
order entry, cancellation, and modification, furthermore for overall order monitoring and 
punishment assignment in case of unaccomplished commitments.
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Dynamic events in a multi-agent environment can have significant impact on the ability of
agents to meet commitments made to other agents, and co-ordination of the participants in the 
production network is a key issue in agile reactions to unexpected events. Therefore, as 
mentioned also above, it will be the responsibility of the OMA to deal with interdepartmental
agents’ co-ordination. 

Therefore, when a Manufacturing Agent can no longer meet commitments, the OMA will play a 
mediator role and ask the MA to re-allocate orders to other agents via constraint relaxation, to 
optimally reconfigure the schedule of the work-commitment. The OMA will also renegotiate the 
initial conditions (terms) with the customer, if necessary.

In order to fulfill the whole job-order in the terms agreed with the customer (e.g.: due date), the 
job-order accomplishment can be shared between multiple Manufacturing Agents (in the case 
that the company has several plants). The OMA will decide on the parts of the order to be 
assigned to certain Manufacturing Agents.

When receiving an order announcement, OMA will interpret the order, followed by an 
availability check (capacity analysis in order to see whether they have enough capacity to accept 
the order). The availability check, as well as the necessary detailed scheduling will be made by 
using a decision-support model detailed in section 3.2.3. 

Order announcement receiving

Interpretation of the order

Scheduling without
rescheduling orders
previously accepted

Scheduling with
rescheduling orders
previously accepted

SfM 1

SfM 2
Availability check

Bid sending

Tentative schedule
Cost calculation

Figure 31: Steps done when receiving a job announcement

Considering the results of the availability analysis, OMA may decide: 
on rejecting the job-proposal, 
on doing the entire job by itself,
on doing part of the job-order,
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on fulfilling the order, but renting resources (tools, equipment etc.) from an other agent, as its 
own capacity does not suffice, 
on fulfilling the order, by passing the order forward to its own subcontractors.

Each activity has a number of characteristics such as quantity to be produced, earliest time to 
start and the time of completion. On the basis of these commitments activities are scheduled by 
the Manufacturing Agents. 

In the next sections, the constraint programming-based decision-support model and the tool used 
in the development of the model are detailed.
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3.2.2. Constraint-based decision-support model for availability check and 
detailed scheduling 

3.2.2.1. Principles of the model and tools used 

Most of the scheduling problem space can be very large, and many scheduling problems are 
over-constrained, therefore, solving them would be impossible without an automated system.

Scheduling

Scheduling can be seen as the process of assigning activities to resources over time. Scheduling 
problems also require the management of minimal or maximal capacity constraints over time.
Deciding for all tasks when to happen and with which resources is called resource allocation
[184]. In literature, the difference between these two terms is not always made.

While there is great diversity in scheduling problems, we can distinguish three main categories 
of problems: pure scheduling problems, pure resource allocation problems and joint scheduling
and resource allocation problems [102]. 

- In pure scheduling problems, solving the problem consists of placing activities in time. It is 
already known which resources are demanded by which activities and in which quantities. The 
capacities of the resources are also known, although they may vary over time. The problem then 
is to place the activities in time, without ever exceeding the available capacity. A well-known 
example of a pure scheduling problem is the job-shop-scheduling problem. A detailed 
description of the mathematical model for job shop scheduling is presented for example in [13] 
and in [10]. 

- In pure resource allocation problems, solving the problem consists of allocating resources to
activities. It is already known when the activities are to be scheduled. The problem is to 
guarantee that the supply of resources at each point in time equals or exceeds the demand. An 
example of a pure resource allocation problem is the assignment of personnel to planes or trains. 

- In joint scheduling and resource allocation problems, degrees of freedom exist for deciding 
which activities to perform and when to perform them, and for deciding which resources to make
available for these activities. 

The implementation of a schedule taking into account the current status of the production system
is called dispatching. This definition takes the existence of a scheduler for granted. The 
dispatcher has no time to optimize its decisions, it has to execute the schedule, reacting to 
disturbances as quickly as possible. Therefore, usually, only simple heuristics are used for 
decision taking. In the literature, synonym to dispatching is used the term of on-line
manufacturing control. However, some difference can be distinguished, as in the manufacturing
world, dispatching refers to simple decision making, while on-line manufacturing control also 
refers to more advanced methods.

Due to the fact that in a real industrial environment new orders arrive continuously, scheduling is 
a dynamic problem in such an environment. As the input data for the scheduling problem are not 
perfectly known at the time the schedule is calculated the scheduling problem is also considered 
to be stochastic, which in industrial terminology corresponds to the occurrence of disturbances.
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Scheduling techniques addressing the deterministic, dynamic scheduling problem are dynamic
scheduling algorithms. The static stochastic scheduling problem is considered by a number of 
approaches, which we will refer to as stochastic scheduling algorithms. Reactive scheduling 
algorithms, considering disturbances in a dynamic environment, are techniques dealing both with 
the dynamic and stochastic nature of the scheduling problem. Most reactive scheduling methods,
however, do not foresee the stochastic effects, but react on them. Only proactive scheduling 
takes into account the risk for disturbances in its schedule, instead of reacting to them when they 
happen. An important class of scheduling algorithms is distributed scheduling. It refers to 
scheduling techniques for which the algorithm is distributed over a number of computer
processes that combine their calculation power and their local knowledge to optimize the global 
performance [13]. 

Figure 32: Relationship between off-line scheduling, stochastic, dynamic, reactive, proactive, 
and distributed scheduling, scheduling architectures and scheduling environments [13] 
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Reasons for scheduling difficulty

There are several factors that can make scheduling difficult, among them the followings are find: 

The problem space can be very large. Most scheduling problems are NP-hard 
(nondeterministically polynomial) or NP-complete. An NP problem is one that, in the worst 
case, requires time polynomial in the length of the input for solution by a non-deterministic
algorithm [184]. The practical consequence of NP-hardness is that the required calculation time
for finding the optimal solution grows at least exponentially with the problem size [184]. 

Many scheduling problems are over-constrained due to the unavailability of resources given 
the temporal constraints [176]. 

