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Glossary 

Agent: An encapsulated software entity with predefined goals. An agent endeavors to achieve 

its goals through its autonomous behavior and in doing so it interacts with its environment 

and with other agents. 

Allocation: A sub-problem of the manufacturing scheduling problem corresponding to the 

assignment of resources to jobs to perform a given operation. 

Efficiency: The quality of scheduling that judges the extent to which the resulting schedules are 

optimizing a given set of criteria.  

Flexible Manufacturing Systems: Manufacturing systems consisting of computer numerically 

controlled machines interconnected by an automated material handling system, usually 

applying automatic guided vehicles, and controlled by an integrated computer system. 

Framework: A generic software solution for a specific application area, where the flow of 

control is specified but the software entities can be extended, reused and configured to fit 

with the specific application for which the framework is to be used. 

Job: A manufacturing task corresponding to the production of a certain part type with a certain 

quantity, where possibly a release time and a deadline are specified. 

Manufacturing Flexibility: The flexibility of a system corresponds to its ability to adapt to its 

changing environment. In the context of manufacturing, flexibility is associated with 

reconfiguring manufacturing resources to react efficiently to the request of producing 

different products of acceptable quality [SeSe90]. 

Manufacturing Scheduling: The art of assigning resources to jobs over time, in a way that 

optimizes given criteria.  

Optimization Problem: A problem of searching for a feasible solution that maximizes or 

minimizes a given set of criteria.   

Machine Flexibility: A property of manufacturing systems resulting from having machines that 

are capable of supporting different operations and different part types without having to 

redesign the machines. 

Makespan: The difference between the earliest start time and the latest end time for a set of 

scheduled jobs. 
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Pathfinding: The task of searching for the optimal path from a given source to a predefined 

destination 

Production Scheduling: Allocating machines to jobs over time, in a way that optimizes a given 

set of criteria. 

Rescheduling: The process of continuously updating a generated schedule in reaction to 

dynamic events necessitating changes to the schedule. 

Routing: The sub-problem of transportation scheduling concerned with finding the best path for 

transporting workpieces from a given source to a given destination. Both the source and 

the destination can be the local buffer of a machine or a store of workpieces. 

Routing Flexibility: The capability of manufacturing systems to produce the same part by 

assigning it to different machines, where the transportation of workpieces between these 

machines can take different routes. 

Sequencing: A sub-problem of the production scheduling problem which is concerned with 

assigning time slots to an allocated set of jobs at a given machine. 

Shop Floor: The space in the factory consisting of the processing resources and the material 

handling resources. 

Transportation Scheduling: Planning the provision of workpieces to the required machines 

over time in such a way that satisfies given criteria such as the minimization of the 

transportation time.   
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 Zusammenfassung 

Die Notwendigkeit, im Markt auf Schwankungen und Vielfalt der Nachfrage sowie auf den 

harten Wettbewerb zu reagieren, hat zu dem zunehmenden Trend geführt, eine Vielzahl von 

Produkttypen in Kleinserien zu produzieren. Die Einführung von fortschrittlichen Technologien, 

wie numerisch gesteuerte Maschinen und fahrerlose Fahrzeuge, hat die Realisierung von 

flexiblen Fertigungssystemen (FFS) ermöglicht. Ziel dieser flexiblen Fertigungssysteme ist es, 

die in der Massenproduktion erreichte Effizienz auf die kleine bis mittlere Serienfertigung mit 

hoher Produktvielfalt zu übertragen. Dieses Ziel setzt Ablaufplanungsansätze voraus, die die 

eingesetzte Technologie effizient ausnutzen und zugleich eine gewisse Flexibilität in der 

Reaktion auf die Dynamik im Produktionsumfeld aufweisen. Konventionelle Ansätze der 

Ablaufplanung sind nicht in der Lage, eine rechtzeitige Reaktion der FFS auf die Dynamik im 

Produktionsumfeld zu gewährleisten. Ansätze, die eine sorgfältige Untersuchung der 

verfügbaren alternativen Ablaufpläne verfolgen, sind auf Grund der hohen Komplexität des 

Problems nicht geeignet, da sie Echtzeit-Bedingungen verletzen. 

In dieser Arbeit wurde ein agentenbasiertes Konzept für die flexible und effiziente FFS- 

Ablaufplanung entwickelt. Die Reduzierung der inhärenten Komplexität des FFS-

Ablaufplanungs-Problems wird durch die Zerlegung in autonome Agenten erreicht. Diese 

Agenten sind in einer mehrschichtigen Architektur, die auf der Flexibilität der FFS aufbaut, 

hierarchisch angeordnet. In jedem der beteiligten Agenten sind Suchheuristiken realisiert, die es 

ihm ermöglichen, die ihm gestellten Aufgaben aus seiner lokalen Perspektive zu optimieren. 

Durch die Interaktion zwischen den Agenten auf den verschiedenen Abstraktionsebenen wird 

der Ablaufplan aus der globalen Perspektive in angemessener Zeit optimiert. Um die 

verschiedenen Führungsentscheidungen und die verschiedenen Umgebungsbedingungen zu 

berücksichtigen, werden verschiedene Ablaufplanungsmodi unterstützt. Der generierte 

Ablaufplan wird anhand einer Methode, die für eine automatische Reaktion auf Störungen 

effizient und in Echtzeit sorgt, an Störeinflüsse wie Maschinenausfälle angepasst. Darüber 

hinaus können strukturelle Veränderungen der FFS, einschließlich der Hinzufügung neuer 

Ressourcen, dynamisch in die vorgeschlagene Zeitplanung, die zur Gewährleistung einer 

langfristigen Flexibilität dient, übernommen werden. 
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Abstract 

The need to react to fluctuations and versatility in market demand and face competition threats 

has led to the increasing trend to produce a wide variety of product types in small batches. The 

advent of advanced technology like computerized numerically controlled (CNC) machines and 

automatic guided vehicles has enabled the realization of flexible manufacturing systems 

(FMSs). FMSs aim at bringing the efficiency of mass production to small-to-medium sized 

batch production with high product diversity. This objective calls for scheduling approaches that 

optimize the utilization of the applied technology and at the same time react to the 

environmental dynamics flexibly. Conventional scheduling approaches fail to provide a 

mechanism for reacting to the dynamics of FMSs in a timely and efficient manner. Approaches 

that cater for optimality by a thorough investigation of available schedule alternatives always 

fail to exhibit real-time reactivity due to the high complexity of the problem. 

In this research work, an agent-based concept for the flexible and efficient FMS scheduling is 

proposed. The inherent complexity of the FMS scheduling problem is tackled by decomposing it 

into autonomous agents. These agents are organized in a heterarchical multi-layered architecture 

that builds on the flexibility of FMSs. Every involved agent applies search heuristics to optimize 

its assigned task out of its local perspective. Through the interactions among the concerned 

agents along the different levels of abstraction, the schedule is optimized from the global 

perspective in reasonable time. Different scheduling modes are supported to account for the 

different managerial decisions and the different environmental conditions. The generated 

schedule is adapted to disturbing events such as machine breakdowns based on a schedule repair 

method that caters for automating the reaction to disturbances efficiently in real-time. In 

addition, structural changes of FMSs, including the addition of new resources, are incorporated 

dynamically into the proposed scheduling, which guarantees long-term flexibility.    
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1 Introduction 

1.1 Background and Motivation 

The beginning of the twentieth century has witnessed a revolution in the automotive industry in 

particular and in the manufacturing industry in general. For the first time in history, automobiles 

became affordable for the middle-class customers and turned into mass products. Through his 

innovative assembly line, Henry Ford, the famous car manufacturer, managed to radically 

reduce the assembly time and thus the production costs of the model T car, for which this line 

was dedicated. Model T automobiles were massively produced and dominated the market for 

decades due to their low prices. As other automotive manufacturers started to provide more 

variations in styling and design with competitive prices, Ford started to lose market share as a 

result of the rigidity of the assembly lines at that time, which represented an obstacle in 

satisfying the changing customer needs [Wiki10]. It turned out that the ability of manufacturing 

systems to adapt to the changing customer needs has become essential for surviving the rising 

competition. 

As a result of economic globalization, the market is currently featuring growing competition 

manifested in the increasing trend towards diversifying the supported products and shortening 

their lifetime. The ability of manufacturers to survive in this highly competitive market is 

largely determined by their flexibility to adapt to changing customer needs. More concretely, the 

company that gains the lead is usually the one which reads the market changes and reacts to 

them before the others. The need to deal with market uncertainties and to quickly react to 

changes has motivated researchers and practitioners to envision the construction of flexible 

manufacturing systems (FMSs). Instead of designing products a priori and constructing devoted 

rigid manufacturing lines that are specifically intended for these products, the underlying 

concept of flexible manufacturing systems is to employ manufacturing resources that can be 

easily configured to produce wide spectrum of products and allow for the changeover of the 

production output with reduced effort.  

The advent of advanced technology like universal machines, that support a variety of operations 

and product types, has caused flexible manufacturing systems to come into existence. By 

employing a limited number of flexible resources, flexible manufacturing systems aim at  

bringing the efficiency of mass production to small-to-medium sized batch production with high 

product diversity. They are associated with advantages like inventory reduction, decreased lead 

and delivery times, increased flexibility and improved quality [RaTc90] [Upto92]. From the 

time of their emergence, FMSs continued to diffuse and replace conventional manufacturing 

systems in several manufacturing industries, such as the automotive industry, the  
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semiconductor industry and the steel industry, to name a few [Wall03] [Witt90] [JLMF07]. The 

emergence of FMSs has posed challenges to the traditional manufacturing control functionalities 

in general and to scheduling in particular.  

1.2 Challenge of Scheduling for Flexible Manufacturing 

Systems (FMSs) 

Manufacturing scheduling addresses the allocation of available resources to requested jobs in a 

way that optimizes given criteria, like the time taken to finish all jobs. Conventionally, the 

scheduling problem was concerned with dedicated resources and statically defined jobs. Jobs 

used to be defined over a fixed time period according to the available capacity of the system 

resources and the current material supply [Grav81]. Accordingly, the input to scheduling was 

relatively deterministic and static, which permitted performing it isolated from other interrelated 

functionalities like shop floor control, which is concerned with the schedule execution. This 

motivated researchers to conceive manufacturing scheduling as an optimization problem and 

deal with it in isolation from its environment, which is usually assumed to be deterministic and 

static.   

The advent of FMSs has brought about the challenge of achieving the required optimality while 

exhibiting flexibility to unforeseen events. A solution that caters for optimality by a thorough 

investigation of the available alternatives always fails to exhibit real-time reactivity due to the 

high complexity of the schedule optimization problem, and is thus regarded as inflexible. The 

adoption of a static scheduling approach for FMSs in practice is only possible through manual 

interventions based on ad hoc methods, which lowers the overall performance of FMSs and 

underutilizes their capacity as well as their potential for being operated with automated control 

[Herm06] [VHL03]. This underutilization of FMSs, mainly resulting from the limitations of the 

adopted scheduling approaches, led some researchers to question the economics of investing in 

these advanced technology and to argue that in most of the cases investments in FMSs do not 

pay back [RaTc90]. 

1.3 Objective of the Research Work 

The objective of this research work is to develop a concept for scheduling that capitalizes on the 

flexibility of FMSs in adapting the production flow to the environmental dynamics in an 

efficient way. Towards achieving this objective, the following lower-level objectives have to be 

accomplished: 

Maximizing the utilization of the available resources 

Maximizing the utilization of the available resources is a classical objective of manufacturing 

scheduling, imposed by the need to increase the level of productivity. This objective gains more 
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significance when it comes to FMS scheduling. This is basically due to the limited number of 

resources employed in FMSs compared to other conventional manufacturing systems coupled 

with the high investment associated with these highly advanced resources. The lack of concepts 

accomplishing this objective has contributed to the underutilization of the FMSs, installed world 

wide [RaTc90]. For this investment to pay back, the production flow has to be scheduled in a 

way that maximizes the utilization of these resources by exploiting the available flexibility.  

Applicability in practice  

The concept to be developed has to account for practical considerations in typical FMSs and 

deal with the scheduling problem within its environment and not isolated from it. Scheduling 

has thus to be performed dynamically in a way that automates the reaction to potential changes 

in the operating environment. In other words, events affecting the schedule during operation 

have to be handled with no or minimal human intervention. In addition, changes to the FMS 

itself intended to provide better support to new customer needs, by for example adding a new 

resource, should be incorporated in the scheduling system, with minimum effort.  

By fulfilling the two objectives, the desired combination of the optimality of the generated 

schedules with the flexibility of the scheduling system will be attained. While the optimality of 

the generated schedules are addressed by the first objective, the flexibility of the scheduling 

system is covered by the second objective. 

1.4 Organization of the Thesis 

The thesis consists of eleven chapters that are structured as follows. 

Chapter 2 presents the fundamentals of FMS scheduling. It consists of two main parts. In the 

first part, flexible manufacturing systems are explored. For gaining good understanding of 

FMSs, the concept of manufacturing flexibility is first reviewed by defining and classifying the 

different types of flexibilities. FMSs are then defined and their structure is explained. The 

second part of this chapter presents the fundamentals of FMS scheduling. It defines the 

scheduling environment as well as the scheduling problem itself. The FMS scheduling problem 

is defined both as an optimization problem and as an iterative continuous process. The chapter  

concludes by deriving the requirements on the concept. 

Chapter 3 surveys the conventional scheduling approaches out of a practical point of view. Due 

to the complexity of FMS scheduling and the lack of theoretical approaches that provide a 

comprehensive support for it, the evaluation considers the approaches from three different 

perspectives: the scheduling scope, the system architecture and the scheduling technique. Out of 

every perspective, a classification of the approaches is presented and assessed by referring to the 

requirements derived in the previous chapter. The chapter is concluded with a summary of the 

evaluation results and an outlook on the fundamental decisions for the proposed concept. 
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Chapter 4 introduces to the proposed concept by discussing the fundamental decisions taken to 

combine the flexibility of the scheduling system with the efficiency of the generated schedules. 

First, the decision of adopting an agent-based approach for attaining the desired flexibility is 

explained. In doing so, the advantages of agents in fulfilling the stated requirements are 

reasoned about – after briefly introducing to the underlying concept of agency. Second, the 

application of search heuristics for fulfilling the efficiency requirement is explained by 

presenting the basics of the selected algorithms and highlighting their suitability to scheduling. 

Finally,  an overview on the supported scheduling modes is presented.  

The proposed concept is addressed in chapters 5 - 8. Chapter 5 embarks on the proposed system 

architecture. First, a model for the surrounding environment is developed and the necessary 

interfaces connecting it with the system are described. Second, the multi-agent architecture is 

derived and the necessary agent types are identified. Finally, the internal agent architecture is 

explained and illustrated. 

Chapter 6 addresses the inter-agent communications required for schedule generation. It starts 

with an illustration of the different levels of cooperation among agents. Following this 

illustration, it gives an insight into the interplay among agents by explaining the communication 

protocols for schedule generation under consideration of the different schedule generation 

modes and the different cooperation levels. 

Chapter 7 discusses the schedule generation process. The behavior of the agent types 

participating in the schedule generation process is explained. The explanation of the behavior 

focuses on details concerning the applied scheduling techniques. Details concerning the 

schedule generation under the different configurations and environmental conditions are also 

described.  

Chapter 8 is devoted to schedule repair, i.e. the adaptation of the generated schedule to 

unforeseen events causing disturbances to it. It starts with analyzing possible disturbances to the 

schedule by developing a disturbance model which is used in presenting taxonomy of 

disturbances. Following this analysis of disturbances, a method for disturbance handling is 

proposed. This method is specially devised for adapting schedules with distributed structures, 

such as the case in the proposed agent-based scheduling. Details for extending the agents with 

this method are then presented. Finally, the applicability of the presented extension in handling 

all potential disturbances, analyzed in the beginning of the chapter, is investigated. 

Chapter 9 presents the details of realizing the proposed concept based on a generic scheduling 

framework that can be deployed to simulated FMSs, and is envisioned to be tested on real 

FMSs. Use cases of this framework are illustrated. Details of the implementation of the agents 

and their integration within the environment are explained. Finally, details for modeling FMSs, 

configuring their simulation models and running them are given. 
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Chapter 10 evaluates the proposed concept using an FMS model. It gives first an overview on 

the considered system. The evaluation is based on results attained from experiments, that aim at 

assessing the performance of the different supported scheduling modes. The configuration of 

these experiments is guided by the stated requirements. In light of the illustrated experimental 

results, concluding remarks about the fulfillment of the proposed concept to the stated 

requirements are derived. 

Chapter 11 concludes the thesis by highlighting the significant characteristics of the presented 

concept and pointing out the main contributions of the research work. In addition, possible 

research directions for future work are presented. 
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2 Fundamentals of Scheduling for Flexible 

Manufacturing Systems 

This chapter lays the foundations of scheduling for FMSs. It is divided into three main sections. 

Section �2.1 reviews the fundamental concepts of FMSs. It starts by addressing the concept of 

flexibility in manufacturing as a main factor in conceiving the fundamentals of FMSs. 

Following the illustration of flexibility, FMSs are defined and their internal structure is 

explored. In light of  this discussion, FMS scheduling is addressed in section �2.2. The FMS 

scheduling problem is defined after briefly investigating the scheduling environment. Tackling 

the FMS scheduling problem is explained from two perspectives: by regarding it as an 

optimization problem and as an iterative dynamic process. While the former accounts for the 

theoretical viewpoint the latter is concerned with the practical standpoint. The chapter concludes 

with section �2.3, which derives the requirements on FMS scheduling. 

2.1 Flexible Manufacturing Systems 

The concept of FMSs is credited to David Williamson, a British engineer, who received a patent 

in 1965 for his invention of the FMSs concept. One of the earliest installations of FMSs took 

place in the Federal Republic of Germany in 1969 at Heidelberger Druckmaschinen in 

cooperation with the University of Stuttgart [Groo08]. This concept has gained growing interest 

and applicability from academia and industry, which is reflected in the number of FMS 

installations worldwide. According to [WeHy87] [RaTc90], the number of installed FMSs world 

wide was raised from 80 in the beginning of the 80’s to around 1200 installations by the 90’s 

and was estimated to reach 3500 by the year 2000 [Shiv06]. 

Flexible manufacturing systems aim at combining the efficiency of fixed automation like 

transfer lines with the flexibility1 of programmable automation such as standalone computer 

numerically control (CNC) machines. In other words, they enable bringing the efficiency of 

mass production to small-to-medium sized batch production with high product diversity. As 

illustrated in Figure �2.1, the parts made by FMSs are of medium volumes and moderate 

diversity. The appropriate production volume range is 5,000 to 75,000 parts per year. If the 

annual production is below this range, an FMS is likely to be an expensive alternative. If 

production volume is above this range, then a more specialized production system should 

probably be considered [Groo08]. 

                                                 
1 In this context, flexibility refers to the degree of variations in part types that can be supported by the 
manufacturing system. 
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Figure �2.1: Production volume and diversity of FMSs [Shiv06] 

The main distinguishing feature shared by all flexible manufacturing systems is flexibility. 

Therefore, a precise definition of FMSs requires embarking on the concept of flexibility in 

manufacturing.  

2.1.1 Flexibility in Manufacturing 

The flexibility of a system corresponds to its ability to adapt to its changing environment. In the 

context of manufacturing, flexibility is associated with reconfiguring manufacturing resources 

so as to produce efficiently different products of acceptable quality. The concept of flexibility is 

dealt with from a multitude of perspectives. In general, flexibility has been considered from the 

economic and the organizational views. From an economic view, flexibility corresponds to the 

extent to which the average cost varies in reaction to environmental changes. In other words, the 

lower the costs incurred by a factory to adapt to changing demand, the higher its flexibility 

would be. On the other hand, flexibility is viewed from an organizational perspective as the 

ability of an organization to suffer limited change without severe disorganization. This view is 

concerned with the internal resources and the extent to which it can accommodate for 

environmental changes with little or no internal changes [SeSe90]. 

More specifically, flexibility can be viewed as a multidimensional concept comprising a variety 

of types [SeSe90]. In what follows, a classification of the main types of flexibility, illustrated in 

Figure �2.2, is reviewed. 

2.1.1.1 Component or Basic Flexibilities  

This class of flexibilities is related to the individual components constituting the whole system. 

There are basically three types belonging to this category [SeSe90].  
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• Machine flexibility corresponds to the diversity of operations supported by a machine 

without prohibitive effort. The higher the number of operations supported by a machine, the 

higher its flexibility is. Operations include drilling, grinding, assembling, etc. Stating that the 

change has to be without prohibitive effort implies that switching the operation on a certain 

machine can be done without having to redesign the machine. This is currently enabled by 

advanced technology including numerical control, sophisticated part loading and tool 

changing.  

• Material handling flexibility refers to the ability of loading, unloading and moving different 

part types throughout the manufacturing facility efficiently. Having this type of flexibility 

increases the utilization of machines. It is attained by means of flexible layout design and 

technology like automatic guided vehicles (AGVs) and general-purpose fixtures.  

• Operation flexibility is attributed to the manufactured parts and represents the ability of a 

certain part to be produced in different ways or with alternate process plans. A process plan 

corresponds to the sequence of operations required to manufacture a given part. Operation 

flexibility is controlled during the design of the parts and results in having more alternatives 

for allocation, which implies higher flexibility in scheduling. 
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Figure �2.2: Associating the various types of flexibilities – adapted from [SeSe90] 

2.1.1.2 System Flexibilities  

As illustrated in Figure �2.2, there are mainly five types of flexibilities that a manufacturing 

system should exhibit [SeSe90].   
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• Process flexibility refers to the mix flexibility or the set of part types that the system can 

produce without major setups. It corresponds to the ability of the system to meet the 

diversity in customer demand by means of the simultaneous manufacturing of a variety of 

product lines. This variation in part types is usually managed based on the group technology 

(GT) which is a manufacturing philosophy based on grouping to capitalize on similarities 

both in manufactured parts and in machines [WeHy87].  

• Routing flexibility corresponds to the ability of the system to produce the same part with 

alternative routes through the system. It results from an efficient balancing of the current 

load while scheduling tasks. It implies having several feasible routes at a given point in time 

for producing a certain part, which serves in dealing efficiently with unanticipated events 

like machine breakdowns. 

• Product flexibility relates to the ease of applying changes to planned products by adding new 

parts or substituting existing ones. Product flexibility is sometimes termed as modification 

flexibility. It is regarded as essential in facing competition especially in markets with short 

or uncertain product lifecycles. It can be measured based on the time or cost required to 

change the existing product mix.  

• Volume flexibility refers to the ability to change the planned output level. It helps in facing 

uncertainty and fluctuations in demand. It is typically measured in terms of the range of 

volumes with which the system can run profitably. A related type of flexibility is delivery 

flexibility which represents the ability to meet changes in planned delivery dates. 

• Expansion flexibility is concerned with increasing the capacity and capability of the system 

by adding or replacing machinery. It is usually evaluated in terms of the overall time needed 

to achieve a given capacity level.  

As illustrated in Figure �2.2, while process, routing and volume flexibilities are referred to as 

short-term flexibilities, product and expansion flexibilities correspond to the long-term 

flexibility. 

2.1.1.3  Aggregate Flexibilities 

Aggregate flexibilities result from exhibiting certain system flexibilities. As illustrated in Figure 

�2.2, three main aggregate flexibilities can be identified [SeSe90]. 

• Program flexibility represents the ability of the system to run almost unattended, which 

corresponds to the degree of automation satisfied by the computer control. Researches 

usually require the system to run unattended during the second and the third shifts of 

operation. This is due to the inevitable need to perform some manual operations like 

inspection, fixturing and maintenance, which can be scheduled in the first shift. Program 

flexibility is achieved by means of process and routing flexibilities. In addition, it is based 
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on the existence of sensors for reporting unanticipated events and computer control enabling 

a suitable automated reaction. 

• Production flexibility is defined as the set of part types that the system can produce without 

the addition of major capital equipment. This definition allows for adding minor equipments 

like cutting tools without degrading production flexibility. It is worth noting that while 

product flexibility is associated with the system reaction to a certain change in the planned 

products, production flexibility is concerned with the range of part types produced on the 

long run. It is an aggregate of process flexibility, routing flexibility and product flexibility.  

• Market flexibility is associated with the ease with which a system can adapt to changes in 

the market environment. It represents a collective term for product, volume and expansion 

flexibilities. It is essential in case of customized products and fluctuating demands. 

2.1.2 Definition of FMS 

In spite of the lack of a standard definition for flexible manufacturing systems, the term FMS is 

usually associated with flexibility and automation [SeSe92] [RaSt94]. In what follows, three of 

the most frequently referenced definitions of FMSs are listed: 

• An integrated computer-controlled complex of automated material handling devices and 

numerically controlled machine tools that can simultaneously process medium-sized 

volumes of a variety of part types [Kouv92]. 

• A highly automated group technology machine cell, consisting of a group of processing 

stations (usually CNC machine tools), interconnected by an automated material handling 

and storage system, and controlled by an integrated computer system [Groo00]. 

• A production system consisting of a set of identical and/or complementary numerically 

controlled machines which are connected through an automated transportation system. 