There may be tight interactions among the scheduling constraints themselves; the scheduling 
objectives (criteria) are often ill defined, multiple and conflicting (e.g., to minimize inventory 
while maximize resource utilization). Activities should be assigned to resources in such a way 
that there is enough capacity to perform all of the required activities (no overload of resources) 
and furthermore activities should be assigned to resources in such a way that enough workload 
can be assigned to resources to avoid idle time [125]. Thus, it is not possible to assess with any 
precision the impact of scheduling decisions on the global satisfaction of objectives [159]. 

Provision of a feasible / executable solution near real time requires real timeness / 
responsiveness of the scheduler [159]. 

Reactive schedulers must interact and on-line communicate with their environment; Interfacing 
with the controlled plant, the human beings, and existing software of a reactive scheduler 
demands to fulfill different IT concerns [159]. 

Constraint programming 

In recent years, constraint programming has successfully automated the solution of complex
combinatorial problems in a multitude of different domains such as planning, personal 
organization, resource allocation, cutting materials, blending mixtures, assigning radio 
frequencies, etc. [101]. Constraint based techniques represent problems as a set of variables and 
a set of constraints.

The effectiveness of constraint programming lies in the fact that it dissociates the representation
of the problem from the search algorithms used to solve it. A problem representation consists of 
the declaration of the unknowns and the constraints of the problem. This representation is 
specific to the problem domain under consideration. The unknowns are called constrained
variables. With each of these constrained variables, a set of possible values called the domain of
the variable is associated. When the domain of a variable contains only one value, the variable is 
said to be bound [103]. 

Solving such a problem then consists of finding a value for each variable while simultaneously
satisfying the constraints. This activity is referred to as the search for the solution because when 
beginning the work on a problem, we don’t always know beforehand whether there is a solution 
that satisfies all the constraints of the problem. In fact, there may very well be more than one 
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solution (more than one set of values for the variables that satisfy the constraints of the problem),
and within the problem, there may be certain criteria that make one such set of values more
appropriate than another as a solution [104]. This appropriateness is usually measured in terms of
a time or cost function that can be optimized. Constraint programming thus entails two relatively 
distinct activities: problem representation and solution search.

The term programming in constraint programming refers to its roots in the field of programming
languages, therefore, constraint programming should not be viewed as an attempt to generalize 
linear, integer, or nonlinear programming.

A common misconception about constraint programming is that constraint programming is an 
extension of mathematical programming. In fact, mathematical programming and constraint 
programming address orthogonal issues that arise in solving combinatorial optimization
problems: mathematical programming focuses on identifying classes of problems, studying their 
properties, and proposing algorithms for solving them; while, constraint programming is 
concerned with proposing software architectures (e.g., ways of organizing computer programs)
to simplify the implementation of combinatorial optimization algorithms. The goal here is to 
shorten the development time of combinatorial optimization algorithms by reducing the distance 
between a high-level design and an actual implementation. There is also an other common
misconception: that constraint programming does not use bounding techniques in optimization
problems. In fact, constraint programming uses a variety of bounding techniques (e.g., linear 
programming relaxation or preemptive scheduling) and can combine several bounding 
techniques naturally. This misconception probably originates from the implicit nature of
bounding procedures in constraint programming where bounding procedures are implemented as 
constraints that update the domains (e.g., the set of possible values) of the variables [100]. 

The essence of constraint programming is a two-level architecture integrating a constraint (often 
called the constraint store) and a programming component. The constraint component provides 
the basic operations of the architecture and consists of a system reasoning about fundamental
properties of constraint systems such as satisfiability and entailment. The constraint store 
contains the constraints accumulated at some computation step and supports various queries and 
operations over these constraints. Operating around the constraint store is a programming-
language component that specifies how to combine the basic operations, often in non-
deterministic ways, since search is so fundamental in combinatorial optimization. [100] The 
constraint and programming components can take many different forms depending upon the 
constraint system selected (e.g., linear constraints over reals) and the host programming
languages (e.g., Prolog, C++). The constraint systems featured in early constraint programming
languages such as Prolog [31], Prolog III [30], CHIP [40], [255], CLP [109], and BNR-Prolog 
[182] included constraint systems based on linear programming, consistency techniques, interval 
reasoning, and Boolean unification. Recent constraint languages, or new versions of the 
pioneering languages, now include many new algorithms tailored to certain application areas. 
Typical examples include the edge-finder algorithm and its generalization for the scheduling 
applications and flow algorithms that are fundamental in a variety of resource-allocation 
applications. Since constraint programming originated from constraint logic programming, early 
programming components were based on the non-deterministic, goal-directed, computational
model of Prolog. Concurrent constraint [148], [204], which is the foundation of constraint 
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languages such as [219] and cc(FD) [259], introduced a model in which the programming
component is a set of agents communicating by adding constraints to, and querying, the 
constraint store. Concurrent constraint programming introduced constraint entailment as a basic 
operation and a constraint-driven computational model. Both of these features are now standard 
constraint programming technologies. Another important step in the development of modern
constraint programming was the embedding of constraints in more traditional languages such as 
C and C++, as demonstrated, for instance, by ILOG [191] and 2LP [152]. Here the programming
component is a traditional programming language extended to support non-determinism and to 
support constraint systems as a basic data type [100]. 

Overviews of constraint programming, or subfields of constraint programming (surveys on 
Constraint Satisfaction Problems solving), can be found in [10] and [133], [110], [204], [256],
[257], and [258]. 

One of the most important advantages of constraint programming is that in a variety of 
combinatorial search problems it can reduce the development time of these applications by 
orders of magnitude. The gain in productivity comes mainly from the high-level abstractions 
provided by constraint programming to support constraint reasoning and search. For constraint 
reasoning, constraint-programming languages embed sophisticated constraint-solving algorithms
that are accessed simply by specifying a set of constraints to satisfy. For search, constraint-
programming languages provide non-deterministic constructs that relieve programmers of many
mundane implementation aspects of tree-search procedures. An other important aspect of 
constraint programming that helps the gain in productivity is its declarative nature. Constraints 
specify properties of the solutions and can be thought of intuitively as restrictions on a space of 
possibilities. However, they do not specify a computational procedure for finding these 
solutions: e.g., constraints describe what the solutions are without specifying how to find them.
This declarative nature of constraints has many benefits: the order in which constraints are 
imposed has no importance and additional constraints, that capture new properties of the 
solutions, can be added without worrying about the interaction with existing constraints and the 
search procedure. As a consequence, users can focus on the modeling aspects of the problem
rather than on low-level programming details. Finally, the separation of the constraint and search 
parts also has some obvious software engineering benefits. It is possible to modify these 
components independently, e.g., one can change the search strategy without having to be 
concerned about the constraint-solving part [100].

ILOG

The model was developed using a well-known constraint-programming tool: ILOG. 

ILOG Solver is a C++ library for solving problems in planning, allocation, optimization,
management, mixing materials, assignments, layouts, etc. To do so, it exploits object orientation 
and constraint programming. [103]. In the real-world combinatorial size of a problem together 
with complications derived from the organization of data, the transformation of data, and the 
interactions among components in an application produce large and very complex problems. One 
way of managing such complexity is through the conventions of object-oriented programming.
In Solver, the same objects used in other parts of an application can also participate directly in 
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the constraints and solutions. Constraint programming also offers advantages in this area since a 
constraint-based model supports various types of constraints, and these types, in turn, greatly 
clarify the problem description, the problem representation, and the problem solution.

ILOG Scheduler is designed for the development of problem-solving applications requiring the 
management of resources over time. Scheduler comprises a library of C++ classes and functions 
that offer a natural object model for the mathematical representation of finite capacity scheduling 
and resource allocation problems. It includes a library of temporal and capacity constraints 
defined in terms of activities and resources. 

The model that is created belongs to an environment, and ILOG Concert Technology manages
both the model and the environment. After the model is complete, it is extracted to a solver 
engine, such as ILOG Solver.

The Optimization Programming Language (OPL) of ILOG is a modeling language for 
combinatorial optimization that may simplify the optimization problems substantially. OPL was 
motivated by modeling languages such as AMPL and GAMS that provide computer equivalents 
to traditional algebraic notation. It provides similar support for modeling linear and integer 
programs and provides access to state-of-the-art linear programming algorithms. But OPL adds 
several new dimensions to modeling, the most significant one perhaps, being the support for 
constraint programming. OPL provides novel modeling and access to special-purpose algorithms
such as the edge-finder procedure. OPL also improves the expressiveness of traditional modeling
languages by offering new concepts such as higher-order constraints, logical combinations of 
constraints, and many other new modeling tools.

The graphic user interface for the OPL modeling language is ILOG OPL Studio. All 
development effort is supported through the various modules accessible via ILOG OPL Studio.

Searching for solution 

The type of algorithm used in constrained based programs varies according to the model
analyzed, and can be one of the following: linear programming (CPLEX), piecewise linear 
programming (CPLEX MIP), piecewise linear programming (Solver MIP), integer programming
(CPLEX MIP), integer programming (Solver), integer programming (Solver MIP), mixed integer 
programming (CPLEX MIP), mixed integer programming (Solver MIP), Solver, Solver + 
Scheduler, Solver + Hybrid, Solver + Hybrid + Scheduler. The SfM model employs ILOG 
Solver + Scheduler. 

Scheduler is used to build a problem definition; modeling objects are extracted from the problem
definition to the solver; and the solver uses the extracted objects to solve all or part of the 
problem. When used with Solver, the extraction of the modeling classes first creates 
corresponding instances of classes in another layer; this layer is Scheduler Engine. Scheduler 
Engine is specific to Solver solution techniques. The Scheduler extractor is the object that 
interprets the problem definition objects and creates the Schedule Engine objects for solving the 
problem. As with the Scheduler Engine, the Scheduler extractor is specific to Solver solution 
techniques. At extraction time, the Scheduler Engine instances are created and initialized given 
the data in the parameters of the Scheduler instances. If a model element is changed, and if a 
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Scheduler Engine object is concerned by this change, a re-extraction will occur before the next 
Solver search phase. The incorporation of changes to the model, during search, follows the same
protocol as Solver: unless otherwise stated, no model changes will be taken into account until the 
next Solver search phase [103].

As is usual in projects representing complex industrial resource allocation and scheduling 
applications the control of the search process is an essential feature of the successful application. 
The resource allocation component of the problem is undertaken first in the search space. The 
positioning of the operations in time is then undertaken. The overall search is in these two stages: 
search for a resource allocation, search for a schedule. The system must ensure that the search 
for a schedule will backtrack appropriately into the resource allocation stage of the search.

The representation of the problem is separated from the search algorithm from the user’s point of 
view. Solver automatically uses the posted constraints during the search for the solution: it 
reduces the domains of the constrained variables by removing those values that are inconsistent 
with the constraints. 

The domains of the start, end, and duration variables of the activity contain any value that is 
allowed for at least one of the possible resources of the activity. When one resource is selected, 
the associated resource constraint is added. Once a resource has been selected, the other 
resources are no longer possible. If, for some of them, resource constraints had already been 
created, the capacity of these resource constraints is reduced to zero. 

Scheduling can be viewed either as a constraint satisfaction problem or as a constrained 
optimization problem. When seen as a constraint satisfaction problem, the aim is to find a 
schedule so that, whatever they may be, all the constraints are satisfied. When seen as an 
optimization problem, the aim is to find a schedule that is optimal or close to optimal with 
respect to a given optimization criterion. 

3.2.2.2. The proposed model for order decision-support 

In order to ensure a better foresight and a more established opinion when a decision about the 
acceptance of a given order is to be made, a constraint programming based decision-support 
model has been elaborated.

The decision-support model helps in deciding whether the capacity constraints of the company
make possible the acceptance of the order and in foreseeing the order accomplishing due-date.

The Scheduling for Manufacturing (SfM) model proposed will be used in two phases of job-
order handling: availability check and detailed scheduling. Therefore, there is some need for 
using two models (we may also say that we use the same model in 2 modes), but respecting the 
same main principles. 

When the model is started in the first mode, a quick capacity availability check is made, without 
any modifications on the schedule of orders previously accepted. In the case that the results of 
the analysis are negative, meaning that it shows that the capacity and time constraints do not 
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make possible the acceptance of the order, the assignment is not yet rejected, but instead the 
decision-support model will be started in its second mode. This mode will try to schedule the 
new order doing also modifications on the medium term schedule of orders already accepted, 
naturally, without breaking their constraints. 