Each process in an FMS is controlled by a dedicated computer (FMS cell computer). 

This is often embedded in a large hierarchical network of computers [TeKu93]. 

It is evident from these definitions that the concept of flexible manufacturing systems is 

associated with the employed technology and the grouping principle referred to as the group 

technology. It is essential to have computer-controlled machines connected with an automated 

material handling and transportation system and managed by computer control. Necessitating 

these primary components as well as employing group technology ensures a certain degree of 

component or basic flexibility, as illustrated in section �2.1.1.1. 
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2.1.3 Structure of FMS 

As industrial automation systems, FMSs consist of a technical system, an information system 

and a human operator system, as illustrated in Figure �2.3 [TaHa88] [TeKu93]. The technical 

system of FMSs comprises typically a processing system supported by a workpiece supply 

system and a tool supply system in addition to supplementary systems like energy and waste 

disposal systems.  
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Figure �2.3:  Subsystems of an FMS with the corresponding structure of a general industrial 
automation system 

The processing system is composed mainly of a set of machines with local tool exchange and 

storage systems. The machines are typically numerically controlled and can be classified 

according to their capabilities into universal machines and specialized machines. Universal 

machines are capable of performing several cutting operations like drilling milling and turning 

based on tool exchange – a feature which is not supported by specialized machines. In FMSs, 

most of the employed machines are numerically controlled universal machines.  

The workpiece supply system consists of a transport system, a storage system, a setup system, 

and a handling system. The transport system controls the flow of the workpieces among the 

individual machines, the storage system and the setup system. A typical transport system of an 

FMS is dominated by automatic guided vehicles. The workpiece storage system is responsible 

for storing the workpieces – already clamped on palettes – between operations in central or local 

buffers.  The workpiece setup system is in charge of managing the clamping and unclamping of 

workpieces onto and off the palettes. Finally, the handling system performs necessary changes 

in the orientation of workpieces and palettes between the machines, the transportation and the 

setup systems. 
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Similar to the workpiece supply system, the tool supply system is decomposed into a transport 

system, a storage system, a setup system and a handling system. The supply of tools to the local 

tool magazines of the individual machines occurs either manually or automatically. In case of 

manual exchange of tools, the processing at the concerned machine must be interrupted which 

results in a relatively long time lost in setup. 

The information system carries out all the automated functionalities required for running the 

technical system namely the short-term planning, scheduling and control. It usually entails a 

data management system for keeping record of and providing access to all data required for 

these functionalities. 

The human operator system includes all the personnel directly required for the operation of the 

whole system. As illustrated in Figure �2.3, operators are directly controlling not only the 

information system, but also the technical system. This control involves tasks like workpiece 

preparation, tool setup, maintenance and repair. 
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Figure �2.4: The layout of a typical FMS 

Figure �2.4 illustrates the layout of a typical FMS. The processing system consists of four CNC 

universal machines. Each of these machines encompasses a local tool magazine equipped with 

different tools. The current setup of the machines with tools determines the operations that the 

machine can support as well as the part types that it can process. The workpiece supply system 

consists of a central buffer, two AGVs and load/ unload stations connected to inventory stores. 

The tool supply system consists of a central tool magazine and a special AGV for transporting 

tools. 
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2.2 Scheduling for FMS 

Decisions and tasks concerning the management of production are categorized into three 

interrelated functions: planning, scheduling and control [Stec85]. These are captured in Figure 

�2.5, from a hierarchical view with the corresponding levels of the automation pyramid. Planning 

is basically concerned with decisions related to specifying the part types and quantities to be 

produced as well as allocating machines with tools to form the desired machine groupings. The 

request for producing a certain part type with a specified quantity represents a planned job. A 

plan delivered from planning to scheduling includes the set of jobs to be produced over a period 

of time. A schedule for executing this plan is generated by assigning jobs to resources in real 

time and is delivered to shop floor control for execution.  
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Figure �2.5: A hierarchical view of manufacturing control 

2.2.1 Scheduling Environment 

As depicted in Figure �2.5, scheduling is integrated in the manufacturing control functionalities 

within planning and shop floor control. A thorough understanding of scheduling cannot be 

attained without comprehending these two functionalities, forming together the environment of 

scheduling. 

2.2.1.1 Planning 

Planning is concerned with decisions that have to be made before the FMS starts production 

[Stec85]. The objective is to generate a plan yielding the product mix that would maximize the 

utilization of the available resources. To ensure the realization of planned jobs, the allocation of 

operations to machines have to be planned as well. This involves decisions on grouping 
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machines by allocating the available cutting tools to them. Machines are said to be pooled if 

they are identically tooled. Usually pooled machines are grouped together and support identical 

set of operations corresponding to their current setup with cutting tools [Stec85]. 

The generation of plans in FMSs is derived by customer requests in what is referred to as open 

shop environments. On the other hand, requirements are generated in closed shop environments 

based on supply, assuming that demand is deterministic [Grav81]. It follows that the nature of 

planned jobs in FMSs is stochastic and dynamic. In other words, variations in part types and 

volumes are very likely. In addition, planned jobs are subject to change, such as the cancellation 

or delay of a planned job or the modification in its quantity [VHL03]. In addition, since every 

job is associated with a single part type, different jobs can be planned for the same customer. 

This implies the existence of common constraints, such as the same delivery date, among 

different jobs. 

2.2.1.2 Shop Floor Control  

Shop floor control involves tasks performed after the release of jobs and during production to 

ensure that the schedule is being met as planned. This includes the continuous monitoring and 

data collection of the current status of the shop floor. In case of breakdowns, hindering the 

fulfillment of the planned schedule, actions – that minimize the deviation from the planned 

schedule – are to be taken by the control. In addition, preventive maintenance is usually 

performed during off-shifts. Inspection activities necessary for quality assurance are also part of 

the control process. Several problems detected by the control necessitate a revision in the 

schedule. This includes machine or tool breakdown, operator absenteeism, unavailability of 

material and rework [VHL03]. 

2.2.2 Definition of FMS Scheduling 

Scheduling is concerned with the real-time planning of the production flow of the planned jobs 

under consideration of the current setup of the machines, determining the operations currently 

supported by each machine. The production flow of a typical workpiece consists of a set of 

production steps, as illustrated in Figure �2.6. After loading a workpiece, it has to be transported 

and stored in the input buffer of the machine, selected for performing the first operation for this 

workpiece. This is followed by processing the workpiece at this machine and storing it in the 

output buffer. Based on the work plan of the workpiece, it is either transported to the input 

buffer of another machine, for performing the next operation, or to the unload station2.  

As illustrated in Figure �2.6, these steps can be classified into processing steps and material 

handling steps. In this context, material handling corresponds to the provision of workpieces to 

                                                 
2 For simplicity, the temporary storage in work-in-progress buffers, which takes place between two transportation 

steps is disregarded in this illustration. 
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the required machines at the specified time. Accordingly, scheduling can be decomposed into 

two sub-problems: production scheduling, which is concerned with the processing steps, and 

transportation scheduling, which addresses the material handling steps [ELR06].  
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TransportationTemporary storageLoading Transportation Temporary storage Processing Unloading
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Figure �2.6: The production flow of a typical workpiece 

In the rest of this Chapter, a definition of the FMS scheduling problem is given by defining the 

production scheduling and the transportation scheduling sub-problems.  

2.2.2.1 Production Scheduling 

Production scheduling is concerned with specifying for every operation of every job a set of 

machines to be executed at, over time.  It can be further classified into the following sub-

problems [WaLi02] [BaGö10]. 

Allocation 

The allocation sub-problem deals with deciding, for every job, on a set of machines for the 

parallel execution of a given operation of this job on the selected machines. Machines currently 

performing the same operation may differ in their current load and thus can be associated with 

different start times. A decision on a certain allocation implies certain lot size planning of a 

given job quantity on the selected machines for the parallel execution. In solving this sub-

problem, predefined performance criteria have to be considered such as minimizing the time 

taken by a certain job for the given operation. 

Sequencing 

This sub-problem is concerned with finding the best arrangement of the allocated jobs at a given 

machine. As previously mentioned, the supported part types span a wide spectrum and are thus 

grouped into part families based on their similarities in the physical dimensions and their 

predefined operations. Machines switching from a part type to another have to incur setup time 

which is classified into minor and major, depending on whether the consecutive parts belong to 

different types of the same family or to two different families respectively. While sequencing 

jobs on a certain machine, the associated setup time should be minimized. 
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2.2.2.2 Transportation Scheduling 

The transportation scheduling problem is similarly decomposed into two sub-problems: AGV 

allocation and routing [QHHW02]. 

AGV Allocation 

This sub-problem concerns the allocation of AGVs to incoming job requests. The workpieces of 

every job have to be picked up from a given source, which could be a load station, a temporary 

store, or the output buffer of a machine, to a given destination, which could be an unload station, 

a temporary store or the input buffer of another machine. AGVs have to be allocated to jobs 

under consideration of constraints like job priorities and deadlines. The goal is typically 

twofold: to fulfill job constraints and to improve the utilization of the system resources. 

Improving the utilization of system resources includes objectives such as minimizing the 

number of involved AGVs and minimizing the total travel time. 

Routing 

The goal of routing is to find the shortest-distance or the shortest-time path for each one of the 

allocated AGVs from its source all the way to its destination. In case no direct path is available 

based on the physical layout of the system, the scheduled load has to be transferred from the 

AGV in concern to another AGV which brings the load to its destination. This shows the 

interrelationship with routing and allocation. In addition, the selected route should be feasible in 

that it has to be deadlock- and conflict-free.  

2.2.3 FMS Scheduling as an Optimization Problem 

Scheduling for flexible manufacturing systems is usually described as an extension to the 

conventional job shop scheduling problem (JSSP). The conventional JSSP has been extensively 

studied in the last decades because of its well-known complexity as one of the most difficult 

combinatorial optimization problems [Gupt02] [Grav81]. The problem is stated as follows. A set 

of jobs are to be executed on a set of machines according to a prescribed order. The objective is 

to minimize the makespan, i.e. the time required for all jobs to finish execution [HaHo97]. In the 

JSSP, the machines required for every job are predefined. Therefore, the problem can be 

regarded as the sequencing of jobs on each machine.  

The FMS scheduling problem is even more complex than the standard job shop scheduling 

problem. The added complexity stems basically from the flexibility of machines in performing 

operations. Each job is to be allocated to a predefined set of operations rather than machines. 

Since every operation can typically be performed by more than one machine at any point in 

time, the allocation of machines to jobs for a certain operation has to be solved as well. In what 

follows, the problem is investigated by focusing on the optimization objective of the constituent 

sub-problems and providing an insight into the associated computational complexity. 
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2.2.3.1 Optimization of Production Schedules 

The production scheduling problem is a problem of jobs competing on limited number of 

machines. The performance of production scheduling is usually evaluated based on time-based 

measures. Examples of the most frequently applied measures include [VHL03]: 

• Makespan: An important measure of throughput calculated by simply taking the difference 

between the start time of the earliest scheduled job and the completion time of the latest 

scheduled job. It aids in estimating the productivity per unit time by multiplying its 

reciprocal by the number of the considered jobs.  

• Tardiness: A measure of compliance to the predetermined due dates measured by the 

difference between the actual completion time and the due date for each job in which the due 

date is not met. Usually the objective function is to minimize the average or the maximum 

tardiness of the set of jobs under considerations. 

• Machine utilization: A measure which is based on calculating parameters like machine 

utilization rate amounting to the ratio of the processing time of the machine to the total 

availability time of the same machine. Similarly, the blocking time can be considered by 

estimating the portion of time, in which a certain machine was blocked, to the total 

availability time of this machine.  

The classical optimization objective of FMS production scheduling corresponds to the 

minimization of the makespan, which implies the maximization of the resource utilization. The 

tardiness measure is rarely used in assessing the FMS production.  

In what follows, FMS production scheduling is discussed from the optimization perspective by 

investigating the decisions to be taken by the sequencing and the allocation sub-problems and 

their impact on the quality of the resulting schedule. In addition, the computational complexity 

of the problem is estimated and illustrated. This discussion is based on the example, depicted in 

Figure �2.7. In this example, the machines M1, M2 and M3 are initially configured for part 

families 2, 2 and 1 respectively. These machines are to be allocated in time to three jobs: 1, 2 

and 3, belonging to two different part families, under consideration of the current setup of the 

machines. The resulting schedule should minimize the makespan of the three jobs. 

Optimizing the Sequencing Sub-Problem 

Since the switching to a different job on a given machine is governed by a predefined setup 

time, every sequence yields a different temporal behavior. To illustrate, consider the example 

depicted in Figure �2.7. The sequence at M1 in schedule (a) yields two units of setup time, 

required to first switch the machine from its configuration to part family1, to which the first job 

in the sequence belongs, and then to switch the machine back to part family2 to execute job2 
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followed by job3. Evidently, for a solution of the sequencing sub-problem to yield an optimal 

makespan, the setup time associated with the resulting sequence has to be minimized. 
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Figure �2.7: Examples of production schedule alternatives 

The sequencing sub-problem is thus an optimization problem, whose solution space involves all 

possible permutations of the jobs to be scheduled on the concerned machine. For example, if the 

set of jobs to be scheduled on the machine is {1,2,3}, the solution space includes 6 possible 

sequences, such as (1,2,3) and (1,3,2). In general, the solution space amounts to n!, where n is 

the number of jobs to be scheduled on the concerned machine. Obviously, the associated 

complexity explodes by increasing the number of jobs. To illustrate, while the solution space for 

sequencing 10 jobs on a single machine amounts to around 6106.3 × , the solution space for 15 

jobs is approximately 12103.1 × . The problem gets even more complex when considering the 

sequencing of the entire set of the machines. 

Optimizing the Allocation Sub-Problem 

Due to the stochastic nature of the arrival of jobs to be scheduled, the allocation of machines to 

jobs has to be optimized in a way that takes possible fluctuations in the part types of the 

incoming jobs into consideration. In other words, allocating the available resources to the 

incoming jobs should account for the uncertainty about the part types and quantities of further 

jobs that should be incorporated into the existing schedule. To illustrate, consider the two 

schedule alternatives depicted in Figure �2.7. While schedule (a) results in a longer makespan 

than schedule (b), the former preserves the initial ratio of the machine configuration, i.e. two 

machines for part family2 and one for part family1. Schedule (b), on the other hand, results in 

the changeover of the three machines in a way that changes the relative configuration to two 

machines supporting part family1, namely M1 and M2, and one machine supporting part 

family2, which is machine M3. In case the arrival probability of jobs from part family2 is 

expected to be relatively higher than that of part family1, schedule (b) may yield a longer 

makespan on the long run. Therefore, the effect of the allocation on the machines has to be taken 

into account to guarantee the minimization of the makespan. 
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The solution space includes all possible combinations of a given number of machines out of the 

total number of available machines. Each job can be allocated to the entire set of the available 

machines or to a subset of these machines. Consequently, the number of possible allocations of a 

total number of n  machines to a single job, for performing a given operation, is calculated as in 

(2.1). Evidently, the complexity of the problem gets even higher when considering the 

allocations of all the available jobs and all the corresponding operations.  
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It is worth mentioning that the decomposition of the production scheduling problem into two 

sub-problems is just for illustration purposes. The problem is conventionally solved by 

simultaneously optimizing the sequencing and the allocation sub-problems. This results in an 

NP-complete problem, which means that there is no known algorithm that can solve this 

problem in a polynomially bounded computational effort [Gupt02]. 

2.2.3.2 Optimization of Transportation Schedules 

In generating transportation schedules, the main objective is to minimize the total transportation 

time required to fulfill the requested jobs. This is attained by optimizing both the allocation and 

the routing sub-problems. 

Optimizing the Allocation Sub-Problem 

The allocation sub-problem is solved by assigning the requested jobs to the available AGVs. It 

is similar to the allocation of machines to jobs and is thus associated with a solution space, 

whose size is calculated by )(nα  in (2.1), where n  represents the number of available AGVs. 

Optimizing the Routing Sub-Problem 

The routing sub-problem can be regarded as a pathfinding problem, aiming to find a path from 

the source to the destination with the minimum associated cost. In this context, the cost is 

measured in terms of the needed transportation time, which is derived from the speed of the 

AGV and the length of the path. The complexity of this sub-problem depends on the physical 

layout of the shop floor and the degree of connectivity among the machines. The more the 

available paths from one machine to the other, the higher the complexity of the problem would 

be.  

2.2.4 FMS Scheduling as an Iterative Dynamic Process 

The previous discussion of the FMS scheduling problem has dealt with it from a theoretical 

perspective by focussing on defining the constituent sub-problems and explaining the way they 

are optimized. In practice, FMS scheduling is dealt with as an iterative dynamic process. 
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Therefore, the objective is not only to optimize the generated schedule but also to adapt it to 

unforeseen dynamic events. The process of updating an existing schedule in response to 

disturbances or other changes is referred to as dynamic scheduling or rescheduling [VHL03]. 

The objective of rescheduling is to optimize the modified schedule, as explained in the previous 

section and at the same time to minimize the deviation of the modified schedule from the 

original schedule [OCP03] [RFK04]. Minimizing the deviation from the old schedule is 

intended to avoid causing additional disturbances to other planned activities. This added 

requirement on dynamic scheduling is referred to as stability.  

This section addresses the FMS scheduling problem from a practical perspective by giving an 

insight into the dynamics of the scheduling environment and explaining strategies and methods 

used to deal with these dynamics.  

2.2.4.1 Dynamics of the Scheduling Environment  

The scheduling environment, represented in planning and shop floor control, features 

nondeterministic dynamic events that cause rescheduling. These events can be classified into 

disturbing and non-disturbing events. Non-disturbing events correspond to the arrival of jobs 

that have to be incorporated into the schedule without causing any change to the already 

scheduled jobs. In other words, they cause updating the schedule but do not cause modifications 

to the already scheduled jobs. This is the case if the priorities of the newly coming jobs are 

lower than the priorities of the existing jobs. On the other hand, disturbing events, also called 

disturbances, are those events that are associated with inevitable or potential modifications to 

the already scheduled jobs. These events are triggered either during planning or during shop 

floor control. Examples of disturbances that stem from planning include the incoming of an 

urgent job and the cancellation or the delay of an already scheduled job. Disturbances occurring 

during shop floor control include the failure of a resource and the over- or underestimation of 

the processing time.  

2.2.4.2 Rescheduling Strategies  

There are two main strategies for tackling the dynamics and uncertainties of the FMS scheduling 

environment [VHL03]. 

Completely Reactive Scheduling 

According to this strategy, scheduling decisions are taken at the control level by applying 

decentralized methods for dispatching jobs, waiting on available resources. These control 

methods employ dispatching rules or other heuristics for dynamically prioritizing competing 

jobs. When a machine becomes ready, it selects from its local queue the job having the highest 

priority to be next processed. In other words, no schedule is generated a priori, and jobs are 

assigned to machines dynamically based on the current status of the system.  
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Predictive-Reactive Scheduling 

This is the most widely applied strategy in dealing with dynamic events. It works by first 

generating a schedule and then updating it whenever necessary. In updating the schedule, 

minimizing the impact of change is aimed at, which is realized by following different policies 

and methods of rescheduling. Policies are concerned with the point in time in which 

rescheduling takes place. Three different policies are proposed in literature: periodic, event-

driven, and hybrid. According to the periodic policies, the schedule is updated on a periodic 

basis, which is referred to as the rolling time horizon basis. This periodic revision of the 

schedule corresponds to decomposing the dynamic scheduling problem into a series of static 

scheduling problems that can be solved by the conventional scheduling techniques. The event-

driven rescheduling policy revises the schedule upon the occurrence of disturbances altering the 

system status. Based on the hybrid policy, a schedule is revised periodically and upon the 

occurrence of major events like machine breakdown and the arrival of urgent jobs. In other 

words, while regular events are delayed to the next rescheduling period, major events trigger a 

revision of the schedule [VHL03] [OuPe08]. However, the basis for classifying events into 

urgent and non-urgent is not made clear. 

2.2.4.3 Rescheduling Methods 

The predictive-reactive strategy applies one of three methods in reacting to dynamic events. In 

what follows, these methods are described. 

Generating Robust Schedules 

This method is concerned with generating a schedule which accounts for unforeseen events. A 

schedule is said to be robust if it optimizes efficiency measures and at the same time yields low 

degrees of deviation in case of disturbances. The concept seems interesting since it leads to 

generating a schedule that can absorb unexpected events with minimal adjustments while 

maintaining good system performance [VHL03]. However, the way this robust schedule can be 

generated is not easily identifiable in literature [OuPe08].  

A common approach for generating robust schedules is the insertion of idle time slots in the 

schedule, typically between subsequent jobs, to account for potential contingencies [VHL03]. 

Apparently, this approach can reduce the number of schedule revisions. Nevertheless, it can lead 

to degrading the resource utilization by keeping the machine idle during the inserted buffers. 

Moreover, planning for the unforeseeable events can be almost impossible in manufacturing 

systems with highly stochastic and dynamic environments like FMSs. This is confirmed by a 

simulation study which shows that the generation of a robust schedule outperforms conventional 

priority rules with respect to a set of situations but in case of increased processing time 

variability the performance of robust scheduling is shown to decrease remarkably [VHL03].  
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Repairing Schedules 

This method involves applying adjustments to the planned schedule in reaction to dynamic 

events in a way that retains the old schedule. The repair is carried out through manual 

interventions by operators. This is performed based on repair methods like right-shift 

rescheduling and partial rescheduling. The two methods are based on applying delay to the 

planned schedule in reaction to events like machine breakdowns. While the former method 

applies changes to all the remaining operations by the amount of the downtime, partial 

rescheduling delays only the operations affected directly or indirectly by the disturbance 

[VHL03] [OuPe08].  

Repairing the schedule has the advantage of retaining a good stability. However, the overall 

efficiency can be degraded, due to the tendency to repair the schedule at the local level 

concerned by the disturbance. 

Regenerating New Schedules 

According to this method, the old schedule is completely disregarded and a new schedule is 

regenerated in reaction to a disturbance. In regenerating a new schedule, all jobs that are not 

processed before the rescheduling point are included in the new schedule regardless of whether 

they are affected by the disturbance or not.  

Regenerating a completely new schedule in reaction to disturbances could maintain high 

efficiency rates due to the comprehensive consideration of the entire system. However, this 

method is rarely applied in practice due to the extensive computational complexity which 

degrades the reactivity to the environmental dynamics. Moreover, generating a schedule from 

scratch each time a disturbance occurs would lead to a lack of continuity in processing the 

planned schedule and to poor stability, the so called shop floor nervousness [OuPe08].  

2.3 Requirements on FMS Scheduling 

FMS scheduling has to account for the special characteristics of the system as well as the 

dynamic nature of the environment. Consequently, a scheduling solution has to satisfy the 

following requirements.  

2.3.1.1 Efficiency 

FMS scheduling is an optimization problem aiming to make the best use of resources to achieve 

the predefined objectives. Optimization is based on multi-criteria, defined during the planning 

phase. These criteria usually correspond to increasing the productivity of the system. However, 

the focus can be laid on different aspects depending on the planning tactics. Example objectives 

include minimizing the makespan and balancing the load on the machines. Towards increasing 
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the productivity of the FMS, the exploitation of the available component flexibilities should be 

maximized. In addition, the efficiency of FMS schedules should be assessed by how far they 

satisfy the involved customers.  In this context, customer satisfaction is judged in terms of the 

fulfillment of the timeliness requirements imposed on the jobs belonging to a given customer. 

2.3.1.2 Short-Term Flexibility 

FMS scheduling is required to show short-term flexibility in reaction to the dynamics of the 

scheduling environment. By reflecting on the manufacturing flexibility taxonomy, presented in 

section �2.1.1, it becomes evident that process, volume and routing flexibilities fall under this 

category. Consequently, satisfying short-term flexibility necessitates accounting for the 

stochastic nature of planned jobs by handling variations in part types and quantities as well as 

variations in the number of jobs delivered to scheduling at any point in time. In addition, 

scheduling has to account for unforeseen events and show robustness to contingencies by 

exploiting the redundant capabilities of the resources. This is not possible without exploiting the 

available components flexibility by efficiently managing the collective capabilities and 

resources. For example, handling a failure in one of the resources is only possible if other 

resources, possessing the same capabilities, are taken into account. Moreover, scheduling has to 

be reactive by ensuring the desired response within real-time limits. This reactivity is essential 

to enable realizing FMS scheduling as an ongoing process interleaved with planning and 

control. 

2.3.1.3 Long-Term Flexibility  

Changes to the structure of the underlying shop floor or to the planned products – by for 

instance introducing a new product or adding a new machine – is required to be incorporated 

easily without complex or major modifications. This category compromises product and 

expansion flexibilities, addressed in section �2.1.1. Extending the existing FMS by introducing 

modifications to the planned products as well as through structural changes to the shop floor 

should be accommodated by scheduling dynamically. In addition, dynamic changes concerning 

scheduling objectives and methods should be made possible. 