The first model (SfM1-mode 1) will be used when making an availability check, the second one 
(SfM2-mode 2), when a detailed scheduling is required. The difference between the models lays 
in the fact that for time reduction reasons, in the first model, the tasks from previous job-orders 
are not rescheduled. The tasks of new jobs will be scheduled considering the constraints imposed
by tasks already scheduled in previous runs of the scheduler on the specific resource. Naturally, 
there might be cases when a company-agent has many job-orders and the availability check 
using the first model does not produce any feasible solution. In this case a more detailed 
availability check is needed, involving rescheduling the tasks from previous orders, case when 
the SfM2 has to be used. Naturally, in production control, when the planned schedule has to be 
modified, it should be done with the smallest possible deterioration of the system performance
measure [127]. 

Exogenous events in production environments are many and varied: change in the customer
order, late delivery or price change of a particular resource, machine breakdown, an urgent order 
from a good customer, and so on. Handling these events requires close coordination and 
cooperation.

Answering questions such as: Can the new order be manufactured?, Are extra shifts needed?, 
Can another order be delayed (and delivered late, if the case)?, Can the company afford to take a 
loss on the order?, as quickly as possible is a key element in the success of a company. An 
automatic scheduling model as the one proposed may directly support and facilitate this. 

The overall requirement in the SfM is to manufacture different products while satisfying certain 
product specifications. These specifications can be met by passing the material through a 
sequence of operations, comprising a manufacturing route. The model consists of a set of 
decision variables, a set of constraints that the decision variables must satisfy, and optionally, an 
objective function to minimize.

The model presented involves assigning dates and resources to tasks. The SfM model produces 
schedules based on a desired sequence of operations. The model performs resource allocation,
choosing a route for each work-order and schedules the operations on each resource. 

3.2.2.3. Problem representation and implementation 

There is a set of resources each having a resource type associated with it. Resources consist of 
machines, people, and other equipment. There are job requests, each having a list of predefined 
task types. Each task type has a set of resource requirements. Each resource is able to perform
several different tasks. Each work-order is composed of a list of tasks (operations). Each task 
requires at least one resource. For a task there are several resources, which may perform it. Tasks 
may need a collection of resources: there are tasks that request more than one resource at the 
same time for their execution. 
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Decisions concerning both manufacturing route and timing must be made. The scheduler is 
required to produce a plan for a certain period of time into the future and to allow re-scheduling 
the appropriate parts of a schedule as the dynamics of the real process deviates from the planned 
schedule (e.g.: incoming of a new job-order).

The models have been implemented by using ILOG Solver and Scheduler [103], [102], for 
modeling aspects of the company-agent, routings and work order operations, as well as to 
implement customized constraints and the search strategy. 

In general it is a good design principle to create a declarative model of the problem. All entities 
are created initially, with constraints, which define their nature and the relationships between 
them. The search code is kept separate from this declarative model. This principle has been 
applied in the course of the development of the current system.

Tasks in the model are represented as activities. Resources are considered to be unary. A unary
resource is one that cannot be shared by two activities, therefore, as soon as an activity requires a 
resource, for a time interval, no other activity can use it during the same time interval. The 
characteristics of different resources are represented and taken into account as the resource 
allocation and scheduling process occurs.

Each operation may have a choice of resource(s), undertaking the operation. An object 
representing a route for each work-order is constructed, containing a range of alternative 
resources for each step in a given manufacturing route. Iterating over the list of activities, 
determining possible resource types for each activity, a list of the resources, which are possibly 
employed by each activity derives. 

The model takes the list of job requests, and based on their request type, creates the necessary 
tasks. When starting the scheduling program, an integer has to be input that limits the maximum
amount of slippage (permitted delay) allowed for the service requests, in other words, limits the 
exceeding of the given due dates for the different tasks with a fixed value (Figure 33). The 
permitted delay can be viewed as a relaxation parameter. (Relaxation parameters are parameters
that relax some features of the scheduling objects. For example, a relaxation parameter may
specify that a due-date constraint on an activity does not need to be taken into account when 
solving the problem.). An other parameter is also to be inputted: the current time. This variable 
represents the time when the run of the program is started compared to an eventual previous run 
that has to be considered in the new time allocation (relevancy when rescheduling).

All tasks associated with a request must be completed before the due date plus the slippage of 
request. The sum of the extra days needed of all requests must be less than the permitted delay 
entered. The resource requirements for each task must be met and task dependencies must be 
honored. The objective is to assign dates and resources and meet the due dates within the slack 
provided. The cost and the duration of each job-order will be also computed. The model permits
not only finding a solution, but also minimizing time or cost. 
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Figure 33: Screenshot of the SfM’s interface 

Constraints include:

All tasks associated with a request must be done before the due date + slippage of request. The 
sum of the extra days needed of all requests must be less than the permitted delay entered. 

The resource requirements for each task must be met.

Task dependencies must be honored. 

Rescheduling (if the case) is only allowed for tasks not already ‘on work’. 

The detailed description of constraints can be found in the following section. 

3.2.2.4. Constraints in the presented model: overview 

A constraint is a condition that must be satisfied by the solution of a problem. Different 
environments are subject to different constraints, which contribute, more or less to the 
complexity of the problem. This section presents an overview of the types of constraints 
represented in the current system. Information on the modeling constructs employed in the 
implementation regarding some of the above is given.

In the model presented, activities can be linked together by precedence constraints, to resources 
by resource constraints and can also be constrained temporally. Different kinds of constraints 
have been implemented, such as temporal constraints, precedence constraints, time-bound
constraints, capacity constraints, resource constraint where:

A temporal constraint is a condition imposed on the time interval during which an activity is 
processed. Precedence constraints and time-bound constraints are both temporal constraints.
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A precedence constraint involves two activities and governs the order in which the same
activities take place. A precedence constraint states that one activity must take place before 
the other.

A time-bound constraint specifies when one activity must start or end with respect to a given 
time.

A capacity constraint governs the amount of a resource that is available or used over a given 
time period.

A resource constraint states that a given resource is required in a given quantity for the 
execution of a given activity. 

Activity as a Time Interval

Numerical variables define the underlying time interval of an activity. These variables are the 
start and end variables, which are the bounds of the time interval, and the processing time
variable, which is the length of time for which the activity must be processed to achieve its 
execution.

A time-bound constraint enforces limits on the start or end variables of the time interval.

Some activities must necessarily take place before others, and that fact is expressed through
precedence constraints. Precedence constraints restrict the order of activities, they are used to 
specify when one activity must start or end with respect to the start or end time of another 
activity.