2.3.1.4 Integration Ability 

Due to the tight connection of scheduling with its environment represented in planning and 

control functionalities, FMS scheduling has to support the integration within these relevant 

functionalities. The integration with shop floor control should provide support for the automated 

capturing of the entire set of resources involved in scheduling. Data exchanged between 

scheduling and its environment should be propagated in real-time. The integration with planning 

should be made in a way that gives the decision makers an updated view of the current state of 

scheduling and allow them to intervene when necessary. 
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In this chapter, the necessary knowledge for conceiving FMS scheduling has been presented. 

The first part of the chapter was devoted to developing understanding of flexible manufacturing 

systems by emphasizing the concept of manufacturing flexibility as an influential factor in 

recognizing the significance and peculiarities of FMS scheduling. Based on this discussion, 

FMS scheduling problem has been discussed by defining it and discussing the way it is handled 

from the theoretical and the practical perspectives, by stressing the efficiency of the generated 

schedules and the flexibility of the scheduling process respectively. The final part in this chapter 

derived the requirements on FMS scheduling in light of the knowledge developed about both 

FMSs and their scheduling problem.  
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3 Survey of FMS Scheduling Approaches 

The FMS scheduling problem has been extensively studied throughout the decades resulting in 

promising theoretical results and well-established approaches. However, this theoretical 

endeavor has found limited applicability in practice. This chapter is devoted to investigating and 

assessing the theoretical approaches from a practical viewpoint. Due to the discrepancy between 

theory and practice, this survey has not been a straightforward task. To deal with this problem, 

the survey adopts a three-fold evaluation framework covering the scheduling perspective, the 

scheduling architecture and the scheduling technique. The assessment of the different 

approaches is based on the requirements, derived in chapter �2. 

This chapter is organized as follows. Section �3.1 embarks on the conventional scheduling 

approaches with respect to their perspective in capturing real FMS shop floors. Section �3.2 

examines the various architectures with the goal of finding out the architecture that matches 

with the characteristics of FMSs. For this purpose, a taxonomy of architectures is proposed and 

used to assess the surveyed architectures. Section �3.3 examines the scheduling literature from 

the perspective of the applied techniques. Section �3.4 points out concluding remarks derived 

from the assessment of the different approaches. 

3.1 Surveying Approaches based on Scheduling Perspective 

Different scheduling studies have addressed the problem from different perspectives. The 

adopted perspective relates to two main dimensions: the scheduling scope, or the extent of 

coverage to the shop floor resources, and the integration mode in the environment. The 

scheduling scope can be either machine-centric, in which production schedules are generated 

and transportation schedules are disregarded, or comprehensive, where production and 

transportation schedules are integrated. The integration mode in the environment can take one of 

two values: either static or dynamic. While the former is based on the assumption that the 

scheduling problem is isolated from its environment, the latter takes the environmental changes 

into account while generating schedules. Accordingly, conventional scheduling approaches can 

be classified based on these two dimensions into four different categories, derived in Table �3.1. 

In what follows, these classifications are explained. 

3.1.1 Static Production Scheduling Approach 

Research under this category has been devoted to machines or resources with processing 

capabilities, totally ignoring other relevant production resources. Researchers have considered 

the problem from a theoretical point of view by isolating it from its environment and making 
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hypothetical assumptions. Despite its limited scope and thus its limited practical influence, 

research under this category has contributed in laying the foundation of the scheduling theory. In 

addition, the attained results have acted as benchmarks with respect to the computational 

complexity of the considered algorithms. However, results of this research category have hardly 

witnessed application in practice. Examples of scheduling research in this category are found in 

[WaLi02], [PRMP07] and [SMCS09]. 

Table �3.1: Classifying scheduling approaches based on the scheduling perspective 

 
 

Scope 

 
 Machine-centric Comprehensive  

Static  
Static production 
scheduling approach 

Static integrated 
scheduling approach 

Integration mode 

Dynamic  
Dynamic production 
scheduling approach 

Dynamic integrated 
scheduling approach 

3.1.2 Dynamic Production Scheduling Approach 

In an attempt to narrow the gap between theory and practice, dynamic scheduling or 

rescheduling came into existence. Examples of dynamic production scheduling are found in 

[AbSv97], [KPM97], [SuXu01], [CoJo02], [SaKi03] and [Ouel03], [RFK04], [DuPe07]. Online 

rescheduling is either centralized [SuXu01] [CoJo02] [SaKi03] or decentralized [KPM97] 

[Ouel03]. While centralized solutions suffer from a low reactivity due to their excessive 

computational complexity, the proposed decentralized solutions are mostly specific solutions 

which hinders their applicability in practice. This limited applicability of the dynamic 

production scheduling research is manifested by the prevalence of informal ad hoc scheduling 

repair methods in practice [Herm06].  

3.1.3 Static Integrated Scheduling Approach 

A number of attempts are reported in literature, for integrating transportation scheduling with 

production scheduling. Research work under this category isolates the problem from its 

environment by investigating the scheduling of a predetermined set of jobs under consideration 

of a defined set of parameters. In [JAPS98], [ELR06], [JASD06] and [THM09], different 

algorithms for integrating transportation scheduling with production scheduling are proposed. 

These algorithms are tested on simple FMS configurations with no more than 6 machines and 

two AGVs. These algorithms aim at minimizing the makespan. 

A thorough analysis of the surveyed approaches coupled with the results reported in a recent 

state of the art survey [ElKh07] has revealed the following observations [BSG10]: 
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• The requirement on enhancing efficiency is always addressed at the cost of short-term and 

long-term flexibility which are rarely addressed. 

• The considered FMS configurations are based on simplified assumptions which don’t hold 

in real configurations. Adopting the proposed concepts for a different configuration is 

usually a tedious task due to the poor abstraction from the assumed system configuration. 

3.1.4 Dynamic Integrated Scheduling Approach 

Dynamic integrated scheduling systems have been always targeted in flexible manufacturing 

systems. Traditionally, this has been attempted via the computer integrated manufacturing 

(CIM) approach. This approach is characterized by its comprehensive scope to interrelated 

manufacturing tasks like design, planning and scheduling. The agent-based approach has been 

advocated as a suitable approach for overcoming the drawbacks of the traditional CIM approach 

and tackling the inherent complexity of the manufacturing environment through the flexibility 

exhibited by software agents. In what follows, these two approaches are briefly reviewed. 
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Figure �3.1: CIM applied in a typical FMS – adapted from [TeKu93] 

3.1.4.1 Computer Integrated Manufacturing Approach 

The highly integrated nature of the planning and control decisions of FMSs has motivated 

researchers and practitioners to adopt the CIM concept. CIM consists of software tools for 

computer aided design (CAD) as well as for production planning and control (PPC). 

Traditionally, the concept of CIM has been widely applied in FMSs by realizing it on a 
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centralized computer connected to the technical system, as depicted in Figure �3.1. However, the 

conventional CIM realizations have failed to achieve the desired integration with the technical 

system and their role has been limited to providing support to the user as other decision-support 

systems [MoYa07]. With the advancement of technology and the changes in the market, a 

higher demand has been put on a more sophisticated integration that enables a higher degree of 

automation with enhanced responsiveness to the market changes. 

3.1.4.2 Agent-Based Approach 

Another research direction for achieving the desired dynamic integrated scheduling is 

represented in the application of the agent-based approach, which possesses very good potential 

for tackling the inherent complexity of the FMS scheduling problem and exhibiting the required 

flexibility3 [SWH06] [GuZh10]. In [BuSi01], an agent-based system for an automotive engine 

assembly line belonging to Daimler AG is presented. This system was developed to support the 

introduction of flexible buffers to a conventional linear assembly line along with multi-function 

stations. Physical resources in this assembly line were represented by agents, such as docking 

stations, AGVs and engine buffers. These agents work on finding the best route for every 

incoming engine by autonomously taking scheduling decisions at the control level. Test results 

have shown remarkable enhancement with respect to robustness and scalability.  

In [JLMF07], Saarstahl AG, a German steel manufacturing company, reports on its experience 

with developing and deploying an agent-based planning and scheduling system and shows how 

the agent-based system could enhance the throughput within uncertainties and change. The main 

task of the system is to adapt a given daily schedule to the disturbances that disrupt the planned 

execution under consideration of system-specific constraints. The system is structured in a three-

tier architecture corresponding to a database capturing an updated snapshot of the steelwork, a 

planner carrying the responsibility of the overall correction of the schedule and the agents 

representing the system resources.  

In spite of the strong belief in the gained benefits of agents in FMS manufacturing scheduling 

[JoRa98] [SWH06] [Leit08], the proposed agent-based solutions are specific solutions targeted 

for a certain FMS. This is attributed to the lack of agent-based scheduling solutions, addressing 

FMSs from the dynamic integrated perspective in a way that can be applied for any FMS. The 

conception of a generic agent-based solution for FMS scheduling necessitates incorporating 

agents with suitable scheduling techniques and organizing them in suitable architectures 

[SWH06]. 

                                                 
3 A detailed discussion of the concept of agency is given in the next chapter. 
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3.1.5 Assessment of the Surveyed Approaches 

It can be concluded that static approaches are not suitable for FMSs, whose environment is 

highly dynamic. Adopting a static approach in practice would necessitate increased manual 

intervention to adjust the schedule to the current environmental status. In addition, this would 

lead to decreased utilization of the available resources and a decreased quality of the generated 

schedule. A dynamic approach is thus required to suit the dynamics and automated control of 

FMSs. 

The routing flexibility of FMSs calls for an integrated approach that is capable of integrating 

transportation scheduling with production scheduling. It has been shown that the CIM approach 

can only aid in realizing decision-support systems and have failed to provide the required 

integration with the environment. On the other hand, it has been shown that the agent-based 

approach possesses a high potential for dealing with the problem complexity flexibly. However, 

the adoption of the agent-based approach in FMSs calls for suitable architectures in addition to 

scheduling techniques supplementing the selected architectures. 

3.2 Surveying Approaches based on Scheduling 

Architecture 

An architecture specifies how data and control are organized and how the individual software 

components interact with each other. Therefore, it plays a significant role in specifying the 

overall system behavior especially with respect to the reactivity and extensibility. Developing a 

scheduling architecture has to account for the requirements on efficiency, flexibility and 

integration ability. In this section, the scheduling approaches are surveyed and evaluated from 

the point of view of the adopted architecture. This survey is based on a taxonomy which 

presents a classification of architectures.  

3.2.1 Taxonomy of Architectures 

In this context, an architecture addresses not only the organization of software components but 

also the way the scheduling problem is decomposed into components. In other words, there are 

two factors affecting the development of a system architecture: the problem decomposition and 

the organizational structure. In what follows, these two factors as well as the resulting 

classifications are explained in details. 

3.2.1.1 Problem Decomposition 

The complexity of a real problem is tackled in software solutions by decomposing the problem 

into smaller more manageable entities. In the manufacturing domain, two decomposition arts are 

possible: functional decomposition and physical decomposition [Shen02b]. Under functional 
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decomposition, the problem is represented in terms of software entities corresponding to 

functions such as monitoring, allocation, sequencing, etc. On the other hand, physical 

decomposition maps the objects in the physical world into software entities. Examples of 

physical entities include machines, tools, jobs and operations. 

3.2.1.2 Organizational Structure 

The task of selecting an organizational structure is concerned with defining the 

interrelationships and interactions among the decomposed software entities. Manufacturing 

scheduling architectures can be classified according to this dimension into four categories 

[DBW91] [Shen02b], which are schematically depicted in Figure �3.2.  

a) Centralized architecture b) Decentralized architecture

c) Hierarchical architecture d) Hetrarchical architecture

Control component Manufacturing entity

a) Centralized architecture b) Decentralized architecture

c) Hierarchical architecture d) Hetrarchical architecture

Control component Manufacturing entity

 

Figure �3.2: Organizational structures of scheduling architectures – adapted from [DBW91] 

The centralized organizational structure assigns all decisions concerning scheduling to a single 

control component connected with the concerned manufacturing entities at the shop floor. This 

component usually bases its decisions on updated information, capturing an updated view of the 

shop floor control and collected from the concerned resources [DBW91].  

Decentralized architectures decompose the problem into components, that are delegated the 

scheduling and control of a set of physical resources. These components are allowed to 

communicate but they have the same privileges and no one has the right to control the other 

[Shen02b].  

According to the hierarchical architectures, the problem is decomposed into components with 

different hierarchical privileges. A supreme component at the highest level of the hierarchy is 
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entitled the global supervision and coordination of tasks. While the delegation of tasks flows 

downwards, reports about the current status of operation flows upwards. The communication 

among the components at the different levels follows the master-slave paradigm. The poor 

reactivity and communication rigidity associated with the master-slave paradigm led to allowing 

components at a certain level to communicate together, resulting in the structure depicted in 

Figure �3.2 [DBW91]. 

Heterarchical architectures are a modified form of the hierarchical architectures in which 

components are more autonomous in selecting their actions at their local level. The 

communication among entities is also more flexible and takes the form of negotiation to fulfill a 

common task rather than the form of orders, from the supreme components to the subordinate 

components. Accordingly, no supreme component is necessary [DBW91].   

3.2.2 Centralized Approach 

Most of the static solutions, surveyed in section �3.1, adopt a centralized architecture. Examples 

for this research can be found in [Witt90], [AbSv97], [RoDi00] and [WaLi02]. Centralized 

architectures are mainly associated with the advantage of concentrating the control in one entity, 

which possesses complete information about the status of the FMS. This concentration 

facilitates optimization and ensures consistency of the generated schedules. However, it suffers 

from poor reactivity and extensibility due to the monolithic structure.  

3.2.3 Decentralized Approach 

This approach aims mainly at fulfilling the required reactivity. The decentralized schedule 

generation usually depends on the application of simple priority rules at the control level. 

Schedules are normally generated at the local level of each machine, which reduces the 

efficiency at the global level. The predominant decomposition art is the physical decomposition 

due to its natural one-to-one mapping to the shop floor entities. A physically decomposed 

decentralized architecture is adopted in [BuSc01], where software agents represent entities in the 

shop floor such as workpieces, switches and machines. The system is mainly intended for the 

shop floor control. However, simple scheduling functionalities like routing are also supported. 

This is enabled through the interaction among workpiece agents and other concerned agents 

including switch agents and machine agents. In [Aydi07], a functionally decomposed 

decentralized architecture is described. According to this architecture, scheduling is decomposed 

into several agents, each of which undertakes the optimization of the generated schedule by 

applying a different scheduling technique. These agents coordinate their optimization of the 

schedule based on a shared data repository.   
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3.2.4 Hierarchical Approach 

This approach attempts to combine the efficiency of the centralized approach with the reactivity 

of the decentralized approach by optimizing schedules at different levels of abstraction. In 

[TeKu93], a hierarchical architecture for planning, scheduling and control of FMSs is described. 

It consists of components representing the control functionalities at different levels of 

abstraction for the different physical cells of an FMS. Similarly, every  manufacturing cell in the 

shop floor is represented by a component in the hierarchical architecture described in [WXZ08]. 

Every component is responsible for all scheduling tasks associated with the corresponding cell. 

In [KPM97], a physically decomposed hierarchical architecture is proposed. This architecture 

emphasizes reactivity by organizing components at only two levels of abstraction. Components 

at the lower level are responsible for the dynamic scheduling of a given work centre. A 

supervisory component, at the upper level, monitors the global state of the shop floor and the 

current status of the subordinate components. It intervenes by ordering subordinate components 

to apply a certain modification to their schedules, whenever a modification is necessary to 

enhancing the overall performance.  

3.2.5 Heterarchical Approach 

According to this approach, components are usually represented as agents to exhibit the required 

autonomy and interaction flexibility. In [Shen02a], a scheduling system is proposed in which 

shop floor resources are represented at three different abstraction levels. At the lowest level, 

machines and workers are represented as agents. At the higher level, an agent for coordinating 

all machine agents and another one for coordinating worker agents are introduced. These two 

coordinator agents are again coordinated by another agent located at the highest level of 

abstraction. The communication between agents at the different levels takes the form of 

negotiation and cooperation. In [VaMa00], another heterarchical architecture is described. In 

this architecture, agents involved in FMS scheduling are classified into management agents and 

machine agents. While machine agents are in charge of optimizing the schedules of their 

machines, management agents act as mediators between machine agents and customer requests. 

3.2.6 Assessment of the Surveyed Approaches 

In this section, the surveyed architectures are evaluated in light of the aforementioned taxonomy 

and based on the requirements, derived in the previous chapter. The results of the assessment are 

shown in Table �3.2, where the used notation indicates whether the criterion is completely 

satisfied (++), satisfied (+), partially satisfied (0), or not adequately satisfied (-). Only 

centralized architectures are not analyzed based on the decomposition art since it does not apply 

to them. 
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As illustrated in Table �3.2, the centralized architecture is distinguished by its good potential to 

generate an efficient solution. Attempting to carry out the scheduling functionality for the entire 

shop floor by only one software entity is overwhelming and results in poor reactivity to changes 

in addition to poor fault tolerance due to the existence of a single point of failure. The 

shortcoming of the centralized architectures becomes even more evident when considering the 

long-term flexibility. In other words, modifiability as well as extensibility is only possible with 

relatively high effort. The integration ability with the manufacturing environment is poor 

because of the lack of modularity.  Capturing every single event at the centralized level is hard 

especially in systems with highly dynamic environments like FMSs. 

Table �3.2: Evaluation results of scheduling approaches based on their architecture 

 Efficiency Short-term 
flexibility  

Long-term 
flexibility 

Integration 
ability  

Centralized approach ++ - - - 

Physical 
decomposition 

- 0 + ++ Decentralized 
approach 

Functional 
decomposition 

0 0 0 + 

Physical 
decomposition 

+ 0 + + Hierarchical 
approach 

Functional 
decomposition 

+ 0 0 0 

Physical 
decomposition 

0 + ++ ++ Heterarchical 
approach 

Functional 
decomposition 

0 + + + 

The decentralized approach is characterized by a relatively better short-term flexibility, due to 

the enhancement of reactivity, in comparison to the centralized approach. However, the short-

term flexibility is partially satisfied due to the difficulty to exploit the collective capabilities of 

resources based on the decentralized control. Any attempt to compensate this drawback by 

increasing the communication among the component would lead to higher complexity and thus 

to reduced reactivity. On the other hand, the decentralized decision making leads to reduced 

efficiency since the generated schedule is optimized out of the local perspectives of the 

components. The efficiency is relatively higher in case of functional decomposition due to the 

possibility of performing functionalities such as the allocation of resources in a more 

comprehensive sense. However, physically decomposed decentralized architectures outperform 

functionally decomposed decentralized architectures in terms of the long-term flexibility and the 

integration ability. Obviously, the long-term flexibility of the decentralized approach is 

relatively good because of its natural mapping of the real entities to software components, which 

facilitates incorporating modifications and extensions to the FMS. Similarly, the integration 

ability of the decentralized approach is satisfied since it is characterized by scheduling decisions 

that emphasize reactivity more than optimality and are based on simple parameter values that 

can be easily captured dynamically. 
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It is worth noting that, regardless of the organizational structure, the decomposition art affects 

the long-term flexibility as well as the integration ability. Physically decomposed architectures 

are easily manageable and extensible due to the one-to-one mapping between the software 

components and the real entities. In this way, the definition of a software component allows for 

encapsulating attributes of the physical entity, which makes modifications in the FMS much 

easier to incorporate in the software architecture. With regards to the integration ability, 

physically decomposed architectures are easily integrated in the manufacturing environment 

because of the natural correspondence between the physical and the software entities.  

The performance of hierarchical approach lies in the middle range between the centralized and 

the decentralized approaches, with respect to efficiency. In terms of short-term flexibility, they 

are characterized by low reactivity but possess a better potential than the decentralized approach 

in exploiting the collective capabilities of the resources. Intuitively, the modularity of the 

hierarchical approach leads to acceptable performance with respect to the long-term flexibility. 

Similarly, the integration ability of the hierarchical approach is at least partially satisfied, which 

is attributed to the existence of distributed entities capable of the parallel detection of the 

simultaneous events on the shop floor. 

As illustrated in Table �3.2, the heterarchical approach is characterized by low efficiency due to 

the myopic nature of the autonomous components. On the other hand, the heterarchical approach 

is characterized by enhanced flexibility. While the enhancement of the short-term flexibility is 

attributed to the higher autonomy and decision making freedom of their software components, 

the improvement in the long-term flexibility stems from the flexible interactions among the 

components, which facilitates incorporating new components dynamically. The integration 

ability of the heterarchical approach is better than that of the hierarchical approach due to the 

flexible interactions among the software components. 

Based on this discussion, it can be concluded that none of the surveyed approaches fulfill all the 

requirements. Obviously, heterarchical architectures provide a flexible framework but they need 

to be extended in a way that enhances their efficiency and short-term flexibility. Satisfying the 

short-term flexibility to its utmost calls for incorporating a heterarchical architecture with 

methods for adapting the schedule to unforeseen events. 

3.3 Surveying Approaches based on Scheduling Techniques 

The manufacturing scheduling problem has been receiving increasing interest from researchers 

along the decades. This has resulted in a considerable body of research especially focused on the 

methodological aspect. The scheduling literature is very rich in the applied techniques and the 

benchmarking studies. Instead of embarking on the individual proposed techniques, a 

classification is presented and example techniques under every classification are highlighted and 

referenced. 
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3.3.1 Mathematical Approach 

Mathematical techniques have been extensively applied to the job shop scheduling model, which 

is the theoretical model capturing the characteristics of FMSs. Applying mathematical 

techniques for analytical purposes has given researchers a more profound insight into the 

problem. This approach depends on formulating the problem with mathematical techniques like 

integer programming, mixed-integer programming and dynamic programming. This involves 

mathematically formulating all the decisions with their associated parameters, constraints, and 

optimization objectives. This is associated with high complexity which is tackled in theory by 

introducing simplifying assumptions, which normally do not hold in practice. A foundational 

study is conducted in [Stec83], which resulted in decomposing the scheduling problem into five 

interrelated problems. Despite the theoretical and analytical significance of this approach, it has 

had no remarkable impact in practice [BaMi94], [ JoRa98]. 

3.3.2 Dispatching Rules Approach 

Dispatching rules are rules of priorities assigned to jobs waiting on a common resource based on 

a certain criterion. Due to their simplicity and relatively low computational complexity, 

dispatching rules have been adopted on a large scale in practice. The number of existing rules is 

overwhelming and each of which is suitable for a certain environmental setting. The difficulty in 

selecting the suitable rule is attributed to the fact that there are !n  ways of sequencing n  jobs 

waiting in the queue of a particular resource [RaHo99]. This raises the question of how to select 

the best rule dynamically. Moreover, most of these rules consider the local queue of the resource 

under consideration, which leads to decreased performance on the global scale. In [KPM97], an 

agent-based scheduling system, applying different dispatching rules for schedule generation and 

update, is proposed. Dispatching rules are dynamically selected based on the current status of 

the environment using a knowledge base. This knowledge base consists of simple if-then-else 

rules. The selection of the suitable dispatching rule is also made possible by employing 

simulation-based systems for evaluating the expected performance of candidate rules. In 

[Smit03], a survey of the use of simulation in FMSs is presented. Undoubtedly, assessing the 

performance ahead of selecting a certain rule results in enhanced efficiency but is associated 

with other drawbacks that will be clarified in the assessment section. 

3.3.3 Artificial Intelligence Approach 

3.3.3.1 Knowledge-Based Approach 

The complexity of the scheduling problem and its dependency on human expertise acted as a 

motivation to this approach. Knowledge-based systems tackle the problem by capturing the 

human expertise and employing an inference engine that can deduce conclusions from the 
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existing knowledge to aid in reacting to dynamic events. A number of knowledge-based systems 

have been applied to the job shop scheduling problem like ISIS, MPECS, and OPIS. These 

systems usually apply a hierarchical constrained-directed search that takes organizational goals 

and physical limitations into consideration [JoRa98]. 

Simulation techniques are usually integrated with knowledge-based systems for selecting among 

a set of alternatives recommended by the knowledge-based system [JoRa98]. This integration 

can enhance the overall efficiency. Nevertheless, the complexity involved in the central 

reasoning about the whole shop floor and simulating decision alternatives hinders the 

application of this approach in dynamic manufacturing environments. 

3.3.3.2 Search Heuristics Approach 

This approach applies heuristics to tackle the computational complexity of the FMS scheduling 

problem. Heuristics are algorithms that might not always find the best solution but are 

guaranteed to find an acceptable solution in reasonable time. Heuristics that are widely applied 

to the FMS scheduling problem include algorithms like tabu-search, simulated annealing and 

genetic algorithms (GAs) [OuPe08]. All these algorithms apply heuristics in searching for a near 

optimal solution. While both tabu-search and simulated annealing are based on manipulating 

one feasible solution, GAs keep a population of solutions to iteratively generate offspring 

population. This feature has distinguished GAs with more resistance to premature convergence 

on local minima [LGP97]. Examples of applying GAs to FMS scheduling are found in [Wall96] 

and [MaBi04]. 

3.3.3.3 Other Approaches 

These approaches apply other techniques from the AI literature. These include neural networks 

and fuzzy logic [JoRa98]. However, the work reported on these techniques is so limited and 

allows no further assessment. They are mentioned here for the sake of completeness. 

3.3.4 Assessment of the Surveyed Approaches 

The results of evaluating the surveyed techniques are listed in Table �3.3. As illustrated in the 

table, the mathematical techniques are associated with poor efficiency because they fail to 

capture reasonably sized problems and their complexity grows dramatically when it comes to 

real industrial examples [BaMi94]. Nevertheless, their efficiency is evaluated as neutral because 

this drop in performance is balanced by their good capability to account for the entire set of 

resources [Stec83]. Moreover, the short-term flexibility as well as the integration ability of the 

mathematical approach is not adequately satisfied. The integration of mathematical techniques 

in a real manufacturing environment is not straightforward since their formulations presuppose 

the existence of a large number of parameters, whose values are hard to capture dynamically. 
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However, the long-term flexibility is relatively better because mathematical techniques can be 

decomposed as reported in [JoRa98]. This decomposition is yet restricted with constraints and it 

is not clear how to develop flexible communication pattern among the decomposed entities.  

Table �3.3: Evaluation results of the scheduling techniques 

 Efficiency Short-Term 
Flexibility 

Long-Term 
Flexibility 

Integration 
ability 

Mathematical 
Techniques 

0 - 0 - 

Dispatching Rules - 0 + + 

Simulation-Based 
Dispatching Rules  

0 0 0 - 

Knowledge-Based 
systems 

+ 0 - 0 

Search Heuristics + 0 0 0 

Dispatching rules are associated with poor efficiency due to their consideration of the local 

queue at the machine level. In addition, they are typically oriented to single resources, especially 

to machines. This implies their limited capability to provide a comprehensive scope of the shop 

floor, which leads to poor utilization of the resources. Dispatching rules are distinguished by 

their good reactivity since most of them are associated with low computational complexity. 

However, they provide no support for the sophisticated handling of disturbances, which is only 

possible if they are to be combined with other techniques. This justifies their incapability to 

fulfill the short-term flexibility requirement. The simplicity of realizing dispatching rules results 

in relatively high long-term flexibility. In addition, most of these rules are based on simple data 

about the jobs in the local queue, and hence are easily integrated in dynamic environments. 

Combining dispatching rules with a simulation technique certainly leads to better efficiency at 

the global level. On the other hand, the short-term flexibility is evidently deteriorated with 

respect to the reactivity. However, this deterioration is balanced by the enhanced ability to 

handle disturbances. Similarly, the long-term flexibility is weakened due to the need to update 

the simulation module whenever the system is to be extended. Moreover, the integration ability 

of scheduling systems applying simulation-based dispatching rules is hindered by the 

overwhelming data required from the environment to carry out the simulation. 

Knowledge-based approaches are always centralized. Their global centralized view of the shop 

floor allows them to generate high quality schedules, which is reflected in the high efficiency 

evaluation assigned to them. A knowledge base typically requires considerable effort to be built 

and maintained, which is hardly achievable in dynamic environments [OuPe08]. This implies a 

high computational complexity and accordingly low reactivity. On the other hand, knowledge-

based systems provide good support for handling disturbances. That is why their short-term 

flexibility is evaluated as neutral despite their poor reactivity. However, their shortcoming 

becomes more evident with respect to the long-term flexibility due to the difficulty of applying 
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changes to the knowledge base. Mostly, the effort of integrating knowledge-based systems 

corresponds to the initial integration. During operation, data can flow from the control to the 

knowledge-based systems, which typically depend in their decisions on a reasonably sized set of 

parameters. However, the integration ability requirement is only partially satisfied due to the 

centralized structure of the knowledge-based approach which hinders the integration of the 

scheduling system into large-scale FMSs. 

The efficiency of search heuristics is good since the generation of a near-optimal solution is 

usually guaranteed. Search heuristics are generally associated with good reactivity. Heuristics 

are based on the principle of minimizing the computational complexity. Therefore, their 

reactivity is relatively high. However, they have to be complemented with more sophisticated 

techniques to be able to adapt the generated schedule to unforeseen events. They are associated 

with relatively low long-term flexibility due to their inherently centralized structure. However, 

the effort required to extend search heuristics is low compared to that of extending knowledge 

bases. The integration ability of search heuristics is partially satisfied.  

In summary, no approach satisfies all the requirements. However, the knowledge-based and 

search heuristic approaches are characterized with better performance in terms of efficiency. Out 

of these two approaches, the search heuristics approach seems to partially satisfy the rest of the 

requirements. 

3.4 Concluding Remarks 

Having reviewed the conventional approaches for FMS scheduling from three different 

perspectives, the following points can be concluded:  

• Scheduling for FMSs has to provide support for a comprehensive scope of the available 

resources and accommodate for not only machine-centric scheduling but also for integrated 

scheduling. Supporting integrated scheduling does not mean that machine-centric 

scheduling, or production scheduling, should be completely abstained. In some FMS 

configurations, production scheduling can be sufficient due to the minor role played by the 

transportation time in determining the total time required for the production flow. On the 

other hand, a dynamic scheduling approach is necessary to allow for the generation of 

schedules under consideration of the environmental dynamics. The survey of literature has 

shown that the agent-based approach is the most promising approach in this respect. 

However, its wide-scale adoption is hindered by the need to complement it with suitable 

architectures and scheduling techniques. 

• The possible system architectures have been surveyed out of their decomposition art and 

organizational structures. It can be concluded that the physical decomposition provides a 

natural mapping for the shop floors of FMSs, in that resources involved in scheduling can be 
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represented as computational entities. This decomposition art enhances the extensibility of 

the system and facilitates the negotiation-based scheduling, which suits the agent-based 

approach advocated previously. Similarly, the existing organizational structures have been 

surveyed and evaluated. Out of this evaluation, the heterarchical structure was found to 

outperform the other structures. 

• The conventional scheduling techniques have been surveyed and assessed. The evaluation 

resulted in revealing that search heuristics provide the best relative performance, when the 

requirement on efficiency is emphasized.  

These results have guided the basic decisions of the current research, represented in: 

• Adopting an agent-based approach for conceptualizing flexible scheduling 

• Applying search heuristics for the optimization of the generated schedules 

In this way, the proposed concept combines the flexibility of agents with the optimization 

support of the search heuristics. Before getting into the details of the developed concept, these 

basic decisions are discussed in more details, in the next chapter, to provide more insight into 

the rationale behind these decisions and present the foundational knowledge, required for 

conceiving the applied techniques. 
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4 Basic Decisions of the Conception 

This chapter investigates the two basic decisions, derived in the previous chapter in more 

details. The first decision corresponds to the adoption of the agent-based paradigm to exhibit the 

required flexibility. To give an insight into this decision, the main concepts of agency are 

reviewed and the strengths of the agent-based paradigm with respect to FMS scheduling are 

emphasized. Following this discussion, the second decision, concerning the application of 

search heuristics for the schedule optimization, is addressed. After an introduction to their 

underlying principle and their general procedure, the suitability of search heuristics to FMS 

scheduling is explained. Having elaborated on these two main decisions, the chapter concludes 

with an overview on the supported scheduling modes. Different scheduling modes have to be 

supported to account for the different environmental conditions and the different scheduling 

scopes. This overview acts as a roadmap of the proposed concept, since it given an insight into 

the chosen structure of the following chapters, explaining the concept, based on the 

classification of the scheduling modes.   

4.1 Adopting an Agent-Based Approach 

The agent-based approach is strongly believed to be very promising in tackling the complexity 

of manufacturing scheduling based on its inherent flexibility [Leit08] [Shen02b] [SWH06]. The 

advantages of agents become even more apparent when it comes to FMS scheduling, for which 

flexibility is a crucial and decisive concept. The underlying principle of agent-based scheduling 

is to decompose the problem into self-contained entities and to represent these entities by 

autonomous agents. Schedules are generated based on negotiations among these autonomous 

entities. The autonomy and interactivity of agents provide very good support for tackling the 

inherent complexity of the scheduling problem and its interrelationships with the various 

decision-making manufacturing tasks. In what follows, the basic concept of agency  is reviewed 

and the decision of adopting an agent-based approach for FMS scheduling is justified, by 

discussing the suitability of agents to the stated requirements. 

4.1.1 Basics of the Agent-Based Paradigm 

The autonomous agents’ research has emerged as a branch of Artificial Intelligence during the 

eighties. It is referred to as behavioral-based AI as opposed to the mainstream knowledge-based 

AI [MaKo93]. The word “agent” – from the Latin word “agäns”: to act – is defined as the 

producer of an effect [Toko95]. Researchers have been proposing several definitions to capture 

the nature of autonomous agents. One of these definitions states that an agent is an encapsulated 

entity with defined goals. An agent endeavors to accomplish its goals through its autonomous 
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behavior and in doing so it interacts continuously with its environment as well as with other 

agents [WGU03]. 

Whatever the variation in the proposed definitions is, there is a kind of consensus among 

researchers on the necessary attributes that are distinguishing agents from other software 

entities. In what follows, a list of these attributes is given along with a brief clarification of each. 

• Encapsulation: Similar to objects, agents encapsulate their state and identity by providing an 

abstract interface. In addition, agents encapsulate their internal behavior [WGU03]. 

• Goal orientation: An agent works according to determined goals that are either specified 

statically at development time or delegated from user dynamically [FrGr96] [Badr07].  

• Autonomy: While objects encapsulate their state and passive behavior which is exhibited by 

function calls, agents control their active behavior that stems from the action selection 

freedom, which an agent possesses [WGU03]. 

• Reactivity: An agent is reactive in that it possesses the ability to sense changes in the 

environment and react to it accordingly [FrGr96].  

• Proactivity: In addition to being reactive, agents are proactive in that they take the initiative 

and exhibit goal-oriented behavior without being externally triggered to do so [FrGr96]. 

• Social ability (communication ability): Agents have the ability to cooperate in fulfilling the 

common objective of the whole system. This cooperation occurs through different methods 

of cooperation like task delegation, negotiation and team work [Dam03]. 

In addition, multi-agent systems support openness by allowing new agents to register and 

integrate themselves dynamically. This feature aids in scalability and extensibility. 

4.1.2 Suitability of Agents to FMS Scheduling 

In this section, the benefits of agents with respect to the individual requirements, derived in 

chapter �2, are discussed. 

4.1.2.1 Benefits of Agents Regarding Efficiency 

It can be argued that agent-based scheduling leads to reduced efficiency because of two main 

reasons. First, the myopic view of the individual agents obscures reaching an optimal schedule 

at the global level. Second, the attempt to complement agents with classical optimization 

techniques from the scheduling theory is hindered by the fact that these techniques are 

inherently centralized and it is not straightforward to adopt them in the decentralized agent-

based architectures. Paradoxically, we argue that agents possess features that are associated with 

the following gains, which facilitate the fulfillment of the efficiency requirement.    
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Multi-Objective Integrated Optimization  

The goal-orientation of agents facilitates the multi-objective optimization by decomposing the 

problem into entities, each of which works on achieving its predefined goals. The autonomy and 

interactivity of agents can drastically reduce the complexity associated with the integrated 

scheduling. In other words, the complexity can be tackled by decomposing the problem into 

sub-problems and delegating them to agents that can work in parallel to achieve their local 

goals. By making these agents interact with each other, the generated schedule can be optimized 

at the global level. 

Utilization of Shop Floor Flexibility 

The machine flexibility implies that the setup of the machines changes over time and their 

supported operations change accordingly. This change in the capabilities over time hinders the 

conventional approaches from considering the collective capabilities while optimizing the 

schedule. However, the flexibility of the agent-based communication provides an intuitive 

solution for addressing this problem. 

4.1.2.2 Benefits of Agents Regarding Short-Term Flexibility 

In agent-based scheduling, decisions can be made close to the corresponding physical entities 

which enhances reactivity and adaptability.  

Reactivity  

The agent-based approach is deemed to yield low computational complexity compared to other 

approaches especially the centralized approaches. This reduction in complexity is attributed to 

the decentralization which allows for the parallel execution [BMG08]. In addition, the 

decomposition into agents allows for limiting the execution of the schedule generation and 

update to the concerned agents. However, special care has to be given to the communication 

complexity associated with the agent-based scheduling. This can be achieved by managing the 

agent-based modeling and communication protocols.  

Robustness  

By fulfilling the requirement on the utilization of shop floor flexibility, resource failures can be 

handled dynamically through the collective optimization of resources. The breakdown of a 

resource can be captured at the decentralized level and can be automatically handled by 

contacting agents responsible for other working resources with the same capabilities.  
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4.1.2.3 Benefits of Agents Regarding Long-Term Flexibility 

Multi-agent systems support openness by allowing new agents to register and integrate 

themselves dynmically. This is regarded as one of the most appealing features of agents due to 

ease of incorporating long-term changes with minimal programming effort.   

Extensibility and Modifiability 

Decomposing scheduling into agents with a one-to-one correspondence to the physical resources 

facilitates the addition of new resources to a great extent. In addition, agent-based physical 

decomposition can aid in enhancing the modifiability of physical and logical entities represented 

by agents because of their associated abstraction and high cohesion.  

Configurability 

The encapsulation and goal-oriented decomposition of agents facilitates the configurability of 

optimization goals at run time. A change to an optimization objective can be realized at run time 

by simply informing the agent or agents responsible for this objective. 

4.1.2.4 Benefits of Agents Regarding the Integration Ability 

By definition, agents are situated in their environments and possess the capabilities of sensing 

and reacting. This is very promising for integrating agents in the dynamic FMS scheduling 

environment. 

Real-Time Monitoring 

The difficulty of monitoring distributed resources can be tackled by delegating this 

responsibility to agents. This ensures that the process takes place in parallel which facilitates 

capturing relevant events in real-time.  

Transparency 

Realizing scheduling as agents improves the transparency to the decision makers. The current 

status of operation can be easily grasped by dynamically communicating with the agent in 

charge. The operators are relieved from having to take care of the low level details entailed in 

the conventional scheduling systems. This is attributed to the agent-oriented abstractions, which 

allow for the interaction with agents at the knowledge level [Jenn01]. 

4.2 Applying Search Heuristics for Schedule Optimization 

Despite their appealing benefits, the adoption of agents to FMS scheduling has been hindered 

mainly because of their lack of optimization support. For agents to achieve the required 

efficiency of the generated schedule, they have to accommodate for more sophisticated 



 44 

scheduling and optimization techniques [Shen02b]. To tackle this problem, search heuristics are 

applied to equip agents with the required optimization support. The selection of search heuristics 

resulted from the analytical survey of scheduling techniques, conducted in chapter �3. Heuristic-

based search tackles the inherent complexity of the scheduling problem by its capability of 

finding a good solution within reasonable time limits. Although they do not guarantee the 

localization of optimal solutions, heuristic-based search techniques are promising when a near-

optimal solution is sufficient. Therefore, they suit the FMS scheduling problem quite well due to 

their balanced performance with respect to both reactivity and efficiency.  

While genetic algorithms are applied for the optimization of production schedules, the A* 

algorithm is applied for the optimization of transportation schedules. In this section, these two 

techniques are described and the decision to apply them in the proposed agent-based scheduling 

is justified.  

4.2.1 Applying Genetic Algorithms for Production Scheduling 

Genetic algorithms have been successfully applied to the optimization of manufacturing 

scheduling [GeCh97] [Shen02a].  Before discussing the gained advantages of their application 

for production scheduling, an introduction to the underlying principle and main structure of GAs 

is presented. 

4.2.1.1 Overview on Genetic Algorithms 

Genetic algorithms are stochastic multi-heuristic search techniques, whose development is 

credited to Goldberg. They are inspired by the biological evolution and work by iteratively 

evolving solutions from previous ones until a feasible solution with reasonable quality is found. 

The procedure of genetic algorithms is described as follows [GeCh97]:  

end
end

0←t

1+← tt

Procedure: Genetic Algorithms
begin

;
initialize P(t);
evaluate P(t);
while (not terminal condition) do

recombine P(t) to yield C(t);
evaluate C(t);
select P(t+1) from P(t) and C(t);

end
end

0←t

1+← tt

Procedure: Genetic Algorithms
begin

;
initialize P(t);
evaluate P(t);
while (not terminal condition) do

recombine P(t) to yield C(t);
evaluate C(t);
select P(t+1) from P(t) and C(t);

 

The algorithm starts by creating an initial set of solution candidates, referred to as the initial 

population P(0). This initial population consists of chromosomes that are usually generated at 

random. Each chromosome encodes a solution candidate based on a given representation, such 

as the binary representation. Having generated the initial population, every chromosome is 
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evaluated by calculating the value of a fitness function. The fitness function provides estimation 

to the fulfillment of the chromosome to the optimization objectives. Chromosomes evolve 

through successive iterations called generations. In creating a new generation, chromosomes 

from the current population are either combined using a crossover operator or modified by a 

mutation operator. Out of the parents P(t) and the offspring C(t), chromosomes with a fixed 

number, amounting to the population size, are selected based on their fitness values. This 

process continues until a predefined terminal condition is satisfied, such as reaching a given 

number of generations. Upon reaching the final condition, the best chromosome out of the final 

population is selected as the best solution candidate found so far.  

Genetic algorithms provide a general-purpose evolution-based optimization procedure which 

needs to be adapted to the specific application. In applying GAs to a specific problem, a 

chromosome representation and a fitness function have to be specified. In addition, GA-

parameters, like the population size, have to be configured. 

4.2.1.2 Suitability of GAs to Production Scheduling 

Genetic algorithms have been successfully applied to the job shop scheduling problem 

[GeCh97] [YaNa97] [MaBi04], which resembles to a large extent the production scheduling of 

FMSs, as illustrated in section �2.2.3. They are believed to outperform other meta-heuristic 

search methods, such as tabu-search and simulated annealing, by their resistance to premature 

convergence to local optima [LGP97]. The performance of GAs in solving well-known 

benchmark job shop problems is surveyed in [YaNa97] and [GeCh97]. Experimental results 

prove that GAs are very promising in converging to the optimal schedule in reasonable time.  

The extension of agents with GAs poses the challenge of adapting the centralized structure of 

GAs to the decentralized structure of the agent-based scheduling. Decentralizing GAs to be 

incorporated into the proposed agent-based architecture has to account for the goal-orientation 

and the myopic nature of agents. This issue is addressed in details in chapter �7. 

4.2.2 Applying A* for Transportation Scheduling 

The complexity of the transportation scheduling problem lies in the routing sub-problem which 

belongs to the class of pathfinding problems. For solving this problem with reasonable 

computational complexity, the A* algorithm is applied. A* is a widely-used heuristic-based 

pathfinding algorithm, which represents an extension to the Dijkstra's algorithm. The Dijkstra’s 

algorithm is guaranteed to find the optimal path in an efficient way, which justifies its applicability 

in different areas such as packet routing and car navigation [Dies97].  

Both the A* and the Dijkstra's algorithms work by traversing a weighted graph representation of 

the problem at hand, as the graph depicted in Figure �4.1. In the AGV routing problem, vertices 

of the graph represent machines, buffers or load/ unload stations. Connections between vertices 
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correspond to paths linking these physical resources. Every connection is associated with a 

direction and a cost. The cost can be directly given or derived, by for example estimating the 

time taken to travel the path. In the example depicted in Figure �4.1, three different routes are 

possible to travel from A to E, namely (A,F,E), (A,C,F,E), and (A,C,B,D,E). In searching for the 

best route from A to E, the Dijkstra's algorithm traverses the neighbors of the active vertex, 

initially the source vertex A, taking their associated cost into consideration. It returns the 

optimal route, which is (A,C,F,E).  
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Figure �4.1: A sample graph representation of a shop floor 

The A* algorithm extends the Dijkstra's algorithm by traversing the neighboring vertices, under 

consideration of both the actual distance of the considered route along with a heuristic, which 

usually estimates the additional expected distance from a considered vertex up to the 

destination. In this way, the A* algorithm finds a route with low cost much faster than the 

Dijkstra's algorithm [RuNo04]. The decision to apply A* for optimizing the AGV routes resulted 

from an analytical study of conventional pathfinding methods, that was conducted in the course of a 

graduate project at the IAS [Schm09]. 

4.3 Supporting Different Scheduling Modes 

The integrated nature of scheduling within planning and shop floor control coupled with the 

stochastic and dynamic nature of the environmental conditions of FMSs imposes flexibility 

requirements on scheduling, as detailed in section �2.3. This required flexibility necessitates the 

adaptation of scheduling to the current environmental configuration. In other words, different 

scheduling types, also referred to as scheduling modes, are envisioned. To derive the necessary 

scheduling modes, the external factors affecting the proposed FMS scheduling are analyzed in 

the context diagram depicted in Figure �4.2. The dynamic data that flow from planning and 

control to scheduling correspond to the required scheduling configuration, the generation and 

modification requests and the current control status.  
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Figure �4.2: Context diagram of the proposed FMS scheduling 

Out of these data flows, three shaping factors in the scheduling mode selection can be derived, 

as depicted in Figure �4.2. The first factor is the triggering event, which causes a schedule to be 

generated or repaired. Scheduling is triggered by either a normal schedule generation request, 

represented in the arrival of a set of planned jobs, a modification request, causing changes to the 

scheduled jobs, or a change in the current status of the operation, such as a failure in one of the 

resources. The second factor is the scheduling scope, which is selected based on the 

configuration parameters. The third factor is the job model, which relates to the number of job 

requests released from planning to scheduling at a given point in time. In what follows, the 

effect of these factors on scheduling is explored to derive the required scheduling modes, which 

are illustrated in Figure �4.3. 

4.3.1 Scheduling Modes Accounting for Different Triggering Events 

As illustrated in Figure �4.2, triggering events are related to three dynamic flows: requests 

received from planning for schedule generation and schedule modification and the current 

status, captured from the shop floor control. Schedule generation requests are distinguished from 

schedule modification requests in that they cause no modification to the already scheduled jobs. 

Schedule modification requests include the cancellation or delay of already scheduled jobs. The 

current status of the shop floor control triggers modifying the schedule in case a problem in one 

of the resources is detected. These contingencies occurring during control together with 

modification requests received from planning are referred to as disturbances. While receiving a 

generation request triggers the schedule generation mode, the occurrence of a disturbance 

triggers the schedule repair mode, as shown in Figure �4.3. These two modes differ in their 

objectives and the applied methods and are thus handled separately in the thesis.  
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Figure �4.3: Taxonomy of the supported scheduling modes 

4.3.2 Scheduling Modes Accounting for Different Scheduling Scopes 

In chapter �3, two different scopes have been surveyed. Out of this survey, it has been concluded 

that both the machine-centric and the comprehensive scopes are necessary and have to be 

considered by FMS scheduling. Selecting one of these scopes is related to the physical layout 

and the size of the underlying shop floor. For relatively small FMSs, the material handling time 

could be disregarded in comparison to the processing time and hence a machine-centric scope 

would be sufficient. In case the FMS has to be expanded, a decision can be made to widen the 

scheduling scope and take into consideration not only the machines but also other resources 

employed for material handling. Based on the selection of the scope, schedule generation can be 

classified into production scheduling and integrated scheduling, corresponding to the machine-

centric and the comprehensive scopes respectively (See Figure �4.3). In integrated scheduling, 

production scheduling is integrated with transportation scheduling. 

4.3.3 Scheduling Modes Accounting for Different Job Models 

A distinction is made according to whether jobs arrive to scheduling one by one or collectively, 

in the form of multiple jobs at a time. The current job model triggers either the sequential or the 

simultaneous scheduling modes, corresponding to the single job and the multiple job cases 

respectively (See Figure �4.3). It is worth noting that this classification applies only to the 

production scheduling mode, since the integrated scheduling mode is supported with only the 

case of jobs arriving one by one. This assumption is justified by the complexity of the integrated 

scheduling problem. Supporting the simultaneous scheduling mode for integrated scheduling is 

envisioned as future work. 
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This chapter has highlighted the basic decisions associated with the proposed concept and has 

laid the foundation necessary for comprehending the applied techniques. In addition, the 

supported scheduling modes were derived and explained. The subsequent chapters, addressing 

the concept, are structured as follows. Chapter �5 develops the system architecture which applies 

for all the scheduling modes. Chapters �6 and �7 deals with the schedule generation mode, along 

with its corresponding lower-level modes. The schedule repair mode is thoroughly discussed in 

chapter �8.  
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5 The Proposed Agent-Based Scheduling 

Architecture 

The analytical survey, conducted in chapter �3, resulted in the decision to adopt an agent-based 

architecture with physical decomposition and heterarchical organizational structure. This 

chapter is devoted to deriving and explaining the proposed architecture. First, an overview on 

the proposed architecture is presented. Second, a static model capturing the FMS-specific 

details, that are relevant to scheduling, is developed. Third, the organizational structure of the 

agent-based architecture is worked out by focusing on the different layers of abstraction. Fourth, 

the agent types at the different layers are identified and described. Finally, the internal agent 

architecture is illustrated. 