A temporal constraint synchronizes the execution of two activities. More precisely, the start or 
end variable of the preceding activity must be less or equal to the start or end variable of the 
following activity, with a given delay. Delay is an amount of time that must elapse between the 
two variables involved in the precedence constraint. 

If delay is negative, it indicates the inverse of the maximal duration allowed to elapse between 
the two variables. In other words, endpoint2 can occur before endpoint1, but the difference 
between them cannot exceed -delay. The delay can be a numerical constraint or a numerical
variable. The SfM models use the temporal constraint "startsAfterEnd" to enforce that the 
invoking activity follows another activity. 

Activity as a Resource Requirement

The most fundamental constraints in scheduling applications are the resource constraints that 
link activities and resources. A resource constraint enforces the fact that on a certain time
interval a resource is used to process the activity.

In the SfM model, the member function requires was used, which states that the invoking 
activity requires the given capacity of the given resource. By default, the activity will reserve the 
resource from its start time to its end time.

The resource constraints in the SfM are exclusive disjunctive: disjunctive constraints because 
define a boolean disjunction so that only one alternative among a set of alternative resources 
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should be used; exclusive because one and only one resource among the alternatives will be used 
by an activity.

Timings

Processing time
Depending upon which resource processes an operation, the tasks (activities) have a different 
duration.

Breaks
When modeling real applications, it may be important to recognize periods, such as weekends, 
when no activity can be scheduled. These periods are called breaks. Resource downtimes are 
also considered. The ‘break’ and ‘periodicBreak’ constraints are used to update the starting and 
ending dates of the activities, based on an edge-finder algorithm. Periodic breaks such as 
weekends are specified by using the constraint ‘periodicBreak’. Individual breaks can be 
specified by using the constraint ‘break’. For time reduction when searching for a valid schedule, 
complementary to or as an alternative of using the constraint ‘periodicBreak’ a program named
Preprocessor was built. The function of the Preprocessor (Figure 34) is to transform the dates in 
active times, by excluding the periodic breaks and other non-working times and vice versa. 

Transport times 

The movement of a part or material between resources is subject to timing constraints. This is a 
function of which resources are selected in the resource allocation process. In the model, it is 
represented as a constraint that states ‘following operation’ starts after ‘preceding operation’ by 
a minimum transportation delay.

Figure 34: The Preprocessor 

Activity and Breaks

Activities can be breakable or unbreakable. An activity that can be suspended by breaks during
its execution is called a breakable activity: they can start before a break and be resumed after a 
break. A breakable activity can only be suspended by breaks; it cannot be suspended to execute 
another activity. Activities are assumed to be unbreakable unless specified otherwise. 
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For a given instance of a breakable activity, some breaks may be allowed to suspend the activity 
while others may not. A break is said to be disjunctive with respect to a breakable activity if the 
activity cannot be suspended by that break-that is, the activity must be processed either before 
the break or after it. 

The time an activity is actually occurring is the processing time of the activity. The duration is 
the difference between the start and end time of an activity. If no breaks suspend the activity, 
then the processing time and duration are equal. If one or more breaks suspend an activity, its 
duration is the processing time plus the break time. During a break, the activity is not processed, 
but its duration grows longer. 

At any time in the computation, the SfM makes sure that no two activities requiring the same
unary resource are scheduled for the same time. The model also uses these constraints to update 
the starting and ending dates of the activities.

It is highly undesirable that the scheduler should change the plan for a certain period of time
before the current time, since instructions to company operations will already have been issued. 
A task, which overlaps or precedes the current time cannot be reallocated or rescheduled by the 
system. As time advances, the SFM automatically considers the work-orders, which are 
committed to resources allocated in a previous run of the scheduler. 

The SfM model allows the optimization of the amount of time that elapses between the 
beginning of the first activity and the end of the last activity or the optimization of the total cost. 
The duration of each task (operation), or even the resource on which a task is undertaken, may
vary depending on the optimization function (objective). 
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3.2.2.5. Overall application control 

This subsection briefly presents the overall application control of the SfM (Figure 35). In the 
model there are objects, which represent each logical entity in the manufacturing process. These 
objects represent the application in terms of instances of data and relationships. 

Data input
interface

Prepro-
cessor

Excel
interface

Excel
interface

Scheduler/
Re-scheduler

Excel
interface

Post-
processor

Console

Job related data

Date-time
conversion

Time-dateconversion

Manuf. plant
related data

Figure 35: Overall application control of the SfM 

The input data concerning the manufacturing plant and the orders to be fulfilled will be fed into 
the scheduler by lower-level systems, through an Excel interface (Figure 36 and Figure 37). This 
offers the advantage of easiness of understanding and using for staff non-accustomed with the 
scheduling system.

Prior to data extraction from Excel, the Preprocessor may be used to transform the due dates data 
into active working time (the time when the resources are working, excluding the periodical 
breaks).

Figure 36: Excel interface for work orders data 
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Figure 37: Excel interface for manufacturing plant data 

Visualization of solutions is enabled via the Console (Figure 38) of the program, an output Excel 
file, and/or on ILOG visualization objects (Figure 39, Figure 40). Naturally, in case of using the 
Preprocessor for giving input times, its post-processing function has to be used (the inverse of 
the pre-processing), case in which will act as and will be called Postprocessor. 

Figure 38: Console output 
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Figure 39: Gantt chart representation of the activities 

In the Gantt chart representation of the activities (Figure 39) the horizontal scale shows the total 
duration of the project, while the vertical scale on the left side of the window lists all the 
activities for the project. The center area shows the starting and ending dates of each task and the 
precedence relationships among the tasks. The Gantt chart can display either activities alone, or 
activities and resource allocation (Figure 40).