5.1 Overview on the Proposed Architecture 

The basic idea of the proposed architecture is to provide generic support for FMS scheduling 

based on the separation of the FMS specific details, which are relevant to scheduling, from the 

scheduling-generic functionalities. The former is represented as a centralized model, capturing 

these specific details, as will be explained in the next section. The latter is represented by agents, 

which are integrated into planning and shop floor control, as depicted in Figure �5.1. Generic 

agent types, required for FMS scheduling, are defined. These agent types can be parameterized 

and instantiated at run time without having to rewrite the scheduling software when deploying it 

on a different FMS or when introducing structural changes to the existing FMS.  
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Figure �5.1: Overview on the proposed FMS scheduling architecture 
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To account for the required integration, the scheduling environment is modeled in the proposed 

agent-based scheduling, as captured in Figure �5.1. This modeling is made possible by 

representing logical and physical entities from planning and shop floor control as agents and 

allowing these agents to capture the dynamic status of their corresponding entities. In addition, 

this representation tackles the complexity of the FMS scheduling problem by decomposing it 

into sub-tasks and assigning them to the concerned agents [Badr08]. Every agent endeavors to 

reach its goal by performing its assigned sub-task. Through the interaction of agents with the 

environment and with each other, schedules are generated under consideration of the overall 

scheduling goals. The schedule itself is maintained from the different points of view of the 

involved agents. In other words, there is no central schedule and accordingly no central entity 

responsible for managing the schedule.   

5.2 Modeling the Environment 

As previously mentioned in chapter �2, scheduling is concerned with the real-time planning of 

the production flow. This production flow consists of five steps, whose execution depends on 

resource-related factors that have to be taken into consideration. These factors are classified into 

static and dynamic factors [BaGö09b]. Static factors correspond to the characteristics of the 

physical resources and the planned part types and their interdependencies. Dynamic factors, on 

the other hand, are related to the current status of these resources. The objective of the 

environmental model is to abstract the proposed agent-based scheduling from the FMS specific 

details by capturing the static factors, influencing scheduling. These factors are identified in this 

section by analyzing the steps constituting the flow of production.  

Table �5.1:  Derivation of the static influencing factors 

Production step   Influencing resources Static influencing factors 

Loading Material  Material type for a given part type 

Transportation AGV  Capacity and speed of AGV 
Physical layout of the shop floor 

Temporary storage  Local buffer, work-in-
progress buffer  

Storage space 

Processing Machine, tools Operations required by a given part type 
Operations supported by a given machine 
Setup time required for a given part type 
Tools required for a given operation and a given part type 

Unloading  Store  Storage space 

Table �5.1 lists the steps of the production flow and derives for each step the influencing 

resources and the static influencing factors. For a schedule to be generated for a given job, 

corresponding to the production of a certain quantity of a certain part type, the availability of the 
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material required for this part type has to be ensured. Different material types are normally 

associated with different part types. Therefore, the associations between part types and material 

is one of the static factors that are relevant to scheduling. For scheduling the transportation of 

material or workpieces, the capacity and speed of AGVs are necessary to estimate the 

transportation time. However, this has to be done under consideration of the physical layout of 

the shop floor, which has to be modeled as well. The physical layout corresponds to the 

connections among the physical resources along with their associated distances.  

As illustrated in Table �5.1, the temporary storage step is associated with either the local buffer 

of the machines or with a shared work-in-progress buffer. In both cases, the storage space of the 

buffer is relevant to scheduling, as a limiting factor for the number of workpieces that can be 

executed at a given point in time. For the processing step, a number of static factors have to be 

taken into consideration. First, the operations required for processing a given part type are 

required to allocate machines to jobs. Due to the flexibility of the machines in supporting 

operations, the dynamic switching of a machine from an operation to another is possible. The 

potential operations supported by every machine are constrained by the physical specifications 

of the machines and are relevant to dynamic scheduling. A direct factor influencing the time 

associated with the processing of a certain job at a given machine is the setup time required for 

the part type corresponding to the job. Finally, the interrelationships among tools, part types and 

operations are relevant to dynamic scheduling, since the breakdown of a given tool has to be 

handled by scheduling. For handling such disturbance, the part types and operations affected by 

the tool breakdown have to be made available. The final step of the production flow is the 

unloading step which requires keeping track of the storage space, similar to the loading step. 

These derived factors are captured in the environmental model by distinguishing between 

factors related to the processing and the material handling systems. Factors related to the 

processing system are modeled by identifying entities and associations among them. Factors 

associated with the material handling system are specified in relation to the physical layout and 

described in the form of an XML schematic description that can be dynamically interpreted by 

the scheduling system. 
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Figure �5.2: An entity relationship model of the processing subsystem of a typical FMS 
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Figure �5.2 depicts the entities identified for modeling the static factors of the processing system 

along with the associations among them. As illustrated in Figure �5.2, the derived influencing 

factors are modeled by identifying six entities: machine, operation, tool, material, part type and 

part family. It is worth noting that the setup time is modeled in two different forms to account 

for the two different types of setup time namely, the sequence-dependent and the sequence-

independent setup time.  In case of FMSs with sequence-independent setup time, the required 

major setup time is considered as an attribute describing the part family entity. Likewise, minor 

setup time values are regarded as attributes for the part type entity. However, in case of FMSs 

with sequence-dependent setup times, the setup time is regarded as an attribute of the relation 

between a given part type and the one preceding it on a certain machine, as captured in Figure 

�5.2. It is worth noting that the considered FMSs are assumed to be fully automated, which is the 

reason behind disregarding the human resource from the environmental model.  

5.3 Layers of the Proposed Architecture 

By definition, scheduling is concerned with the allocation of available resources to the planned 

jobs. This motivated the introduction of two layers, one for jobs and the other for resources. 

While the former corresponds to planning, the latter is related to shop floor control. To 

capitalize on the components flexibility of FMSs resulting from the grouping, described in 

chapter �2, resources are grouped according to the service they currently provide. This results in 

introducing a layer for representing the services provided by resources, above the resource layer, 

as in Figure �5.3. This added layer accounts for the collective capabilities of the available 

resources while generating and updating schedules. Similarly, jobs are grouped based on their 

shared constraints, such as a shared deadline for a shared delivery destination. This grouping 

results in the introduction of a layer above the jobs layer, as in Figure �5.3. The introduction of 

the job group layer aims at accounting for the individual requirements of the different 

customers, corresponding to the different delivery destinations, while generating schedules.  
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Figure �5.3: Layers of the proposed architecture 
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5.4 Deriving Agent Types 

The main principle underlying the proposed agent-based dynamic scheduling is to tackle the 

inherent complexity of FMS scheduling by decomposing the problem into sub-problems and 

assigning them to the concerned agents. Each agent endeavors to solve its assigned sub-problem 

out of its limited knowledge and by aiming at the accomplishment of its local objective. In this 

section, the agent types at the four layers of the proposed architecture are derived. 

5.4.1 Agent Types at the Resource Layer 

Resource agents represent resources affecting the flow of production, illustrated in Figure �2.6. 

Since the number of resources affecting the flow of production, such as tools, AGVs and 

buffers, is large, a one-to-one representation of agents to resources would yield a large number 

of agents and thus high communication complexity at run time. This is dealt with by classifying 

resources into passive and active resources. As their name suggests, passive resources are not 

assigned any responsibility in scheduling and hence do not have to be represented by agents. 

However, the availability of these passive resources is necessary for following the schedule. In 

other words, their status has to be monitored in order to react to any potential failures in them, 

by repairing the schedule accordingly. Therefore, active resources are represented by agents, 

which are assigned the responsibility of capturing the current status of their corresponding active 

resources along with the current status of the passive resources currently residing in them. A 

prerequisite for this distinction is to ensure that a passive resource has to be physically located at 

an active resource at any point in time.  

Table �5.2: Derivation of the influencing resources with the corresponding locations 

Production step   Influencing resources Influencing location 

Loading Material  Material store 

Transportation AGV  AGV 

Temporary storage  Local buffer, work-in-
process buffer  

Machine, work-in-process buffer 

Processing Machine, tools Machine 

Unloading  Store  Final product store  

Identifying active resources is based on an analysis of the flow of production, depicted in Figure 

�2.6. This flow is analyzed in Table �5.2 by considering the production steps and deriving for each 

step the influencing resources and the influencing locations, corresponding to the active 

resources. As presented in Table �5.2, five influencing locations can be derived from the five 

different production steps. Based on these influencing locations, the required agent types along 
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with their responsibilities in scheduling are derived in Table �5.3. This results in four agent types 

representing machines, AGVs, buffers, including both work-in-process buffers and final product 

stores and material allocators, corresponding to the material store. Based on these four agent 

types, a comprehensive coverage of the current status of all the relevant resources is supported. 

As illustrated in Table �5.3, the main responsibility of machine agents is to solve the sequencing 

sub-problem of machine scheduling. Likewise, AGV agents are responsible for solving the 

routing sub-problem of the transportation scheduling. The material allocator and the material 

store agents carry auxiliary responsibilities in transportation scheduling by allocating material 

and store space, respectively. They aid in generating a transportation schedule under 

consideration of the availability of the material and the store space resources. 

Table �5.3: Derivation of agent types and the associated responsibilities at the resource layer 

Influencing location Agent type Scheduling responsibility 

Material store Material allocator agent Allocating material to jobs 

AGV AGV agent Solving the routing sub-
problem  

Work-in-process 
buffer, final product 
store 

Buffer agent Allocating store space to 
jobs 

Machine Machine agent Solving the sequencing sub-
problem 

5.4.2 Agent Types at the Service Layer 

Agents at this layer represent services supported by a group of resources. As previously 

explained in section �2.2.2, the steps of the production flow are classified into processing steps 

and material handling steps. These two classifications correspond to services provided by the 

resources to the jobs. In other words, a resource can provide a job with either a processing 

service, by performing an operation, or a transportation service, by moving workpieces from a 

source to a destination. Transportation services include other related tasks such as the temporary 

storage of workpieces. Accordingly, two main groupings of resources are possible: grouping 

machines based on their operations and grouping material handling resources based on their 

transportation service. Material handling resources provide different transportation services if 

they are located in different partitions at the shop floor, referred to as flexible manufacturing 

cells (FMCs).  

This results in identifying two main agent types: operation agents for representing processing 

services and transportation agents for representing material handling services. A sample FMS 

consisting of one FMC is depicted in Figure �5.4. For this shop floor, three service agents are 

required: two operation agents for representing the shared operations of the CNCs, determined 

by their current setup, and a transportation agent for managing the material handling resources. 
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The objective of operation agents is to improve the utilization of the machines currently 

performing the operation in concern. Similarly, transportation agents aim at minimizing the 

transportation time required for incoming job requests by enhancing the utilization of the 

corresponding material handling resources. In other words, operation agents cooperate with their 

machine agents to optimize production schedules and transportation agents cooperate with their 

material handling resources to optimize transportation schedules.   
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Figure �5.4: Agent-based representation of a sample FMS shop floor 

5.4.3 Agent Types at the Job Layer  

In representing jobs, a job agent type is defined. Job agents represent planned jobs, which are 

described by their part types, quantities, priorities, release dates and possibly deadlines. The 

objective of a job agent is to get the best allocation of the required resources over time. This 

implies that its responsibility in scheduling is to evaluate the offers provided to it by the 

operation and transportation agents. The evaluation is based on the total time offered for 

executing the job or the deviation from the deadline. Job agents have to make sure that the 

offered schedules are feasible concerning any precedence constraints, that might be involved in 

their work plans. 

5.4.4 Agent Types at the Job Group Layer  

At this layer, a job group agent type is defined. This agent type aims at achieving an allocation 

of its jobs that leads to satisfying the common constraints. Grouping jobs can be based on either 

their part types or their delivery destination, also referred to as customers. The decision on the 
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grouping art is taken at the planning phase and depends on the strategy of the FMS. If 

production requirements are specified based on the capacity of the system, it makes sense to 

group jobs based on shared part types and consider the predefined production requirements of 

every part family in the group agent representing this family. On the other hand, if the system 

produces based on customer requests, job group agents represent the set of jobs for a given 

customer. In summary, while the former way of grouping accounts for the system view the latter 

accounts for the customer view. In this work, the latter view is adopted since it accords with the 

open shop model of the FMS, explained in section �2.2.1.1. 

5.5 Internal Agent Architecture 

Conventional agent architectures can be classified into reactive architectures, deliberative 

architectures and interactive architectures [Müll98]. Each of these architecture types stresses one 

property of the agent behavior. Reactive architectures emphasize the reactivity aspect of agents 

by basing their decisions mainly on sensory input. Deliberative architectures possess a more 

sophisticated symbolic representation of the encompassing environment and stress the proactive 

goal-oriented aspect at the cost of reactivity. Interactive architectures are concerned with the 

interaction among agents and lay their focus on incorporating communication mechanisms and 

protocols. Motivated by the shortcomings of these approaches, hybrid architectures have been 

proposed. However, there has been no agreed-upon architecture and the choice of an agent-

based architecture has remained a solution-specific issue. 
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Figure �5.5: The internal agent architecture 

For the purpose of this research work, an architecture inspired by the requirements, derived in 

section �2.3, has been developed. This architecture accounts for the required combination of 
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flexibility with efficiency. As illustrated in Figure �5.5, the proposed architecture consists of two 

layers: the reactive layer and the deliberative layer. While the reactive layer is intended for the 

quick reaction to the environmental dynamics, the deliberative layer is responsible for 

optimizing the quality of the agent’s decisions. The two layers are complemented by a control 

subsystem which undertakes the activation of the suitable layer based on the current status of the 

environment and the current configuration of the agent behavior. In what follows, the individual 

components of the architecture are described in more details. 

5.5.1 Interface to the Environment 

As previously described in section �2.2.1, FMS scheduling is highly interdependent on its 

surrounding environment. A distinction is made between static and dynamic environmental 

factors. While the former can be statically represented in the environmental model, the latter 

have to be made available to scheduling dynamically. Accordingly, the proposed scheduling 

approach emphasizes the integration of scheduling into its environment by providing interfacing 

channels linking scheduling with the environmental model as well as with the planning and shop 

floor functionalities.  

The interface to the environment provides agents with sensing and acting capabilities. The 

environment corresponds to the planning layer, the shop floor control layer and the 

environmental model. The interface to the environment involves all the primitives required for 

providing accessibility to the three environmental entities.  

5.5.1.1 Interaction with Planning 

The objective of this interface is threefold: enabling configurability, providing transparency and 

making planned requirements available to the concerned agents. While the configurability of 

agents corresponds to the long-term flexibility, the transparency enhances the integration ability. 

For satisfying the configurability, parameters are defined for controlling the behavior of agents. 

These parameters correspond to the scheduling scope and to optimization-related parameters, 

which will be detailed in chapter �7.  

Decisions taken by agents are made transparent to the planning layer. These decisions basically 

involve the state of the schedule generation under the different conditions. This allows for 

evaluating the performance of the agent-based scheduling under the different conditions. The 

state of the schedule generation is proactively archived by the agents themselves and can be 

invoked upon request. The schedule generation state includes, in addition to the eventually 

generated schedule, the partial schedules attained in the course of the schedule generation. This 

can support the management in taking future decisions regarding the configuration of scheduling 

and thus enhances the visibility into the agent-based behavior.   
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Finally, the interface with the planning layer supports communication channels for conveying 

both generation requests as well as modification requests. In general, the communication 

channels used for interfacing with the planning layer are asynchronous channels. This can be 

realized based on the message passing mechanism supported by agents.  

5.5.1.2 Interaction with Shop Floor Control 

The interaction with shop floor control is necessary for interleaving scheduling with schedule 

execution or realizing the desired online scheduling. The requirement which is focused on by 

this interface is the requirement on the real-time monitoring, which is necessary for satisfying 

the integration, explained in section �2.3. Therefore, this interface is provided to agents at the 

resource layer in form of communication channels for equipping them with the capability of 

capturing the dynamics of the control and transmitting the schedule to the concerned resources 

for execution. The dynamics of the shop floor that are captured by scheduling include events 

like the termination of a scheduled job, the current load of resources and possible resource 

failures. It is worth noting that the used communication channels are intended for the integration 

with a simulated control, in the current research work.  

5.5.1.3 Accessing the Environmental Model 

The environmental model constitutes part of the environment and thus has to be made accessible 

to agents. The access to this model is made available based on the object-relational mapping 

concept. In other words, database objects are mapped into programming objects which can be 

accessed by agents without having to get into the low details of the applied database. In addition 

to the abstraction from the low-level details of relational databases, object-relational mapping 

allows for exploiting the merits of the object-oriented paradigm, such as encapsulation, 

inheritance and polymorphism.  

The provided interface supports bi-directional access to the environmental model. Data stored in 

the model have to be retrieved whenever static data are required. For example, the operations 

required for manufacturing a given part type have to be retrieved, whenever a job associated 

with this part type is requested. In addition, access to the environmental model can take the form 

of temporal archiving, which justifies the write access granted to the agents and symbolized by 

the arrow directed to the environmental model in Figure �5.1. An example for this is to save the 

relevant data of all jobs to enable other agents to retrieve job attributes based on a given 

identifier. The reason for this is mainly to minimize the communication load among the agents. 

5.5.2 Interface to other Agents 

As illustrated in Figure �5.5, the internal agent architecture is equipped with an interface to other 

agents. This interface depends on the asynchronous communication through message passing. 
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Therefore, it consists of communication handlers of all the interactions imposed by the 

communication protocols. These protocols are discussed in details in chapter �6. In addition to 

the communication handlers, the interface to other agents exploits the yellow pages’ mechanism, 

provided by agent platforms. This yellow pages’ mechanism allows agents to register 

themselves under a certain service and to be retrieved dynamically. Accordingly, the 

communication among the agents can be made more flexible. In this way, the fulfillment of the 

extensibility requirement, described in section �2.3, is significantly facilitated. 

5.5.3 Control Subsystem 

The introduction of this subsystem in the internal architecture caters for achieving the required 

balance between flexibility, in terms of reactivity, and efficiency. This balance is required from 

every agent involved in the optimization of schedules. i.e. all agent types except for material 

allocator agents and buffer agents. These two agent types are distinguished with their simple 

internal architecture, consisting of only the reactive layer which is directly connected with the 

environment. In other words, no control subsystem is necessary in case of material allocator and 

buffer agents.  

In all other agent types, the control subsystem is directly connected with the interfaces to the 

environment and to the other agents. All incoming events are directed to the controller which 

decides on the layer to be activated. The decision on the activation of the available two layers 

depends mainly on the current scheduling mode. Under the schedule repair mode, the reactive 

layer is activated to ensure the reaction to the environmental dynamics in reasonable time. 

Under the schedule generation mode, the deliberative layer is activated for all agents that are 

involved in optimizing the schedule, as will be detailed in chapter �7.  

5.5.4 Reactive Layer 

This layer is responsible for exhibiting reactivity to the environmental dynamics. The concrete 

task of the layer differs from one level to the other of the multi-agent architecture. However, the 

objective of the layer remains the same, which is performing the required allocation. At the 

resource level, the allocation is conceived in terms of the allocation of the resource time to the 

jobs. This corresponds to solving the sequencing sub-problem for the machines and the routing 

sub-problem for the AGVs. Likewise, material allocator agents allocate material to jobs over 

time and buffer agents allocate store space to jobs over time. At the service level, the allocation 

corresponds to the selection of resources to be allocated to jobs. At the job and the job group 

levels, the allocation reacts to the received offers by modifying their local schedules. The self 

model captures the current status of the corresponding physical or logical entity in addition to its 

local schedule. The current status corresponds to the dynamic influencing factors captured by 
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the interface to the environment. For example, upon the detection of a machine failure, the self 

model is updated to reflect that the resource is broken down. 

5.5.5 Deliberative Layer 

The deliberative layer aims at fulfilling the efficiency requirement, discussed in section �2.3, 

based on an optimization subsystem. Its task is to optimize the schedule based on sophisticated 

optimization techniques. As illustrated in Figure �5.5, the optimization subsystem utilizes 

scheduling knowledge, encompassing formalizations of the knowledge necessary for the 

optimization. The optimization takes different forms along the different levels of the hierarchy. 

On the one hand, the aim of this layer is to generate near optimal schedule alternatives at the 

resource and the service levels.  On the other hand, the optimization at the job and the job group 

layers aims at optimizing the selection of the available offers. The optimization process will be 

extensively discussed in chapter �7. 

In this chapter, the architecture of the proposed agent-based scheduling was developed. An 

environmental model for representing the static details of FMSs, that are relevant to scheduling, 

was described. The different layers of the proposed architecture along with their associated 

agent types were derived. The internal agent architecture was explained and illustrated.   
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6 Inter-Agent Cooperation and Communication 

Protocols for Schedule Generation 

It has been shown that according to the triggering event, a schedule is either generated or 

repaired. These two modes are handled in the rest of the thesis by addressing the schedule 

generation in the current and the following chapters and the schedule repair in chapter �8. In this 

chapter, the inter-agent cooperation and communication protocols for the schedule generation 

are described and illustrated. Section �6.1 derives the different cooperation levels among the 

agents based on an analysis of the previously presented influencing factors. Sections �6.2 and �6.3 

explain the communication protocols for generating production and integrated schedules, under 

consideration of the identified cooperation levels.  

6.1 Cooperation Levels among Agents 

As previously mentioned, the schedule generation mode is classified into integrated scheduling 

and production scheduling, which is further classified into sequential scheduling and 

simultaneous scheduling. Every scheduling mode is triggered by a certain environmental 

configuration and hence the associated communication protocols and scheduling techniques are 

devised in a way that matches the corresponding configuration. The underlying principle of 

having different communication protocols for the different modes is to enhance the reactivity by 

allowing the concerned agents to participate in the decision making process, only when it is 

necessary. These different communication protocols are conceived at different abstraction levels 

of the proposed architecture, resulting in different cooperation levels along the hierarchy. As 

illustrated in Figure �6.1, three different cooperation levels are necessary for generating 

schedules under the different schedule generation modes and environmental conditions. At the 

lowest level of cooperation, the participation of agents at the resource and the service layers is 

sufficient to generate the schedule. At the next higher level, i.e. level 2, the participation of job 

agents is necessary for the schedule generation. At the highest cooperation level, i.e. level 3, 

concerned agents along the four layers of the architecture have to participate in the schedule 

generation. 

Table �6.1 derives the required cooperation levels from the possible scheduling modes and the 

number of job groups associated with the requested jobs. This added factor is essential in 

determining whether the participation of job group agents is necessary or not, as will be detailed 

in this section. Under the sequential production scheduling mode, the scheduling request is 

initiated from a single job, which intuitively belongs to a single job group. This is handled by 

generating the schedule through the cooperation among the operation agents and the machine 
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agents at the service and the resource layers. Accordingly, cooperation level 1 is adequate for 

this case. The multiple job group case does not apply to the sequential production scheduling 

mode and is thus denoted as not applicable (NA). Under the simultaneous production scheduling 

mode, multiple jobs are available and can either belong to the same job group or to different job 

groups. In the former case, the participation of the concerned jobs is necessary to account for 

possible conflicting preferences among these jobs, which implies the suitability of cooperation 

level 2. In the latter case, level 2 is not sufficient due to the need to involve the concerned job 

group agents in the schedule generation to take the shared constraints into consideration. 

Consequently, cooperation level 3 is necessary for generating a production schedule for multiple 

jobs belonging to multiple job groups.   
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Figure �6.1:  Agent-based cooperation levels with the associated abstraction levels of the agent-
based architecture.  

Table �6.1: Deriving cooperation levels from the scheduling mode and the number of job groups 

 Number of job groups 

Scheduling mode Single Multiple 

Production scheduling 
(sequential) 

Level 1 NA 

Production scheduling 
(simultaneous) 

Level 2 Level 3 

Integrated scheduling  Level 2 NA 

Under the integrated scheduling mode, which is only supported for sequential scheduling, a 

production schedule has to be integrated with transportation schedule. For this purpose, the 

scheduling decision is escalated to the job level to allow the concerned job agent to evaluate the 

proposals from the operation and the transportation agents out of its own perspectives. In this 
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case, the decision spans the three lowest levels of the architecture and thus requires cooperation 

level 2.  

6.2 Communication Protocols for Generating Production 

Schedules 

In this section, the communication protocols required for generating a production schedule are 

illustrated. For every cooperation level, an interaction protocol based on the contract net 

(CNET) protocol is applied. This communication protocol is a high level protocol for distributed 

task allocation in agent-based systems, following the market-based contracting metaphor 

[Wool01]. It is widely applied due to its simplicity and its capability to achieve efficient 

cooperation among agents [Ouel03]. This protocol consists of three basic steps: task 

announcement, bidding and contracting. In task announcement, an agent that needs to achieve a 

certain task seeks help from other agents that are capable of accomplishing this task and contacts 

them. In bidding, every contacted agent responds to the task announcement by an offer, referred 

to as a bid, to solve this task. In contracting, the announcer of the task selects the agent with the 

most appropriate bid and awards it the responsibility of carrying out the task. It is also possible 

to contract with more than one agent at the same time, in case the parallel execution of the task 

at hand is desired [Wool01]. 

6.2.1 Communication Protocol for Cooperation Level 1 

As previously mentioned, cooperation level 1 is associated with the sequential scheduling mode, 

where a single job request has to be satisfied. Similar to the conventional CNET protocol, this 

protocol involves task announcement, bidding and contracting steps, as illustrated in Figure �6.2. 

However, the task announcement is performed at two levels: by informing the operation agents 

and the machine agents. The optimization technique applied in case of a single job request 

depends on the assessment of the proposals gathered from the entire set of machine agents, 

corresponding to the currently available machines that provide the concerned operation. 

Accordingly, the task of incorporating the incoming job request into the schedule is announced 

to the entire set of machine agents. Based on the proposed bids and an allocation heuristic, 

which is explained in chapter �7, a subset of these machines is selected and this selection is 

confirmed by contacting both the machine agents and the job agent. 

In spite of the participation of the job agent in the communication protocol, it in not involved in 

the decision making process underlying the schedule generation. Its participation is limited to 

announcing the task and receiving the confirmation. This explains the reason for conceiving this 

protocol under cooperation level 1, which involves the participation of agents at the resource 

and the service layers in the decision making process of the schedule generation. It is worth 



 65 

noting that this limited participation of job agents is realized by the activation of the reactive 

layer in their internal architectures. 
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Figure �6.2: Communication protocol for production scheduling at cooperation level 1 

6.2.2 Communication Protocol for Cooperation Level 2 

To accommodate for the job-related evaluation, required for cooperation level 2, the CNET 

protocol is extended, as illustrated in Figure �6.3. The proposed protocol involves a two-level 

task announcement, a two-level bidding, an extra step for voting on the bids and a contracting 

step. Similar to the interaction protocol for cooperation level 1, an announcement of the 

scheduling request to the operation agents followed by an announcement to the machine agents 

is necessary. Nevertheless, the underlying optimization technique dictated by the simultaneous 

scheduling mode is different from the case of a single job. This is reflected in the interaction 

protocol by the task announcement to the machine agents. Whereas in case of a single job 

request all corresponding machine agents are contacted, in case of multiple job requests only a 

subset of the machine agents are requested to participate in the bidding mechanism. This is 

attributed to the fact that the evaluation of bids is preceded by the selection of the machines 

requested for bidding, in the applied optimization algorithm for the multiple job case, as will be 

detailed in chapter �7.  

The main extension to the CNET protocol lies in the voting step, whose aim is to let job agents 

deliver their relative preferences of the different operation bids. This allows the operation agents 

to get an insight into the expected performance of the schedule to be selected based on the 

preferences of the job agents to the offered schedule alternatives. Based on the gathered votes of 

the offered bids, the operation agents select the final bid and confirm it with the concerned 

machine and job agents.  
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Figure �6.3: Communication protocol for production scheduling at cooperation level 2 

6.2.3 Communication Protocol for Cooperation Level 3 

For the accommodation of the job group perspective in the schedule evaluation, the proposed 

interaction protocol, described in the previous section, is further extended by adding two steps. 

As depicted in Figure �6.4, the added steps, namely step e and f, correspond to forwarding the 

bids gathered by the job agents to the job group agents and voting for these bids out of the job 

group agents’ perspective.  
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Figure �6.4: Communication protocol for production scheduling at cooperation level 3 
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6.3 Communication Protocol for Generating an Integrated 

Schedule 

This section focuses on the generation of a schedule under the integrated scheduling mode. The 

generation of an integrated schedule takes place through the interaction between a job agent and 

the concerned operation and transportation agents. This interaction corresponds to cooperation 

level 2, as illustrated in Table �6.1. The proposed interaction protocol represents an extension to 

the CNET protocol and is depicted in Figure �6.5, by focusing on just the job and the service 

levels. As depicted in Figure �6.5, the integrated scheduling is triggered by a request sent from 

the job agent to the agents representing the required operations, according to the predefined plan 

of the associated part type. This step corresponds to the task announcement of the conventional 

CNET protocol. The contacted operation agents react by supplying the job agent with their bids 

in the form of production schedule alternatives. These bids are generated through the interaction 

with the machine agents at the lower level.  
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Figure �6.5: Communication protocol for generating an integrated schedule 

Having received the production scheduling bids, the job agent pursues the process by contacting 

the transportation agents of the FMCs to which the proposing machines belong. Similar to 

production scheduling, transportation scheduling is performed through the interaction between 

the contacted transportation agents and other agents, representing the relevant transportation 

resources. For every production scheduling bid, a transportation offer is proposed, entailing the 

transportation costs, as will be explained in details in chapter �7. These transportation offers are 

used to evaluate the production scheduling bids from the job’s perspective. The evaluation takes 

the form of votes corresponding to the relative preference of the offered production schedules. 

These votes are sent to the operation agents which had supplied the production scheduling bids 

to decide on the schedule to be selected. Eventually, the selected bids are confirmed with the 

requesting job agent, which in its turn confirms its selection of the associated transportation 

offers with the offering transportation agents. 

The first part of the integrated scheduling, corresponding to the interactions among the operation 

and the machine agents to generate a production schedule, has already been explained in the 



 68 

previous section. The interactions among the concerned agents in generating transportation 

offers are governed by the communication protocol shown in Figure �6.6 

The protocol starts with a task announcement step initiated by the job agent to the transportation 

agents, offering the required transportation service. These agents are determined based on the 

physical layout of the machines associated with the production scheduling bids. For every FMC 

containing an offering machine, the transportation agent responsible for the transportation 

within this FMC is contacted.  
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Figure �6.6: Communication protocol for transportation scheduling 

Upon receiving a job request, a transportation agent gathers bids from AGV agents to transport 

the workpieces to the required destination, in case it is located in the current FMC, or to a 

neighboring cell otherwise. In the latter case, the transportation agent of the neighboring cell is 

requested to provide an offer for transporting the workpieces either to the destination, if it is in 

its cell, or to other neighboring cells along the route to the destination. This process continues 

until the destination is found and the proposal propagates back to the transportation agent 

initiating the request, which calculates the path and its associated cost. In calculating the 

required route, AGV agents communicate with buffer agents and material allocator agents, 

under consideration of the physical layout. This communication takes the form of the traditional 

CNET protocol, as will be illustrated in this section. The best found path along with the 

associated cost is sent as an offer to the requesting job agent, which in its turn uses this offer in 

evaluating the production scheduling bids. Upon receiving a confirmation of the selected 

production schedule from the concerned operation agents, the job agent confirms the associated 

transportation proposal with the offering transportation agent, which in its turn confirms the 

proposal with the associated transportation and AGV agents. 



 69 

To illustrate, consider the example of Figure �6.7. Assuming that a job agent seeks a 

transportation bid from machine M1 to machine M6, it has to send a request to T1, i.e. the 

transportation agent in charge of the FMC containing the source machine M1. The 

communication among the agents in generating a transportation schedule is depicted in Figure 

�6.8, where the arrows are labeled with the step number of the communication protocol.  As 

illustrated in Figure �6.8, the task announcement is initiated by the job agent and propagates to 

the agents, representing the material handling resources in FMC2, where the destination 

machine M6 is located.  
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Figure �6.7: The agent representation of the transportation resources of a sample FMS 
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Figure �6.8: A sequence diagram illustrating the communication protocol for generating a 
transportation schedule 

The task announcement takes the form of a transportation job with predefined source and 

destination. In specifying the source and destination, a transportation agent takes the layout of 

the shop floor into consideration. A job for transporting workpieces from a source machine to a 

destination machine may be broken up into sub-tasks over a set of cells. In each of the cells 

where neither the source nor the destination is located, a transportation task corresponds to 

moving the workpieces from an input buffer to an output buffer inside the same cell. In the 

considered example, the job of transporting workpieces from M1 to M6 is decomposed into two 
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sub-tasks: transporting workpieces from M1 to B1 and from B1 to M6. While the former task is 

undertaken by T1 the latter is assigned to T2.  

Each AGV agent reacts to the task announcement by supplying a proposal, comprising the 

collecting time of the workpieces from the source of the associated sub-task and the delivery 

time at the destination of the same sub-task. As illustrated in Figure �6.8, for A1 and A2 agents to 

prepare their proposals, they have to contact B1 to get the earliest time at which the required 

store space would be available. Eventually, AGV bids are collected by the concerned 

transportation agent and a transportation proposal is prepared and supplied to the requesting job 

agent. It is then up to the job agent to accept or refuse the proposal. Refusing the proposal 

implies selecting different source and/ or destination machines.  In case the proposal is accepted, 

the job agent confirms with the offering transportation agent which in its turn confirms with the 

concerned AGV and transportation agents, as illustrated in Figure �6.8. This example has 

considered the partial transportation from a machine to another machine. When considering the 

complete transportation of the workpieces of a given job, an offer is requested for every 

transportation step starting from the material store all the way up to the final product store. 

This chapter has addressed the interactions among the agents in generating schedules. The effect 

of the different schedule generation modes and their associated environmental conditions were 

analyzed. This resulted in developing a model, describing the different cooperation levels 

involved in the schedule generation. Each cooperation level corresponds to the participation of 

agents, at certain layers of the proposed agent-based architecture, in the decision making of the 

schedule generation. In light of this model, the communication protocols of the different 

scheduling modes along the different cooperation levels were explained and illustrated. 
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7 Hierarchical Agent-based Schedule Generation 

This chapter embarks on the details of the schedule generation process. A hierarchical agent-

based schedule generation process is proposed. The chapter is organized as follows. Section �7.1 

gives an overview on the proposed schedule generation process by highlighting the 

decomposition of the schedule generation into sub-tasks and assigning these sub-tasks to the 

different layers of the agent-based architecture. These sub-tasks are classified into two main 

categories, namely the search for schedule alternatives and the evaluation of these alternatives. 

Section �7.2 is devoted to explaining the search for production schedule alternatives, which 

constitutes the core of the schedule generation process. Section �7.3 addresses the search for 

integrated schedules. The evaluation and selection of schedule alternatives are explained in 

sections �7.4 and �7.5. 

7.1 Overview on the Proposed Schedule Generation 

The basic idea of the agent-based schedule generation is to tackle the problem complexity by 

decomposing it into sub-problems and assigning these sub-problems to the concerned agents. 

Each agent endeavors to solve its assigned task and reach its local objective. Agents depend on 

their local knowledge of the problem and can thus lead to conflicts or reduced performance from 

the global view. To avoid potential conflicts and converge to a near-optimal schedule, concerned 

agents have to work together at different levels of cooperation, as explained in the previous 

chapter.  
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Figure �7.1: The proposed schedule generation process 
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The proposed schedule generation process represents a bottom up process starting with the 

resource agents going up all the way to the job group agents. At each level, a given objective is 

endeavored and a certain sub-task is to be achieved, as illustrated in Figure �7.1. At the resource 

level, the optimization objective is to maximize the utilization of the concerned resources. This 

is pursued through solving the sequencing and the routing sub-problems, which represent sub-

problems of production scheduling and transportation scheduling respectively. Due to their 

intermediary role between job agents and resource agents, agents at the service level aim at 

accounting for the objectives of both the jobs and the resources while optimizing the allocation 

of resources to jobs. By solving the two search tasks at the two levels, schedule alternatives can 

be generated under consideration of the given objectives. The search at the two levels is an 

iterative process and is referred to as the cooperative search. 

The evaluation at the job level aims at influencing the schedule selection, carried out at the 

service level, in a way that yields a schedule that minimizes the makespan of the individual jobs. 

By allowing every involved job agent to evaluate the schedule alternatives out of its own 

perspective, the selected schedule can result in the best makespan for the majority of jobs and 

hence to a good overall makespan. Following the same principle, the schedule generation 

process accounts for the evaluation of the involved job group agents, whenever cooperation 

level 3 is necessary. This evaluation aims at taking the makespan of the involved job groups 

under consideration, when optimizing the schedule.  

In the following sections, a more detailed discussion about the cooperative search and the 

evaluation phases of the schedule generation is given. 

7.2 Cooperative Search for Production Scheduling 

Proposals  

In pursuing their scheduling objectives, machine and operation agents perform the cooperative 

search process, depicted in Figure �7.2 by distinguishing its sub-functionalities with dotted 

rectangles. According to the  desired cooperation level, the results of this search is either used 

by the operation agent to select the best schedule alternative found so far or delivered to the 

concerned jobs, at the layer above, for evaluation. While the former case corresponds to the 

behavior of agents under cooperation level 1, the latter case is valid for cooperation levels 2 and 

3. 

In what follows, the cooperative search for both the sequential production scheduling and the 

simultaneous production scheduling is explained. The two other functionalities, shown in Figure 

�7.2, are handled separately in section �7.5. 
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Figure �7.2: Schedule generation functionalities at the resource and service levels 

7.2.1 Searching under the Sequential Production Scheduling Mode 

The search for production schedule alternatives under the sequential scheduling mode reduces to 

the trivial case of allocating the required resources to a single job. As illustrated in Figure �7.3, 

the process is triggered when an operation agent receives a single job request. It reacts by 

requesting proposals from the corresponding machine agents. Every contacted machine agent 

takes this request and offers an allocation proposal on this machine. The simple dispatching rule 

first come first served (FCFS) is applied to avoid introducing disturbances to the already 

scheduled jobs. The offered proposal comprises the earliest start time of the job on the 

concerned machine and the associated allocation cost. For the sake of minimizing the time lost 

in setup, the allocation cost is defined to denote the time lost by a machine in switching to a new 

part. This cost is associated with an allocation request of an incoming part on a certain machine 

and amounts to the setup time that was incurred by the machine for the previous allocation and 

would be lost if the machine is to process the new request. In this way, the impact of potential 

fluctuations in the part types of the incoming job requests is minimized. 
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Figure �7.3: An activity diagram illustrating the cooperative search process under sequential 
production scheduling mode 
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Figure �7.4: A scenario illustrating the preparation of a machine proposal 

To illustrate, consider the scenario depicted in Figure �7.4 for preparing proposals on a certain 

machine for two different allocation requests. In the first case, the job to be scheduled, job B, 

belongs to the same part family of the last job scheduled on this machine. Incorporating this job 

into the schedule implies losing the minor setup which was incurred for part type1 and incurring 

minor setup for part type2, to which the incoming job belongs. Accordingly, the offered 

allocation would be associated with a cost amounting to the lost setup which is 2T, 

corresponding to the minor setup of part type1. This cost together with the start time offered to 

job B, which is in this example T3, constitutes the proposal offered for job B. For the other 

request coming from job C, the cost would be higher since C belongs to a different part family 

and hence necessitates losing the setup that was incurred for part type1 of part family1. The lost 

setup in this case amounts to six time units corresponding to the major setup time of part 

family1 and the minor setup time of part type1.  

7.2.2 Searching under the Simultaneous Scheduling Mode 

The cooperative search process under the simultaneous production scheduling mode tackles the 

problem complexity by employing genetic algorithms both at the resource and the service levels. 

As illustrated in Figure �7.5, the process consists of four steps: initialization, optimization, 

validation and termination [BaGö10].  

7.2.2.1 Initialization 

The initialization is initiated by the operation agents, upon receiving job requests. Operation 

agents undertake the initialization of the cooperative search and trigger their machine agents to 

perform an initialization for their local search. 

Initializing Cooperative Search 

The objective of this initialization is to derive the number of machines to be considered for the 

allocation and the number of job lots to be allocated to each machine. This is calculated as 
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follows. First, the total number of job lots K is calculated by multiplying the number of jobs J by 

a predefined parallelization rate r, corresponding to the number of machines to be allocated to 

each job. For instance, if the number of jobs amounts to 20 and the parallelization rate r is set to 

2 the total number of job lots would be 40. The parallelization rate in this case corresponds to 

the simultaneous allocation of every job to two machines for the parallel execution of the 

operation in concern. 
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Figure �7.5: An activity diagram illustrating the cooperative GA-based search process under the 
simultaneous production scheduling 

Second, the number of machines n, to be considered for allocation, and the associated 

chromosome length l , corresponding to the number of jobs allocated for every machine, are 

derived by the iterative procedure, listed in Figure �7.6. Initially, the total number of machines N 

is considered for allocation. The chromosome length l  is calculated by rounding up the result of 

dividing K by N. In case the resulting number of jobs is below a predefined minimum length L, 

the number of machines is decremented by 1 and l  is calculated again. This procedure iterates 

until l  reaches L or the number of machines reaches 1. 
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Figure �7.6: Initialization algorithm for the cooperative search 

To illustrate, consider the previous example and assume the availability of 20 machines. 

Allocating the 40 job lots to the 20 available machines would result in every machine having 2 

lots. This implies 2 jobs at each machine which is relatively small and can lead to a changeover 

of the current setup of the machines to fulfill the current job requests. In this example, if we 

suppose a minimum length of 4, only 10 machines would suffice to reach the required 

parallelization rate. However, higher machine utilization can be attained by configuring the 

parallelization rate. In the case of multiple job requests, it is assumed that all machines are 

initially unloaded, i.e. no jobs are scheduled on the machines. Accordingly, it would not make 

sense to favor one machine to the other and hence the contacted machines are selected at 

random, from the machines performing a certain operation. 

Initializing Local Search  

Machine agents receive from their operation agents the number of jobs to be scheduled along 

with their identifiers. Every machine agent selects l  jobs out of the total J jobs at random and 

generates a population of chromosomes encoding possible permutations of the selected jobs. For 

example, the chromosome {2,7} encodes  a local schedule for executing job 2 followed by job 

7.  

Having generated the chromosomes, the fitness of each of these chromosomes is calculated. As 

a measure of the relative fulfillment to the optimization objective of the chromosomes, the 

fitness function at the resource level aims at assessing the machine utilization implied by the 

chromosome. Since different chromosomes represent different permutations of the same set of 

jobs, the total processing time for all chromosomes is the same and is thus disregarded from the 

fitness calculation. Accordingly, the fitness function )( mm cf of a given machine chromosome mc  

is calculated by adding up the setup required for every job in the sequence of jobs encoded by 

this chromosome, as in (7.1). 

)()( jscf
j

mm �=  (�7.1) 

Different sequences of the same set of jobs are associated with different setup times. This 

depends on whether succeeding jobs refer to the same part type and part family or not. The 

objective at the machine level is to minimize the function calculated in (7.1). 
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7.2.2.2 Optimization 

As depicted in Figure �7.5, the optimization step consists of the GA-based search at the resource 

level followed by the initialization and the GA-based search steps at the service level.  

GA-based Search at Resource Level 

Every machine agent searches for the best sequence of l  jobs. The search for an optimal 

sequence is carried out by applying standard GA operators to the current population to evolve 

better offspring. The quality of the offspring is measured by its fitness function. As a 

minimization function, the lower the fitness function is, the better the quality of the chromosome 

is deemed to be. The evolution is pursued until the termination condition is reached, which is 

defined in terms of a given number of generations. Having reached the termination condition, 

each machine agent delivers the best c  chromosomes to the operation agent along with the 

average fitness of the current population.  

Initializing Local Search at Service Level 

This step is iteratively performed during the cooperative search whenever the operation agent 

receives solution alternatives from the contacted machine agents. Therefore, this step is regarded 

as part of the search step and not as part of the overall initialization step which is performed 

only once. During the initialization step, combinations of offers from the resource agents are 

generated.  
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Figure �7.7: Encoding of chromosomes at the resource and service levels  

The encoding of chromosomes at the service level takes the form of indices to the offered 

machine chromosomes. As illustrated in Figure �7.74, a chromosome at the service level with the 

value {1,2,1} encodes the schedule representing the combination of the first chromosome from 

                                                 
4 The dashed boarders distinguish chromosomes, whose decoded schedules are shown. 
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MA1, the second chromosome from MA2 and the first chromosome from MA3, in the c  offered 

chromosomes. This encoding ensures a 1-1 mapping of chromosomes to valid schedules.  

Similar to the initialization step at the resource level, chromosomes are evaluated based on a 

fitness function at the service level. The aim of this fitness function is to optimize the allocation 

of machines to jobs by accounting for the optimization objectives both at the resource and the 

job levels. Therefore, the fitness of operation chromosomes is calculated as a weighted sum of 

two terms, as in (7.2). The first term corresponds to the job-related criteria and measures the 

fairness of job allocation on the machines. This fairness is estimated based on the standard 

deviation of the lot sizes oL of all jobs allocated on the machines for a given operation. As in 

(7.3), the lot size 
ojl of a given job j on a given operation o is calculated by simply dividing the 

quantity of the job by the number of machines allocated to this job according to the chromosome 

in concern. The second term is an estimate of the machine utilization which is again measured in 

terms of the setup time. However, at the service level, the maximum setup time incurred by all 

the machines is regarded as an indicator of the utilization of the allocated machines. The 

objective of an operation agent is to minimize )( oo Cf , calculated in (7.2). 

))(()1()()( omooo cFMaxwLstdvwcf ⋅−+⋅=  (�7.2) 

}
)(

,|{
jo

ojojo n

jQ
lJjlL =∈=  (�7.3) 

Where: 

 

w    Predefined weight
stdv(x)   Standard deviation of set x
Lo Set of lot sizes on operation o
Fm(Co)   Set of fitness values of the machine chromosomes 

constituting the operation chromosome Co
Q(j) Quantity of job j
njo Number of machines allocated for job j on operation o

 

GA-based Search at Service Level 

The search for the best combination of machine proposals at the service level is confronted with 
nc  solution candidates constituting the solution space. Since this number grows exponentially 

by increasing the number of the selected solutions, c , or the number of machines considered for 

allocation, n  , an exhaustive exploration of the entire set of solutions is only feasible in case of 

relatively small numbers of selected machines or selected solutions from each machine. 

Therefore, GA-based search is applied by evolving new generations from the current population.  

7.2.2.3 Validation 

Schedule alternatives combined by operation agents are the result of the local optimization at the 

individual machines. Therefore, the generation of a feasible solution from the operation 
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perspective is not guaranteed. That is why the schedule alternatives generated at the service 

level have to be validated based on the following steps.  

Decode and Validate 

The validity check applied at this stage concerns the inclusion of every job by at least one 

machine. If during the search, no valid chromosome could be found, the operation agent works 

on diversifying the populations of a subset of the machine agents.  

Diversify  

In case no chromosome represents a valid schedule, a number of machine agents are requested 

to diversify their populations. Machines requested to pursue their exploration of the search space 

are those having the worst average fitness. The percentage of the selected machines is directly 

proportional to the percentage of the missing jobs. 

Explore New Areas of the Search Space 

In this step, the local search space is diversified to explore non-explored areas of it, in an 

attempt to find a valid solution from the operation perspective. Diversifying the population of 

the selected machine agents takes place by increasing the mutation rate with a predefined 

diversification factor and pursuing the execution of the local evolution process. This adaptation 

of the mutation rate results in the investigation of unexplored areas of the solution space and 

regaining missing jobs. Having reached the termination condition, these machine agents deliver 

their best chromosomes to their operation agent. Operation agents pursue their search for valid 

chromosomes as before.   

7.2.2.4 Termination 

Having generated valid solution candidates at the service level, operation agents check the 

termination condition. The termination condition can depend on the quality of the current 

generation. This is measured by comparing the quality of the best or the average fitness of the 

current population with the one from the previous valid population. In case no improvement is 

achieved, the process can terminate by considering the previous population. However, this may 

lead to a local optimum. Therefore, a predefined number of iterations is considered by the 

termination condition to improve the probability of reaching a near-optimal solution. 

7.3 Generating Integrated Schedules 

In this section, the generation of integrated schedules is addressed by focusing on the generation 

of transportation schedules and how they are integrated with production schedules. 
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7.3.1 Steps of Integrated Schedules Generation 

As previously explained in chapter �6, the schedule generation process under integrated 

scheduling is governed by the concerned job agents, which are in charge of integrating 

production schedules with transportation schedules. This integration is governed by the 

communication protocol, explained in section �6.3. In this section, the internal behavior of job 

agents, associated with this protocol, is described. This behavior can be summarized in the 

following steps [BSG10]. 

7.3.1.1 Gathering Operation Bids  

According to the work plan associated with this job, calls for proposals (cfp) are sent to the 

corresponding operation agents. Each operation agent gathers, in its turn, offers from machine 

agents corresponding to the machines currently supporting the operation in concern. Evaluating 

machine offers is based on the offered start times along with the associated costs. Offers 

received by the job agents from the operation agents comprise the machine identifiers, the 

earliest start times, and the associated costs.  

7.3.1.2 Gathering Transportation Offers  

In generating an integrated schedule, job agents request a transportation offer for every two 

operations I, J in the work plan of the jobs, where I precedes J. To retrieve a transportation 

agent, the machine identifiers offered by operation I are first retrieved and their flexible 

manufacturing cells are identified. The transportation agent corresponding to each of these cells 

is then called for transporting workpieces from the machines specified in the operation offer of I 

to the individual machines proposed by the operation J. The same applies for transporting the 

workpieces from the load station to the machines of the first operation and transporting the 

workpieces from the last operation to the unload station.  

Proposals offered by transportation agents include the collecting time from the source and the 

delivery time at the destination along with the associated transportation costs. The transportation 

costs correspond to the additional time spent in transporting the requested job, under 

consideration of the speed and capacity of the AGV at hand, as will be detailed later in this 

chapter. 