Figure 40: Activities and resource allocation representation 

3.2.2.7. Application examples 

As a first example, let us consider the job order ‘J25’, consisting of manufacturing of 44 
products of the same type. In order to be accomplished in time, the job was assigned by the 
OMA to 2 of its plants: Agent 1 and Agent 2 (Figure 41). The first company is smaller (with less 
resources); after having sent a bid, received the order for manufacturing 17 products, while the 
second one is larger and has been given an order for manufacturing 27 products from the job-
order.
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Job order

Order management
 Agent (OMA)

PN

Plant-agent 2
(possible OMA)

Plant-agent 1 

J25: total of 44 products of
the same type

Assigned: part of J25: 27
products

Assigned: part of J25: 17
products

Figure 41: Job order J25 assignment

Agent 2 has 126 active resources, and for the period when the above job has to be fulfilled, other 
jobs are already scheduled. Some of the tasks scheduled from the previous job-orders will be 
considered for rescheduling (the ones, which have not been started yet). If the time of starting the 
previous scheduling is considered to be 0, the new scheduling’ (re-scheduling) starting time
including the job J25 is considered to be 3 (time units). Agent 1, when the job can be taken for 
scheduling, has finished all previous orders, but will have some other jobs to schedule from the 
same starting time as the job order ‘J25’. Both agents will execute all the scheduled jobs in time
(before their due date): the variable showing the delay of a certain job is in all cases 0.

Figure 42: Gantt charts before and after time 3 

The Gantt charts presented in Figure 42 show part of the scheduling before (starting scheduling 
time 0) and after (starting rescheduling time 3) arrival of job J25. From the figure, it can be 
noticed that tasks started before time 3, have not been rescheduled, as well that previously idle 
times of certain resources, after time 3, have been filled with the new task times.

As a second example, we discuss the resource commitment solution of a problem of a larger size. 
In the considered example, resources are to be committed to 158 tasks (operations), for which an 
appropriate assignment in time should also be found. The 158 tasks are part of 44 job-orders, 
which should (may) start on the same workweek. Sunday and Saturday are considered periodic 
breaks, while a working day consists of 1 shift of 8 hours. One job-order consists of one or more
jobs (products to be manufactured). Certain tasks require more resources at the same time for 
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their execution. The number of active resources considered is 39. When establishing the 
objective function as the minimization of the orders execution total time, the value obtained for
this time is 155 time units, while the total cost is 533 cost units. When targeting the orders cost 
minimization, this value will be 529. In both cases, for all the tasks, the request for slippage is 0, 
meaning that all the tasks can be fulfilled until meeting their due date. The resource commitment
solution to be implemented is to be chosen depending on which objective function represents 
best the policy of the factory. 

The system successfully solves typical problems. The system performance is within the 
acceptable limits for the application, producing schedules in the usual conditions in less then a 
minute.

3.3. Conclusions 

The introduction of telecommunications technology, and more recently, distributed object 
computing technology has enabled the creation of functioning production networks that do not 
have the geographic and structural restrictions that have traditionally constrained conventional 
enterprises. These technologies have enabled people to interact and collaborate effectively over 
distance as part of production networks. In the computational world, roles of individual entities 
in a production network can be implemented as distinct agents. 

In this chapter an agent-based approach for order management amongst different departments
belonging to a given enterprise was introduced.

Knowing on beforehand how resources will be allocated is important not only for human aspects 
but also for the timely co-ordination of activities, especially where the performance of a 
company has impact on the performance of the entire production network. The resource 
commitment decision support model proposed incorporates complex constraints and several 
types of down time requirements, as well as the possibility of time and cost optimisation. In the 
model, the order the enterprise receives is considered as the solution needed to be provided. The 
model takes the advance of ‘current time’ into account, automatically handling ‘in-process’ 
work-orders specially.

The model proposed has among others the advantage of generic applicability, as it was designed 
to be as generic as possible by assuming as less as possible about the underlying manufacturing
system.

The model can be used to generate several different plans, explore scenarios, and what-if 
analyses. Constraints can be added or relaxed. Plans can easily be updated to incorporate new 
events, constraints, and priorities. 
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CHAPTER 4: Conclusions and further research directions 

The manufacturing sector experiences the changes from a nationally oriented industrial society 
to a globally operating information society. This fundamental change demands a radical 
rethinking of existing concepts and basic patterns. More than ever before, speed, incorporation of 
value-added services, environmental friendly production, reliability and a globally functioning 
network will be the driving forces. Enterprises must function effectively, and must respond 
rapidly to market changes in a flexible way. Actually, today’s production systems are moving
beyond just being flexible to being agile (adapting production schedules quickly to changes in 
orders, supplies, and equipment or production problems). Distributed factory scheduling systems
can operate between companies and/or within a company. Participation of companies in 
networks, will include not only issues related to transaction costs, but factors not to be neglected 
will be the exchange of knowledge, access to information, mutual trust, combined competencies,
and production and communication control. 

When envisaging future, one thing seems certain: the industry must remain innovative.

The end of chapter 1 of this dissertation introduces production management levels where agent-
based approaches might represent viable solutions. The model’s 4 levels are the network level, 
the enterprise level, the shop-floor level and the product level. Naturally, a given agent may itself 
consist from other agents, in compliance with the holonic paradigm. The most upper and the 
lowest level go beyond one company’s borders, incorporating suppliers, respectively the 
product’s entire life cycle. 

In chapter 2 an agent-based model for partners’ selection in inter-organizational networks is 
proposed. The company responsible for the project delivery, different decision units in the 
company and the suppliers involved in the network are all represented as agents. The screening 
activities undertaken by the main contracting organization and parameters to be considered have 
been also identified. For the selection of suppliers an evaluation mechanism based on a multi-
level system, -Priority Rules System-, that comprises the evaluation criteria and the decision 
mechanism for the incoming bids was proposed. This hierarchical system comprises on the first 
level the eliminatory rules (e.g.: due-date, assessment of potential partners), on the second level 
comprises parameters combined with their utility values (e.g.: cost, quality, environmental
effect), while the third level regards parameters that will help deciding between suppliers that 
received an equal qualification on the second level. The usability of the model was demonstrated
through simulation runs. In addition, adaptive behaviour algorithms for the Network Builder 
Agent (NBA) and Supplier Agents (SAs) have been introduced. The results of the different 
behaviors designed for the agents have been analyzed using a simulation model specifically built 
for this purpose. The simulation runs have shown that the adaptivity algorithms are able to 
improve as well the overall system performance, as the given SAs performance, showing -among
others- that non-adaptive agents acting in an adaptive environment are destined to fail in the 
bidding process. 

Through the integration of agent-based and constraint programming techniques, a new solution 
for order and resources management in large companies has been elaborated in chapter 3. The 
company and its departments involved in the order management related decisions are seen as 
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agents. For supporting the functioning of the agent responsible with the order acceptance a 
constraint-based model was developed and tested.