7.3.1.3 Evaluating Offers 

Offers retrieved from operation and transportation agents are compiled together to generate 

alternative integrated schedules for the concerned job. For every production schedule 

alternative, the associated transportation costs are considered to calculate the overall costs of the 

integrated schedule. Production schedules are sorted based on their makespan and their 

associated overall costs. In this way, offers that minimize the makespan and maximize the 
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utilization of the involved resources are favored during the selection. This step is described in 

more details in section �7.4.   

7.3.1.4 Reporting Preferences to Operation Agents 

Having sorted the offers in the previous step, the job agent delivers this sorted list to the 

corresponding operation agents. Each operation agent confirms the allocation with the machines, 

whose offers are associated with the highest preferences. The determination of the number of 

machines to be selected for allocation is made possible by applying heuristics, which are 

explained in �7.4. 

7.3.1.5 Confirming Allocation with Transportation Agents 

Upon receiving a confirmation of allocation from the operation agents, the job agent confirms 

with the concerned transportation agents, which in their turn confirm with the associated AGV 

and transportation agents. In case the production schedules of the consecutive machines of the 

integrated schedule do not allow for the associated transportation time, the schedules of the 

machines, that conflict with the transportation schedule, are corrected. This correction takes the 

form of delaying the allocated slot of the job at the concerned machine, to fit with the associated 

transportation schedule. 

7.3.2 Transportation Scheduling 

In this section, the step corresponding to gathering the transportation offers is elaborated on to 

conceive how a transportation schedule is generated. A transportation schedule is generated 

through the interactions among AGV agents, transportation agents and job agents. Upon 

receiving a request for gathering transportation bids, a transportation agent gathers bids from 

AGV agents to transport the workpieces to the required destination, in case it is located in the 

current FMC, or to a neighboring cell otherwise. In the latter case, the transportation agent of the 

neighboring cell is requested to provide an offer for transporting the workpieces either to the 

destination, if it is in its cell, or to other neighboring cells along the route to the destination. This 

process continues until the destination is found and the proposal propagates back to the 

transportation agent initiating the request, which calculates the path and its associated cost. 
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Table �7.1: An example of an internal schedule of an AGV agent 

Job Source Target Collecting 
time 

Delivery 
time 

Quantity 

1 M3 M1 0 5 3 

2 M2 Buffer2 3 7 2 

3 Buffer1 M1 6 11 1 

Every AGV agent keeps a list of scheduled jobs with their associated collecting and delivery 

times and quantities, calculated in terms of the number of palettes, as illustrated in Table �7.1. 

When an AGV agent receives a request for transporting a new job, it goes through its internal 

list searching for the earliest possible time it can offer under consideration of its own capacity. 

The A* algorithm is applied for calculating the shortest path between the predefined source and 

destination. The transportation cost is estimated based on the AGV speed and the additional 

paths that the AGV has to take in satisfying a transportation request.  

The transportation agent initiating the cfp gathers the proposals from its AGV agents and from 

the contacted transportation agents, as illustrated in the previous chapter. These proposals are 

compiled to end up with a complete proposal for satisfying a transportation job with a 

predefined source and destination. A proposal is represented in terms of a collecting time from 

the source and a delivery time to the destination along with an associated cost C2 which is 

calculated by summing up all the proposal costs C1 of all AGV agents involved in the final 

proposal. A proposal is confirmed with all the concerned agents, once the transportation agent 

initiating the cfp receives a confirmation from the job agent. 

7.4 Evaluating Schedule Alternatives  

Having discussed the generation of both production and integration schedules, this section 

focuses on the evaluation of the generated schedule alternatives. As captured in Figure �7.1, the 

evaluation of schedule alternatives takes place at two different levels of abstraction, namely the 

job level and the job group level. The functionalities performed at these levels are schematically 

presented in Figure �7.8. As illustrated in Figure �7.8, proposals gathered from agents at the 

service layer are combined by the job agents. Afterwards, they are either directly evaluated and 

sent back to the concerned operation agents along with their evaluation values or raised to the 

job group layer for evaluation from the job groups’ perspective. This depends on whether the 

current cooperation level is level 2 or level 3 respectively. 
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Figure �7.8: Functionalities of the evaluation at the job and job group layers 

In what follows, the evaluation at the two layers is explained in more details. 

7.4.1 Evaluation at the Job Layer 

As depicted in Figure �7.8, operation offers are evaluated at the job layer by the concerned job 

agents by first combining these offers together and then evaluating them. As previously 

explained, this evaluation is necessary under the simultaneous production scheduling mode and 

the integrated scheduling mode. 

7.4.1.1 Combining Operation Proposals 

Under the simultaneous scheduling mode, operation proposals are offered to the concerned job 

agents in the form of start and end times. These offers are combined together to form schedule 

alternatives out of the job perspective. Figure �7.9 illustrates the propagation of production 

scheduling proposals from the resource level up to the job level. For illustration purposes, only 

one proposal from the considered agents is depicted in the figure.   
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Figure �7.9: Combining production scheduling offers at the job level  
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Upon receiving the proposals from their resource agents, operation agents select the c  

proposals, with the best fitness values, and interpret them into job offers. This interpretation 

involves extracting the earliest start time and the latest end time for every concerned job. In the 

example depicted in Figure �7.9,  job2 receives the offer {t0, t3} from op1, corresponding to the 

earliest start time and the latest end time of job2 on operation1, according to the considered 

schedule alternative. Similarly, the offer {t1, t5} is received from op2. The resulting schedule of 

job2 is depicted in Figure �7.9, yielding a makespan of five time units, corresponding to the 

difference between the latest end time and the earliest start time, under consideration of all the 

involved operations. 

Under the integrated scheduling mode, operation offers are delivered to jobs by including 

information required for the generation of transportation schedules. For every operation offer, 

the offering machines and the associated costs are included. In the example of Figure �7.9, under 

the integrated scheduling mode, job2 would receive from op1 {{M1, t2, t3, c1}, {M2, t0, t1, 

c2}. This detailed offer encompasses the machine proposals in terms of their identifiers, their 

offered start times, their offered end times and the associated costs, which are calculated as 

explained in section �7.2.1. This detailed information is necessary for the job agent to calculate 

the transportation costs of the combined operation offers. For every possible combination of 

machine offers belonging to two consecutive operations, the transportation costs are collected by 

contacting the concerned transportation agents. Considering the example in Figure �7.9, 

combinations of offers include (M1, M3), (M1, M4) and (M2, M3). The combination (M1, M3) 

corresponds to processing the first operation at M1, and the second operation at machine M3.  

7.4.1.2 Evaluating Operation Proposals 

The evaluation starts with calculating the evaluation function for the combined operation 

schedule alternatives. While the evaluation function under the production scheduling mode is 

the makespan, the evaluation function under the integration scheduling mode is twofold 

consisting of the makespan and the overall costs. The costs of an integrated schedule account for 

both the machine and the transportation costs based on a weighted sum. The predefined weight 

TW  corresponds to the significance of transportation costs CT  relative to machine costs CM . 

Accordingly, the costs of an integrated schedule ϕ  is calculated as in (7.4). 

CTCT MwTw ⋅−+⋅= )1(ϕ   (�7.4) 

The evaluated schedule alternatives are sorted based on the resulting values of the evaluation 

function. Finally, the sorted schedules are traversed, by starting from the schedule yielding the 

best value of the evaluation function. Every occurrence of an operation offer is rewarded by 

increasing its vote, which is initialized to zero. Eventually, these votes reflect the relative 

preferences of a job agent to the operation offers. 
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7.4.2 Evaluation at the Job Group Layer 

The evaluation at this layer is performed similar to the evaluation at the job layer but out of the 

job groups’ perspective. Since the optimization objective at the job group layer is to minimize 

the makespan of the associated group of jobs, the same criterion, i.e. the makespan of the job 

group, is adopted as the evaluation function. As previously explained, operation offers combined 

by job agents are either evaluated within the same job agent or raised to the job group layer to be 

combined and evaluated, depending on the value of the current cooperation level. This decision 

to limit the evaluation to the job level or to extend it to span the job group level, in addition to 

the job level, is governed by the protocol in Figure �7.10. This protocol clarifies that the 

evaluation is escalated to the job groups only under cooperation level 3. 

Operation agent Job agent Job group agent

[Cooperation level 3]

[Cooperation 
level 2]

Propose

Inform with votes 

Inform with votes 

Inform with votes 

Evaluation-Protocol

Operation agent Job agent Job group agent

[Cooperation level 3]

[Cooperation 
level 2]

Propose

Inform with votes 

Inform with votes 

Inform with votes 

Evaluation-Protocol

 

Figure �7.10: Proposals evaluation protocol 

As illustrated in Figure �7.10, the evaluation at the job group level is performed first to the job 

proposals out of the job groups’ perspective. Similar to the job-based evaluation, offers received 

from the lower layer, i.e. the job layer, are first combined, as illustrated in Figure �7.11. The 

combined offers are evaluated based on their resulting makespans. Accordingly, the offers 

collected from the jobs are then voted for, as in the job-based evaluation. The evaluation results 

of the job group agents are then propagated to the job agents, which in their turn update these 

results with the evaluation out of their own perspectives. Eventually, the final evaluation results 

are delivered to the operation agents for selecting the schedule having the highest overall 

evaluation, as will be explained in the next section.  
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Figure �7.11: Merging offers at job group level 

7.5 Selecting and Updating Schedules  

The selection of the final schedule takes place at the service level by the concerned operation 

agents. It is worth mentioning that even under the integrated scheduling mode, schedules are 

selected by operation agents based on the evaluation of jobs which takes the transportation costs 

into consideration.  

7.5.1 Schedule Selection 

The selection of a schedule out of the schedule alternatives, found at the cooperative search step, 

differs according to whether the current scheduling mode is sequential or simultaneous. 

7.5.1.1 Schedule Selection under Simultaneous Scheduling Mode 

Under the simultaneous scheduling mode, machines are assumed to be initially unloaded, i.e. not 

allocated to any job. Therefore, the current setup of the machine does not influence the 

allocation decision and machines considered for allocation are selected randomly. Offers 

proposed by the selected machine agents are evaluated by the operation agents. For every 

schedule alternative, the votes from the different jobs are added up. The schedule alternative 

having the highest vote is selected. This schedule alternative is deemed to result in the best 

satisfaction of the evaluation criteria along the four levels of the hierarchy. In this way, the 

schedule is optimized from a global perspective.  

7.5.1.2 Schedule Selection under Sequential Scheduling Mode 

Under the sequential scheduling mode, machines are loaded, i.e. they have different schedules 

and are set up to different part types. Therefore, the machines to be considered for allocation are 

selected based on their proposals. This justifies the consideration of all the machine agents 

offering a certain operation, when sending a call for proposal. Based on these proposals, the 

machines to be allocated are selected. The number of machines to be considered for the 

allocation is specified based on the following heuristics. 
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Heuristic 1: Balancing Resource Distribution 

This heuristic attempts to minimize the setup time by balancing the utilization of available 

machines on the different part families. This occurs by allocating a job from a certain part 

family to a number of machines proportional to the expected quotient of the amount to be 

produced from this family to the total number of parts along all planned families. Such 

information can be acquired and updated from planning. The machines to be selected are those 

offering the best proposals with the least allocation costs. 

Heuristic 2: Greedy Allocation 

Distributing parts to be manufactured among all machines selected by the previous heuristic can 

be inefficient for jobs with small volumes. This is due to the loss of long setup time for the sake 

of shorter processing time. To avoid this, the loss represented in the allocation cost is compared 

to the expected gain represented in the batch processing time. Accordingly, an allocation offer is 

accepted only if the expected gain exceeds the allocation cost. In the extreme case when the 

job’s quantity is too small to yield a gain even on a single machine, the operation agent allocates 

the job to a single machine, namely the machine associated with the best proposal. 

7.5.2 Updating Schedule 

Updating the schedule is carried out by sending a command to the involved machine agents 

informing them with the index of the selected proposal. Similarly, the job agents are informed 

with their start and end times at the operation in concern. Job agents inform in their turn their 

job group agents with the selected schedule and the transportation agents in case of the 

integrated scheduling mode. In this way, the schedule is saved locally from the different 

perspectives. This decentralization of schedule helps enhancing the reactivity while reacting to 

the environmental dynamics, as shown in chapter �8. 

This chapter has explained the hierarchical schedule generation process by explaining the 

objective and the tasks pursued at the different layers of the architecture. These decomposed 

tasks have been detailed by emphasizing the scheduling techniques applied at the different 

layers under the different schedule generation modes.  
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8 Conception of Disturbance Handling 

Having covered the schedule generation mode in the two previous chapters, the focus is laid in 

this chapter on schedule repair by working out a concept for disturbance handling. Section �8.1 

develops a model for manufacturing disturbances. The objective of this model is to analyze 

disturbances and to introduce for the conception of disturbance handling. Based on this 

disturbance model, a disturbance handling method is proposed in section �8.2. Details of 

extending the proposed agent-based approach with the disturbance handling method are 

explained in section �8.3. To illustrate the applicability of the disturbance handling method, 

application scenarios are demonstrated by considering the most frequently occurring 

disturbances in section �8.4.  

8.1 Modeling Disturbances 

A schedule embodies allocation dependencies between jobs and resources. An event causing or 

necessitating a change in a planned allocation can disturb the whole schedule and is thus called a 

disturbance. Examples of such events include the arrival of a rush order, a delay in the arrival of 

required material and a failure in one of the resources. Repairing a schedule requires a 

sophisticated analysis of the problem to identify the best possible solution within time limits. 

For this purpose, a disturbance model is proposed to aid in analyzing the different disturbances 

[BaGö09a]. 
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Figure �8.1: A disturbance model 

As illustrated in Figure 8.1, a disturbance is modeled based on its source and content. The 

source corresponds to the entity which is causing or being directly affected by the disturbance. 

A source can be regarded as either internal or external depending on whether it is internally 
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controllable by the manufacturing system or exogenous to it. Internal disturbances stem from the 

shop floor control due to events like machine breakdowns or the underestimation of the 

execution time. On the other hand, external disturbances arise from changes in the production 

environment. These changes correspond to events such as the delay of the material supply.  
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Figure �8.2: Taxonomy of disturbances 

The content of a disturbance models the attributes directly describing its semantics. To illustrate, 

the content of a delay in material delivery would comprise an identifier for the delay event, an 

identifier of the delayed material in addition to the old planned date and possibly the new 

estimated date. Two types of content can be identified: informative content and performative 

content. While the former corresponds to reporting the occurrence of an event, the latter refers to 

a request or a desire for a certain modification to the schedule. This implies that while the 

deviation from the planned schedule occurs as a result of the event in the former case, it is 

associated with the action taken to handle the request in the latter case.  

Figure �8.2 illustrates taxonomy of disturbances based on a classification according to the source 

followed by a further classification according to the content. As illustrated in the taxonomy, 

external disturbances are always coupled with informative content which can either correspond 

to a blocking disturbance like a machine breakdown or to a disturbance resulting from an 

inaccurate planning like an over- or underestimation of the processing time. On the other hand, 

the content of an external disturbance can be either informative or performative. An example for 

an external disturbance with informative content is the disturbance associated with a 

rescheduling of the delivery of raw material. Performative external disturbances correspond to 

requests for the addition, deletion or modification of the planned schedule.  
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Figure �8.3: Scenario illustrating context of postponing a job release 

The source and content of a disturbance are used to derive its context, which captures jobs and 

resources directly affected by the disturbance, as illustrated in Figure �8.1. To illustrate the 

context of a disturbance, consider the example depicted in Figure �8.3, in which four jobs are 

scheduled on three machines. A delay in releasing job1 affects machines M1, M2, and M3. By 

inspecting M1, M2, M3, the jobs affected by this event can be identified which are job2, and 

job3 in this case. Note that job4 is not affected by postponing job1 since it is scheduled ahead of 

it on M3. Therefore, job2 and job3 in addition to M1, M2, and M3 are captured by the context of 

this disturbance. 
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Figure �8.4: The start of impact for different scenarios 

Modeling the context depends on specifying the start of impact. This represents the effective 

point in time at which the disturbance starts to cause an impact on the planned schedule. To 

illustrate, consider the example in Figure �8.4, where jobs of two different families are scheduled 

on a certain machine. Two possible scenarios are illustrated with the corresponding start of 

impact. The failure of a tool required for processing jobs of family2 at t1 causes an impact 

starting from t4. In the other scenario, the incoming of a job F with a priority falling between the 

priorities of C and D has a start of impact on this machine at t5. A disturbance may be 

associated with several points in time signaling the start of its effective impact on the several 

allocated resources.  

Having specified the start of impact of a disturbance, the time period between the current time 

and the earliest start of impact can be calculated to indicate the time period in which an action 
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should be taken. This time period is referred to as the tolerance of the disturbance5. In other 

words, the tolerance is regarded as an estimation of the urgency of handling the disturbance and 

can thus aid in controlling the investigation of the action alternatives. The smaller the tolerance, 

the higher the urgency would be and the less action alternatives should be investigated. Some of 

the events have almost no tolerance because their detection is only possible after their 

occurrence and they have a direct start of impact once they occur. An example for this type is 

the over or underestimation of processing time. Although the detection of other disturbances 

such as a machine breakdown is also not predictable, these disturbances can have larger 

tolerance based on the current schedule of the concerned machines. For example, a failure at a 

machine which is waiting to process a job that will be released in a few hours is not the same as 

a failure of a machine that is currently processing jobs. Intuitively, the former disturbance has a 

larger tolerance than the latter. 

8.2 Disturbance Handling Method 

The main challenge in repairing the schedule in reaction to disturbances lies in the distributed 

representation of the generated schedule. The lack of a centralized representation of the schedule 

necessitates carrying out the schedule repair to a partial representation of the schedule under 

uncertainty about possible conflicts or reduction in efficiency that can result to other parts of the 

schedule. To allow for disturbance handling under this distributed representation, in a way that 

yields acceptable efficiency of the repaired schedule at the global level within allowable time 

limits, a disturbance handling method is proposed. As illustrated in Figure �8.5, the proposed 

method consists of five steps. These steps are explained in the rest of this section.      

8.2.1 Identifying the Problem 

Upon the occurrence of a disturbance, the associated context has to be derived to identify the 

jobs directly affected by the disturbance. Based on the start of impact associated with the 

context, the tolerance of the disturbance can be calculated. As an indicator for the urgency of 

handling the disturbance, the tolerance of a disturbance governs the action alternatives 

investigation, performed in the next step.  

8.2.2 Investigating Action Alternatives 

In handling a disturbance, different action alternatives are possible. These action alternatives are 

analyzed in Table �8.1 and Table �8.2, for internal and external disturbances respectively6. Even 

for the disturbance types for which a single action is listed, such as the case of inserting a job 

                                                 
5 For simplicity, the time taken in repairing the schedule is not considered. 
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with a higher priority, several action alternatives exist, corresponding to the different available 

resources which can be allocated to the incoming job. It is worth noting that for some 

disturbances the best handling action is just to ignore the event and to continue with executing 

the planned schedule. In this case, the disturbance handling procedure has to be terminated, as 

captured in Figure �8.5. This is only possible in case of a disturbance with an informative 

content, for which the impact of doing nothing is less than that of taking a handling action. An 

example for this is an underestimation of the execution time of a certain job, which yields a 

small deviation from the planned schedule. In investigating potential actions, the impact of 

every action on the schedule, including no action, is to be calculated, as will be detailed in 

section �8.3.  
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Figure �8.5: The disturbance handling method 

8.2.3 Selecting and Announcing Action 

The aim of this step is to find out the action that yields the best quality of the updated schedule. 

Due to the distributed schedule representation and the lack of a centralized problem solving 

entity, repair actions are selected based on limited local knowledge under uncertainty about the 

effect of the selected action on the overall performance. This problem is tackled by estimating 

                                                                                                                                                            
6 In analyzing the action alternatives, the disturbance classification of the taxonomy of Figure 
�8.2 is used.   
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the expected impact of the local action on the global performance. In this way, selecting the 

action with the least relative impact results in the best relative performance at the global level. 

Following the action selection, the selected action is announced to the affected job agents. In 

case of adapting an integrated schedule, the transportation schedule is updated according to the 

repaired production schedule. The transportation resources are not informed directly by the 

production resources but rather indirectly through the job agents, in a similar procedure to the 

one used for generating a transportation schedule. 

Table �8.1: Alternative actions for handling internal disturbances 

Estimation inaccuracy Blocking disturbances 

Over-estimation Under-estimation 

Hold execution up to next 
resumption  
Forward to other resource(s) 

Do nothing 
Advance affected jobs 

Delay affected jobs 
Forward affected jobs to other 
resource(s) 

Table �8.2: Alternative actions for handling external disturbances 

Performative content 

Modify request 

Informative content 

Add request Delete  request 

Quantity Priority 

Hold execution up to 
availability of resource  
Forward to other resource(s) 

Insert new job Delete 
Delete and advance 
affected jobs 

Modify quantity 
Forward request to 
other resource(s) 

Move target 
job on same 
resource 
Allocate target 
job on other 
resources 

8.2.4 Checking Selected Action 

This step is necessary to ensure that the repair action taken by the agents representing resources 

and operations, out of their partial views of the schedule, does not result in conflicts to the 

schedules of other agents. By conflicts, we refer to violations of predefined constraints. These 

constraints correspond to the precedence constraints between the individual job operations and 

the collective real-time constraints for a given job group, such as the constraint that a given 

group has to finish execution by a given deadline. Every concerned agent performs a 

consistency check after being notified with a repair to its schedule, coming from another agent.  

Should the agent identify a conflict resulting from the proposed schedule repair, the identified 

conflicts is reported in terms of a disturbance, whose content formulates the desired delay of 

advance of the part of the schedule causing the conflict, as depicted in Figure �8.5 with the 

feedback loop from the action announcement step. 
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8.2.5 Updating Schedule 

At this step, the selected action is simply applied to the schedule. Agents, proposing the repair 

action, commit the selected action in case no violation is reported from the notified agents, 

within a predefined timeout. 

8.3 Extending the Agent-based Approach with the 

Disturbance Handling Method 

This section addresses the details of extending the agent-based approach with the presented 

disturbance handling method. The adoption of the method in the agent-based approach is 

illustrated graphically in Figure �8.6, by capturing the added functionalities to the agents at the 

different levels of the architecture. In what follows, the added functionality at each of the four 

layers of the architecture is explained in details. Afterwards, the extension to the resources’ 

proposal is explained. 
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Figure �8.6: The adoption of the disturbance handling method in the agent-based approach 

8.3.1 Extending Agents at Job Group Layer 

Job group agents undertake the interaction between scheduling and planning. External 

disturbances (See Figure �8.2) are conveyed to the concerned job group agent. Consequently, a 

job group agent carries out partial identification of the problem, which aims at finding out the 

concerned job agents and passing on the disturbance’s content to them. 
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In addition to participating in the problem identification, job group agents have to check their 

constraints, whenever they are notified with a schedule repair causing a change to their local 

schedules. Performing a consistency check can result in identifying a violation in a predefined 

constraint. For instance, repairing the schedule by delaying a job belonging to the group can 

result in violating the deadline for delivering the entire group. In this case, the job group agent 

reacts by formulating this violation as a new disturbance, whose content is forwarded to the 

concerned job agents to be propagated to the concerned resources. This is graphically depicted 

in Figure �8.6 by the feedback arrow from the checking functionality to the problem 

identification functionality.  

8.3.2 Extending Agents at Job Layer 

Similar to job group agents, the role of job agents in disturbance handling is mainly to inform 

the concerned agents at the lower levels of the architecture about the occurrence of a detected 

disturbance. In addition, they have to check that these proposals ensure the required consistency 

to the local schedule and to the group’s schedule. To fulfill this role, job agents participate in the 

disturbance handling process by passing on disturbances delivered from their job group agents 

to the concerned operation agents. In addition, a consistency check for ensuring the fulfillment 

of the local constraints is necessary. This consistency check results in iterating back to the 

problem identification, in case a constraint violation is identified, or proceeding to the global 

check at the job group level, otherwise (See Figure �8.6). The feedback to the problem 

identification functionality is also necessary in case of the integrated scheduling mode, to notify 

the concerned transportation resources with updates in the production schedule dictating an 

adaptation to the transportation schedule.  

8.3.3 Extending Agents at Service Layer 

Operation agents are involved in the problem identification of external disturbances. As 

previously explained, external disturbances are detected by the concerned job group agents and 

passed on until they are received by the concerned operation agents. Operation agents react to 

these disturbances by identifying the resource agents concerned with the handling action and 

contacting them to prepare schedule repair proposals. On the other hand, internal disturbances 

are captured from the resource agents representing the source of the occurring disturbance. The 

role of service agents in this case is to find a way compensating the problem of the resource 

initiating the handling request through other resources that currently support the concerned 

service. Accordingly, the identification of resources in case of an internal disturbance 

corresponds to the step of investigating action alternatives, which justifies the graphical 

representation of this functionality with both the filling pattern of the problem identification and 

that of the investigation of action alternatives in Figure �8.6.  
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In addition, both operation and transportation agents cooperate in disturbance handling by 

evaluating the proposals offered from their resource agents and select the one with the least 

impact on the affected jobs and resources. Having selected an action, the new schedule resulting 

from applying this action is announced to the agents representing the affected jobs. This 

corresponds to the selection and announcement of the repair action in the presented disturbance 

handling method, as depicted in Figure �8.6. 