The concepts (solutions) presented in the dissertation are expected to provide sufficient 
framework for the solution of numerous concerns in production (at enterprise and network level) 
and to contribute to future realization of distributed systems, as well as to provide a base for 
future research activities. 

Further possible directions for future work may refer to holons’ role after production. Concepts 
on this issue are presented next. 

4.1. Concept for the extension of product holon’s life up to disposal 

In our view on holonic systems, the above representation of a product holon should be extended 
with considerations on the extension of the life of the product holon, e.g. its life does not end 
with accomplishing the manufacturing process, but further exists until the product disposal.

The concept on the holon’s life extension would be of use mostly for the case of higher value 
products, for the case where the products are damaging to the environment, and for the case 
where manufacturers are forced by law to take-back the products at their end-of-life. 
There is a large amount of information, which can facilitate the process of disposal. A part of this 
information is available at the production and incorporated in the product holon [254]. An other 
part of the information relates to the use of the given product together with the modifications
made on it during its life cycle, e.g. repair data.

Taking the versatility of the products and the complexity of the disassembly/disposal process 
into account, the availability of as exact information as possible, is of key importance.

According to the above presented idea of product holon life extension, the product holon, besides 
the data concerning the information on the product life cycle, user requirements, design, process 
plans, bill of materials, quality assurance procedures, and the process and product knowledge, 
contains also the information related to its end-of-life [98]:

° the possible steps of disassembly,
° the data that would help establishing the point of maximum financial profit (from this 

point onward the disassembly is not worth anymore; the data might change in time,
and at the end of life of product, those should be actualized), 

° which parts can be sent to: recycle, reuse, incinerate or landfill,
° type of waste that subparts from disassembly represent (solid, hazardous, liquid), 
° the data about the environmental impact of subparts as the disassembly proceeds. 

These types of data could be taken, for example, from a worksheet obtained with the help of a 
Design for Environment (DfE) software [18]. 

A part of the necessary information can be common to a set of products centrally (e.g. the 
product type specific information), the other part can be intrinsic data of the given product (e.g. 
product specific knowledge related to the production and usage). 
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Product take-back requires manufacturers to be responsible for collecting and dealing with 
products at end-of-life. The presented concept of product holon may facilitate this process. For 
taken-back products’ management the introduction of a new category of holons- the waste 
management holons- is proposed and discussed further. 

4.2. Introduction of waste management holons and their role 

The management of the product at its end-of-life can be ordered to the responsibility of waste 
management holons (WMHs), which, naturally, can have their jobs during the production, as 
well.

We consider that the responsibility over the waste management is assigned to the waste master
holon (WMasH). Its authority comprises the handling of: 

wastes from manufacturing operations, and 
wastes from disassembly of products that reached their end-of-life. 

The objectives of waste management holons are to control, collect, process, utilize, minimize and 
dispose wastes in the most economical way consistent with the protection of public health and 
the natural environment.

The responsibilities of WMasH include the storage of wastes; inventory preparation; emergency 
plan preparation; waste minimization; existing waste management

According to the types of wastes, the task of existing waste management can be categorized as: 
1. solid waste management, 2. hazardous waste management, and 3. wastewater management.

After the WMasH separates solid, hazardous and liquid wastes, it sends each job order to the 
Task Master (TM), the module responsible for job orders management. The schematic
representation of WMasH’s responsibilities is presented in Figure 43. In the case of solid waste, 
the possible solutions (tasks) could be: solid waste recycling, solid waste combustion, solid 
waste landfilling. As to hazardous waste, the following techniques come into consideration: 
recycling, waste exchange, waste incineration, or waste secure land disposal, as to wastewater, 
wastewater disposal. 

The inventory preparation consists on compiling a detailed list of all hazardous waste sources, 
the characteristics of the wastes and the amounts generated of each.

Waste minimization is defined as a reduction in the toxicity or volume of wastes, which must be 
treated and/or disposed of [65]. 
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Figure 43: Responsibilities of a waste master holon 

4.3. Approaches to product holons management through Auto ID-based 
tracking

4.3.1. Automatic Identification 

The introduction of Auto ID (Automatic Identification) technologies is seen as a new way of 
controlling material flow, especially suitable for large supply networks.

Auto-ID is the broad term given to a host of technologies that are used to help machines identify 
objects. Auto identification is often coupled with automatic data capture. That is, companies
want to identify items, capture information about them and somehow get the data into a 
computer without having employees type it in [7]. Auto Id’s main principle consists in the 
application of a tag containing information about and on products, which will be later read by a 
device called Reader (or interrogator).

Auto ID encompasses various technologies such as: bar code technologies, Radio Frequency 
Identification (RFID) tags, smart cards, magnetic inks, biometrics, optical character reading, 
voice recognition, touch memory and many more [7]. 
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‘There are several methods of identifying objects using RFID, but the most common is to store a 
serial number that identifies a product, and perhaps other information, on a microchip that is 
attached to an antenna (together called RFID transponder or RFID tag). The antenna enables the 
chip to transmit the identification information to a reader. The reader converts the radio waves 
returned from the RFID tag into a form that can then be passed on to computers that can make
use of it’ [7]. When an interrogator reads for example, an RFID tag, the unique identification 
code of the tag is used as a reference to a database on a local network or the Internet that 
contains the information related to the product individual or references to where information on 
the product is stored. The information contained on the tag is not standardized at the moment,
and different developers encompass different quantity of information, as this drastically 
influences the costs of the tag. Examples of information stored on a tag can be found in the 
approaches discussed in [122] and in [274].

Efforts have been made to utilise Auto ID technologies in developing so-called ‘intelligent 
products’ [274], [122], respectively an ‘Internet of things’ [7]. The creation of an ‘Internet of 
things’ approach refers to the development of a network that connects computers to objects, 
including affordable hardware, network software and protocols, and languages for describing 
objects in ways computers can understand. The ‘intelligent product’ is the one whose 
information content is permanently bound to its material content, and which can influence 
decisions made concerning its destiny. Establishing connections between manufactured products 
and the Internet using Auto ID technologies will enable accurate, timely information about a 
specific item to be stored, retrieved, communicated and even use in automated decision making
or control functions relevant to that item [274]. 

The aim of most Auto-ID systems is to increase efficiency, reduce data entry errors, and free up 
staff to perform more value-added functions [7]. 

4.3.2. Possible utilization of Auto ID technology for product holon 
management: idea outline 

Further, we will propose an approach for dealing with product holons until and at their end-of-
life in respect with the concept proposed in section 5.2.2, utilising the Auto ID technology. 
Mostly, the approach is applicable only for the category of products for which the manufacturer
(or a specialised company) assumes the responsibility at their end-of-life.

The concept proposed implies that components of the products and the final product at the 
manufacturing stage have been applied Auto ID tags, which connects them to the local network 
or the Internet where the relevant data about them are stored. When the product reaches its end-
of-life and will be brought back in the holonic environment, the tag will make the automate 
connection with the database containing the data regarding its disassembly and disposal 
treatment, as well as with the software embedded in product holons (PH) for negotiating the 
tasks the product needs to be performed.

The PH drives its own disassembly process conform to the prescriptions for its end-of-life (e.g., 
the product will not be disassembled in all its components from the assembly process, but parts 
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from the same material are kept together, as well as parts for which the disassembly is not worth 
it will be kept together for disposal). 

Furthermore, tagged disassembled components are scanned and will be automatically
synchronised with similar treatment components (e.g., Al parts that will be melted) and when 
reaching the minimum quantity necessary for processing start-up, will negotiate their own 
treatment process accomplishment. This may help considerably reducing storing costs of parts by 
their timely registration for processing.

A similar procedure is to be applied when/if the product needs maintenance or repair during its 
lifetime. When brought at the service centre, the tag will provide the data necessary for its 
identification, which will allow automatically connection to the database containing product 
service information. After service, the database will be updated with the new product-related 
data (what, where, when).

Schematically, the steps enumerated above are illustrated in the figure below. 

DB SA

Reader

DB

Reader

DB SA

Reader

DB SA

Reader

DB SA

Reader

SA

DB = database
SA = software agent

Beside the general advantages that Auto ID technology may bring to the entire supply chain to 
which products belong, there are particular advantages for PH management at products’ end-of-
life:

eliminate human error from data collection when the product is returned to the manufacturer
and needs liaison with it’s end-of-life processing data, 
reduce inventories, as the components will spend the shortest time possible in stores, due to 
the automatically synchronisation with other parts of the same type 
improve safety and security, as the toxic or otherwise damaging materials will be kept in the 
inventories less time,
eliminates inconsistencies or delays associated with lack of expert knowledge when a member
of the team is unavailable at the arrival of the product, etc. 

At the moment, due to tags’ cost, those encompass less information about the product, but in the 
future the incorporation off all data necessary for dealing with the product at its end-of-life may
be possible. 

Work related to the topics of the dissertation has been done or is it in progress in several 
international projects in which my research group and myself are involved.
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Using new approaches to learning, sharing knowledge and integrating competencies, such as the
on-line distance learning technique, could help the more rapid introduction of the agent 
technology in factories. The past years, the SZTAKI-IMBP (Computer and Automation Research 
Institute - Intelligent Manufacturing and Business Processes) group I work with and myself,
were successfully involved in a project addressing the technique above mentioned. The project 
ran under the name of Virtual Institute for the Modeling of Industrial Manufacturing Systems
(VIMIMS - 88144-CP-1-2000-1-IT-MINERVA-ODL) and was intended to become an 
international platform for teaching and research in the field of the analysis, design and 
performance evaluation of industrial manufacturing systems. VIMIMS (www.vimims.org) has 
been implemented as an Internet based portal that offers students and researchers from all over 
the world opportunities to study, teach, do research and to communicate. Based on this positive 
experience, a future work direction is seen on similar projects incorporating also the results of 
the dissertation. A similar approach is taken in a now on-going project that we participate in, 
namely: eSCM: Education in Supply Chain Management (www.e-scm.org).

A concrete example is a now on-going project that we participate in, namely: eSCM: Education 
in Supply Chain Management (www.e-scm.org). The project addresses as well students and 
teachers on university educational level, as employees in industry. The knowledge framework is 
built by analogy with a house – the ‘eSCM house of supply-chain management’, where in house’ 
rooms specific learning topics on supply-chain management can be found. The main themes that 
the scientific materials developed in the project cover, are as follows:  Supply-chains and related 
paradigms; Fundamentals of supply-chain management; Logistics issues in supply-chains; 
Modelling and analysis methods of supply-chain processes; Supply-chain demand planning; 
After-sales service management; Lessons learnt from a real industrial SCM case. 

The concept last presented in the present chapter will be further elaborated in an international 
project to be started these months and called: Identity Based Tracking and Web-Services
(TraSer) for SMEs. The TraSer project will develop, test, and document innovative ICT-enabled 
web-services and logistics solutions for changing environments, such as supply-chains, service 
operations and project delivery networks. This will be done by linking the electronic identity of 
products and product representations to identity specific tracking and related web services. The 
research and development effort will result in a TraSer open source community. It will provide 
information on standards and recommended design patterns, that when followed, make
individually developed SME applications interchangeable and possible to use temporarily or in 
parallel without efficiency loss in the operations of logistics service providers and other 
companies handling products and product data. The project work will be conducted in close co-
operation with communities of potential SME users and aims at proposing, testing and refining 
SME friendly business scenarios for services such as: material flow transparency, quality 
control, and product data management in changing and temporary networks. The issue of 
deploying SME specific applications in a changing network of participants will be addressed 
through piloting. In the two pilots, solutions for linking RFID-readers and product data 
repositories to SME specific monitoring and control applications will be developed and tested. 
The scientific objective is to develop through iterative actions innovation an understanding of 
how network partners could be motivated to participate in supporting network level information
services deployed by SMEs, and what are the commercial best practices and technological 
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solutions that facilitate such network level services. The technological objective is to understand 
how to integrate innovative TraSer-type product-centric solutions with existing transaction 
processing solutions, and how an open source application development platform can be 
effectively utilized by individual SMEs to develop network level services. 
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RH Resource holon
S behaviour Safe behaviour 
SA Supply Agent
SC Supply chain
SfM Scheduling for Manufacturing 
TM Task Master
Uc Utility assigned to the cost rule 
Ue Utility assigned to the environmental effect rule 
Up Utility assigned to the performance bond rule 
WMasH Waste master holon 
WMH Waste management holons 
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