8.3.4 Extending Agents at Resource Layer 

Due to their 1-1 mapping with the physical resources, resource agents are equipped with 

monitoring capabilities through interface channels with their corresponding resources (See 

section �5.5). Through these channels, resource agents are continuously informed about the 

current status of their resources and maintain this status in their self model. Upon receiving a 

notification of a disturbance, like a machine breakdown, the resource agent first figures out 

whether the disturbance can be ignored or not. This decision is based on the type and impact of 

the disturbance. As previously mentioned, disturbances for which no action must be taken are 

those with informative content and an impact within allowable range, specified by a given 

threshold. Therefore, resource agents are extended with a functionality for checking the content 

and the derived impact of the disturbance, which corresponds to the problem identification step 

of the disturbance handling method (See Figure �8.6). 

In case an action is necessary, another decision is to be taken concerning whether this action 

involves the participation of peer resource agents, currently providing the same service. This 

decision is taken based on the tolerance of the disturbance. If the tolerance of the disturbance 

falls below a given threshold, a handling action has to be taken with high urgency and thus a 

handling proposal is prepared locally and forwarded to the operation or transportation agent to 

be announced to the concerned agents at the upper layers. If, on the other hand, the tolerance 

allows for a more thorough investigation of the handling action, the identification functionality 

inside the concerned agent at the service layer is invoked. This informed agent calls the 

corresponding resource agents to prepare handling proposals, as in Figure �8.6. In addition, 

resource agents, once they receive an acceptance from the agents at the service layer, update 

their local schedules by applying the proposed action. Similarly, other agents along the upper 

three levels of the architecture confirm their local schedules. 

8.3.5 Extending Resource Proposals with Disturbance Handling 
Costs 

In addressing schedule generation, it has been shown that resource proposals for both the 

production and the transportation schedules entail a scheduling cost, which represents a decisive 

factor in the selection step. Similarly, in updating the schedule in reaction to disturbances, costs 
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have to be estimated and included in the proposals of the resources. However, the costs in case 

of disturbance handling have to account for the estimated impact not only on the resource itself 

but also on the affected jobs, which are to be rescheduled by the handling action. In what 

follows, the calculation of the rescheduling costs of the production and the transportation 

schedules is highlighted.   

8.3.5.1 Costs of Updating Production Schedules 

The costs of updating a production schedule correspond to the impact of a handling action on 

the local schedule of the concerned resource. The impact ),( CAλ  of a certain action A applied 

to a context C is estimated by accounting for both the utility of the selected action, measured in 

terms of the added setup, and the stability in terms of the deviation of the repaired schedule to 

the original schedule. This is based on a weighted sum consisting of an estimate of the reduced 

machine utilization of applying action A to context C, ),( CARMU , as a measure of the action’s 

utility, and an estimate of the associated stability ),( CARS . As in (8.1) these two factors are 

added together using a multiplication factor, uw , that represents the weight of the utility relative 

to the stability. 

),()1(),(),( CARSwCARMUwCA uu ⋅−+⋅=λ   (�8.1) 

),( CARS is calculated by either the number of affected jobs or the weighted deviation suggested 

in [RFK04]. On the other hand, ),( CARMU is calculated based on the difference between the 

unutilized machine time in the context before and after applying action A.  
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Figure �8.7: Illustration of the calculation of impact 

Figure �8.7 depicts the context associated with a disturbance resulting from increasing the 

priority of job D. In this case, one of the action alternatives is to advance the start time of D on 

the same machine. Since the new allocation of D lies between two other jobs from the same 

family, it results in two added setups. For simplicity, it is assumed that the setup time as well as 
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the processing time is normalized to one time unit. In this case, the reduced stability amounts to 

3, corresponding to the number of affected jobs and the reduced machine utilization amounts to 

2, corresponding to the 2 added setups. 

8.3.5.2 Costs of Updating Transportation Schedules 

Besides the transportation time taken to deliver the requested job from the source to the 

destination, the transportation costs in case of schedule update include an estimation of the 

impact on the jobs affected by the selected action. The total cost is calculated as follows. 

TwDwC DD ⋅−+⋅= )1(  (�8.2) 

While Dw  is a predefined weight, D is an estimation of the delay caused to the already 

scheduled jobs and T is the additional transportation time associated with fulfilling this request. 

While T represents a measure of the utility, D is a measure of the stability. A good compromise 

between the utility and the stability of the repaired schedule can be achieved by configuring Dw . 

8.4 Investigation of the Applicability of the Disturbance 

Handling Method 

In this section, the applicability of the proposed disturbance handling method is investigated by 

considering disturbances, both internal and external, and explaining how they are handled by the 

proposed method. 

8.4.1 Handling Internal Disturbances 

In illustrating the reaction to internal disturbances, breakdowns of both the processing resources 

and the material handling resources are considered.  

8.4.1.1 Handling Breakdowns of Processing Resources 

With processing resources, we refer to failures hindering a machine to carry out a certain 

operation, for which it is configured. This includes failures to the machine itself or to the tools 

with which the machine is currently equipped. Both failures are detected by the machine agent 

representing the machine. The occurrence of these types of disturbances causes a message to be 

sent to the corresponding resource agent through the interface with the shop floor control. Once 

this message is received by the agent, the self model is updated to reflect the current status of the 

physical resource. The current status is kept in the self model as a base for the agent’s decisions 

and its readiness to participate in the schedule generation.  
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To demonstrate the application of the disturbance handling method in reaction to a processing 

resource failure, consider the scenario depicted in Figure �8.8. Four jobs associated with two 

different part families are scheduled on three CNC machines performing the same operation. 

Before starting the execution of these jobs and while exchanging tools to configure CNC3 with 

the required part families, a tool required for part family1 breaks. This event is captured by M3, 

the agent representing CNC3, and triggers the execution of the disturbance handling method, as 

illustrated in Figure �8.8. The sequence diagram in the figure shows the interactions among the 

agents upon the detection of the disturbance by M3. The activation boxes of the sequence 

diagram are annotated with the number of the corresponding step of the disturbance handling 

method. The steps are listed under the sequence diagram to facilitate their traceability. 
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Figure �8.8: A scenario illustrating the handling of a broken tool 

M3 reacts to the event by checking the context and deriving the impact of the disturbance. By 

considering its local schedule kept in its self model, M3 determines the start of impact, which is 

in this case the start of the first job belonging to part family1, i.e. job2. As depicted in Figure 

�8.8, the context encompasses only J2 in this case since no other job is scheduled after it at 

CNC3. In light of the identified context, the impact is derived, which is a delay to job2. Due to 

the lack of information about the point in time at which the broken tool can be exchanged with a 

working one, the disturbance cannot be handled locally and it has to be forwarded to the 

operation agent Op1 (See Figure �8.8). 

Having received a notification of the disturbance, Op1 initiates the second step in the 

disturbance handling method, namely the investigation of handling alternatives, by figuring out 

the resource agents that are currently configured with the tools required for part family1, to 

request them to compensate for the failure. Accordingly, it sends calls for proposals to all the 
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identified agents, as captured by the sequence diagram in Figure �8.8. A call for proposal to 

handle a disturbance causes the receiving resource agents to engage in investigating the action 

alternatives. Each one of these agents prepares a proposal consisting of the offered start time of 

the rescheduled job and the associated costs. Assuming that job2 has got a higher priority than 

job1 and job3, if job2 is to be rescheduled at CNC1, it would be allocated ahead of the already 

scheduled jobs, i.e. job1 and job3. Consequently, the new start time would be T0 and the 

associated costs would correspond to the delay of 2 jobs. No extra setup is necessary since the 

part types of job2 and job1 belong to the same part family7. Assuming a predefined weight, uw , 

of 0.25, the stability of the modified schedule is to be given a significance, three times higher 

than that of the utility, i.e. to be weighed with 0.75. Consequently, the costs amount to 1.5 

resulting from multiplying 0.75 by 2, assuming that the reduced stability is to be estimated based 

on the number of delayed jobs. On the other hand, the proposal offered by M2 entails a starting 

time of T0 and costs amounting to 1, resulting from the addition of two factors. The first factor 

represents the multiplication of 0.25 by 1 (one extra setup required to switch from part family1 

to part family2). The second factor corresponds to the multiplication of 0.75 by 1 (one delayed 

job).  

These proposals are gathered by Op1 and evaluated based on the offered start time and the 

associated costs. Since the offered start times are the same, the costs represent the decisive 

factor in the selection and hence M2 is selected. Upon the selection of a handling action, the 

action has to be announced; therefore, Op1 announces its selection by notifying the selected 

resource agent, M2, and the agent representing the job to be rescheduled, J2. M2 informs in its 

turn the affected job agents, J3 in this case. As illustrated in Figure �8.8, this announcement 

causes J2 and J3 agents to carry out the fifth step of the disturbance handling method by 

checking whether their internal constraints would be violated by the announced change. 

Similarly, the job group agent is notified with the change. In the considered example, no 

constraint is violated and accordingly, no feedback is given from the contacted job agents. After 

the elapse of a predefined time-out, M2 assumes that the involved parties are satisfied with the 

announced action and commences the sixth and final step, in which the schedule is updated. The 

schedule update takes place by applying the announced action to the local schedule of M2 and 

sending a confirmation to J2 and J3, which likewise update their local schedules. 

8.4.1.2 Handling Breakdowns of Material Handling Resources 

In this section, the adaptation of the schedule in reaction to an AGV breakdown is illustrated 

based on the scenario captured in Figure �8.9. The considered FMS consists of two FMCs 

connected with two work-in-progress buffers (See Figure �8.9 (a)). While FMC1 contains three 

AGVs, FMC2 contains only two. An AGV can only move around within the boundaries of its 

                                                 
7 For simplicity, the minor setup time associated with the switch from a part type to another from the same part type 
family is ignored. 
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encompassing FMC. For transporting workpieces across FMCs, AGVs deliver their load to the 

input buffer of the destination FMC, where the delivered workpieces can be moved, by another 

AGV belonging to this FMC, from the input buffer and delivered to the destination machine8.  

The agent-based representation of the material handling resources, together with a job agent for 

which a transportation schedule is to be generated, is depicted in Figure �8.9 (b). In the same 

figure, the production schedule of the requesting job (J1) is captured. According to the 

production schedule of J1, workpieces have to be transported from M2 to M5. Therefore, the 

generation of the transportation schedule results out of the interaction between J1 and Tr1, i.e. 

the transportation agent responsible for the FMC containing the source machine, M2. Since the 

destination machine, M5 is located in FMC2, the interaction between Tr1 and Tr2 is necessary 

to arrange for bringing the workpieces of J1 from M2 in FMC1 all the way to M5 in FMC2.  
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Figure �8.9: A scenario illustrating the handling of an AGV breakdown 

The transportation schedule that resulted from these interactions is tabulated in Figure �8.9 (c). 

Two AGVs are allocated for J1, AGV1 for transporting the workpieces from the source machine 

to the input buffer B1 of FMC2, and AGV4 for moving the workpieces from B1 to M5. Every 

AGV is allocated 10 palettes of workpieces, representing the total quantity of J1. 

Before the release of job J1, AGV2 breaks down. The sequence diagram capturing the 

interactions among the concerned agents in reaction to this disturbance is sketched in Figure �8.9 

(d). The occurrence of the breakdown is reported to the agent representing the broken AGV, A2.  

Assuming that the breakdown period is not known, the disturbance cannot be handled locally 

and thus a notification is forwarded to Tr1. Tr1 reacts by retrieving the resource agents 

                                                 
8 For the sake of illustration, the load and unload stations are ignored. 
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representing the AGVs that can compensate the breakdown of AGV2 and requesting them to 

prepare handling proposals. This represents the start of step 2 in the disturbance handling 

method, namely the investigation of handling actions. This step is carried on by the contacted 

resource agents, A1 and A3 in the illustrated example. Each of these resource agents responds 

with a proposal comprising new collecting time, delivery time and costs, whose preparation was 

explained in �8.3.5.2.  

The arrival of proposals at agent Tr1 triggers the execution of step 3, i.e. the selection and 

announcement of a handling action.  Assuming that A3 provides the best relative proposal, an 

announcement is sent from Tr1 to A3 informing it with the selection of its proposal. Similarly, 

J1 is informed with its modified schedule. Assuming that no constraint is violated, the schedule 

is updated by A3 after the elapse of a predefined timeout and this is confirmed with J1, for the 

latter to update its schedule too.  

8.4.2 Handling External Disturbances 

To demonstrate the reaction to external disturbances, the incoming of a higher priority job based 

on the scenario depicted in Figure �8.10 is considered. A job group consisting of two jobs is 

scheduled on three machines performing two operations. The agents involved in this scenario 

along with their interactions that led to scheduling J1 and J2 are depicted in Figure �8.10 (a). 
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Figure �8.10: A scenario illustrating the handling of a higher priority job 
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The distributed schedule, from the machine and the job perspectives, is sketched in Figure �8.10 

(b). Since machine CNC2 is not allocated to any job, no schedule is displayed for it. A setup 

time is planned between jobs J1 and J2 at machine CNC1, since they belong to two different 

part families. 

Before releasing the scheduled jobs, a rush order for scheduling job J3 with a higher priority 

than J1 and J2 arrives. This new job belongs to the existing job group and hence its 

incorporation in the schedule is initiated by informing the agent O, representing this group. This 

agent reacts to the incoming disturbance by interacting with the concerned agents according to 

the sequence diagram, sketched in Figure �8.10 (c). The first step is to identify the problem 

caused to the schedule by this disturbance. This step starts with the agent O which checks the 

required action and instantiates an agent for the new job and informs it with the event. In its 

turn, the new job agent J3, finds out the required operations by looking up the plan of its 

associated part type from the environmental model.  

According to the retrieved plan, agents representing the required operations, Op1 and Op2 in the 

considered example, are contacted. These agents have to carry on the problem identification step 

by propagating the event to the concerned resource agents. At the resource level, the exact 

problem caused to the schedule can be identified by specifying the disturbance context. Based 

on the specified context, the impact of the handling action can be derived and included in a 

proposal, which corresponds to the start of step 2, i.e. the investigation of action alternatives. 

The two operation agents receive the resource proposals to select the best out of them. While 

Op1 selects the proposal of M2, Op2 selects that of M4, assuming that J3 causes no extra setup 

for M4 because it belongs to the same part type family of J2. The selected proposal is 

announced to the concerned resource agents, which in their turn announce the resulting 

modification to the affected jobs.  

Announcing a schedule modification to a job agent triggers the checking of internal constraints, 

as the case with job J2, whose Op2 would be delayed by one time unit. Since this delay causes 

no violation to the internal constraints of J2, the schedule is updated by M4 and the new 

schedule is notified to J3 which reports the modified schedule to the job group agent O.   

In this chapter, the schedule repair mode has been addressed. The different manufacturing 

disturbances causing the schedule to be repaired have been analyzed and classified. Out of this 

analysis, a method for repairing distributed schedules has been proposed. Required extensions to 

the different agents to incorporate this method have been explained and illustrated. The 

applicability of this schedule repair method in handling the different types of disturbances has 

been illustrated.   
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9 Realization of the Concept 

The proposed agent-based FMS scheduling concept has been realized in form of a scheduling 

framework. In this chapter, details are given about the developed framework. Section �9.1 gives 

an overview on the framework and its internal structure. Section �9.2 describes the graphical user 

interface and illustrates main use cases of the framework. In section �9.3, the emphasis is laid on 

details concerning the developed agents. Section �9.4 explains the integration of the framework 

into its environment. As part of the environment, a simulated control has been developed. 

Details of this simulated control is given in section �9.5.  

9.1 Overview on the Scheduling Framework 

The proposed concept has been realized by developing GADWAL: an integrated Agent-based 

framework for dynamic scheduling. It is a generic agent-based framework that can be easily 

configured for any FMS. The internal structure of the framework and its interfacing channels to 

the external components are captured in Figure �9.1. The internal structure of GADWAL consists 

of three software components: the agent-based subsystem, representing the core of the 

framework, a graphical user interface (GUI) and an interface to the environmental model. 

GADWAL provides communication channels to two bi-directional external components: the 

simulated control and the environmental model.  
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Figure �9.1: The agent-based scheduling framework integrated with its environment 

9.2 Use Cases of GADWAL 

The graphical user interface consists of configuration, scheduling, visualization and 

performance evaluation functionalities.  
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9.2.1 Configuration 

This functionality allows the user to configure the framework for a specific FMS based on a few 

easy steps. In addition, it allows for configuring the scheduling process through setting the 

scheduling mode, the optimization objectives and optimization-related parameters. Figure �9.2 

shows the steps necessary for configuring the framework to a different FMS. In the first step, the 

resources of the FMS along with their interdependencies are defined. Resources that are relevant 

to scheduling are specified and their attributes are fed into the framework.  
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MTTS
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Figure �9.2: Configuring the framework to a new FMS 

In addition, the spatial layout of the shop floor and the relative locations of the previously 

defined resources, are supplied in the form of an XML file. The structure of this file is identified 

in a document type definition (DTD), as captured in Figure �9.3. For describing the physical 

layout of a shop floor, the identification of the physical locations of the machines and the work-

in-progress buffers is necessary. In addition, the initial position of the AGV is also required, 

which is used to derive the corresponding FMC and hence transportation boundaries of the 

AGV. The machines are defined in terms of their input and output buffers which are connected 

to the transportation paths through junctions. Besides configuring the framework to a specific 

FMS, the GUI allows for the configuration of the scheduling process through setting the 

scheduling mode, the optimization objectives and the optimization-related parameters, such as 

the predefined weights.  

9.2.2 Scheduling 

Through the graphical user interface, planned jobs can be supplied to scheduling and the 

schedule generation process can be initiated. Jobs can be supplied to the agent-based sub-system 

either interactively, by defining the necessary attributes in a successive way, or based on an 
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input file, containing the set of jobs with their associated attributes, as shown in Figure �9.4. 

While the former way suits the sequential scheduling mode, the latter is appropriate for the 

simultaneous scheduling mode. The schedule generation is initiated by clicking a button. In 

addition, disturbances causing the adaptation of the generated schedule can be defined and 

triggered from this functionality.  

<!ELEMENT Shopfloor (Elements, AGVs)>

<!ELEMENT AGVs (Agv)*>

<!ELEMENT Agv EMPTY>

<!ELEMENT Junction EMPTY>

<!ELEMENT InBuffer EMPTY>

<!ELEMENT OutBuffer EMPTY>

<!ELEMENT Elements ((InBuffer|OutBuffer|Junction)*)>

<!ATTLIST Agv

Id CDATA #IMPLIED

Junction IDREF #REQUIRED

Speed CDATA #REQUIRED

Capacity CDATA #REQUIRED>

<!ATTLIST Junction  

Figure �9.3: A snippet of the document type definition of the shop floor description 
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Figure �9.4: Scheduling a set of jobs saved in a file 

9.2.3 Visualization 

The visualization functionality enables the required transparency by giving an insight to the user 

into not only the generated schedules but also the partial results reached by the agents. The 

generated schedule is represented both textually and graphically, in form of a Gantt chart, and 

from the resource and the job perspectives. The partial results correspond mainly to the 

schedules resulted from the different intermediate generations, in case of the GA-based 

optimization. These partial results are significant in evaluating the performance, as will be 

discussed in the next section. For this purpose, file management functionalities for the generated 
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schedules are supported. These enable the loading and saving of the schedules generated so far 

as well as regaining the current schedule through the compilation of the decentralized schedules 

attained from the concerned agents into a comprehensive and coherent schedule.  

9.2.4 Performance Evaluation 

This functionality is mainly intended for research purposes and for guiding the decision makers 

in the factory. It helps the user in assessing the performance of the generated schedule according 

to the different evaluation criteria, such as the makespan or the resource utilization. Running a 

performance test over a set of GA-generations is supported through generating a file containing 

the evaluation results of the partial schedules along the entire set of generations. By plotting 

these results in form of a graph, a quick overview can be attained about the agent-based 

optimization over the different generations. In addition, this functionality supports the 

assessment of the agent-based reaction to disturbances by comparing the schedules before and 

after the occurrence of the disturbing events. 

9.3 Realization of the Agent-based Subsystem 

The proposed agent-based scheduling concept has been realized in Java under the Whitestein 

LS/TS platform [Whit06]. Each agent type is realized as a separate package consisting of the 

source code corresponding to the agent main functionalities and the associated tasks. Agents 

communicate together using the features supported by LS/TS, which enables agents to register 

themselves by the provided services and to be invoked by other agents by calling a directory 

facilitator, similar to the concept of the yellow pages. The instantiation of agents occurs 

dynamically, as described in section �9.2.1.  

9.4 Integration of the Framework into the Environment 

The environment of GADWAL corresponds to the planning, the shop floor control and the 

environmental model. 

9.4.1 Interface with Planning 

The interaction with planning is enabled through message passing. In addition, every agent is 

equipped with message handlers for dealing with possible messages from planning. Currently, 

the outcome of planning is fed into scheduling through the user interface, as demonstrated in 

section �9.2.  
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9.4.2 Interface with Shop Floor Control 

GADWAL provides interfacing channels with simulated shop floor controls based on sockets. 

These channels allow for the bidirectional dynamic data exchange between agents and the 

simulated control.  

9.4.3 Interface with Environmental Model 

The environmental model is realized as a relational database. Bidirectional access to the 

environmental model is abstracted from the low level details of the access to relational databases 

by using hibernate, an object-relational mapper. The structure of the environmental model is 

predefined once by constructing the required tables. For each of these tables, a data access 

object (DAO) has been written and a hibernate mapping has been created (See Figure �9.5), to 

establish the link between the relational database table and the DAO. In addition, a number of 

access services have been coded in java providing agents with easy access to the environmental 

model.   

 

Figure �9.5: The hibernate mapping of the part type entity 

9.5 Simulated Control 

Plant Simulation from Technomatix is used for modeling FMSs and simulating their shop floor 

control. To facilitate the testability of the framework, a configuration tool for FMS simulation 

has been developed. The task of this configuration tool is to create simulation models with their 

embedded control for given FMS descriptions. FMS descriptions are encoded into the XML 

format and are generated during the configuration step, illustrated in �9.2.1. Figure �9.6 presents 

the internal architecture of this configuration tool. It consists of a components library and an 

FMS modeling engine. The components library consists of modeling objects with their 

embedded control. These components correspond to the following resource types: loading 

stations, unloading stations, CNC work stations, AGV, work-in-progress buffers and connection 
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lines. Every component is modeled by an object class that inherits from a built-in class and is 

extended with the required control for FMSs. 

FMS modeling 
engine

Components library

Configuration tool for FMS 
simulation

FMS simulation model with 
embedded control

Dispatcher

FMS 
description

Mapping

Interface to GADWAL

FMS modeling 
engine

Components library

Configuration tool for FMS 
simulation

FMS simulation model with 
embedded control

Dispatcher

FMS 
description

Mapping

Interface to GADWAL

 

Figure �9.6: Simulation of a predefined FMS 

The configuration tool generates a model, corresponding to the FMS description, and a mapping 

list for establishing the link between the identifiers of the modeled resources and those of the 

corresponding agents. The model is accompanied with a bidirectional dispatcher which realizes 

the dynamic data exchange through sockets between the modeled resources and their 

corresponding agents. 

This chapter has described the development of a scheduling framework which realizes the 

proposed concept. The structure of the developed framework has been described. The different 

use cases supported by the framework have been explained and illustrated. Finally, 

implementation details for realizing the different components of the framework and integrating 

it with the environment have been given. 
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10  Evaluation based on an Application Scenario 

The proposed concept has been evaluated by modeling an IBM test line, based on data reported 

in [Witt90]. Before getting into the details of the evaluation, the considered FMS is described 

and its modeling in the agent-based framework is briefly presented, by focusing on the 

simulated control model and the instantiated agents. Following this introductory presentation of 

the FMS model, evaluation results are discussed by considering the different scheduling modes, 

illustrated in section �4.3. The evaluation is mainly based on conducting experiments aiming at 

the assessment of the requirements derived in chapter �2. The chapter concludes by investigating 

the degree of fulfillment to these requirements based on the presented evaluation results. 

10.1 Overview on the Considered IBM Test Line 

The test data have been collected from an IBM test line. This test line represents a huge FMS 

that consists of thirty one testers grouped into four families. Each tester family is capable of 

performing a specific test on a predefined set of card types. A total of ten different card types 

grouped into four families are to be tested on one or more testers according to their 

predetermined plan, described in Table �10.1. Tester types correspond to the required operations 

and are not governed by precedence constraints. 

Table �10.1: Routings of the IBM test problem [Witt90] 

 Tester type (quantity) 

     

Part type MPTS(12) GSAT(5) MTTS(12) CLIV(2) 

1   �  

2   � � 

3 �    

4  � �  

5   �  

6   �  

7 � �   

8 �    

9 �    

10   �  

The problem is characterized by major and minor setup times. Setup times depend just on the 

part type being switched to, as illustrated in Table �10.2. Each part family is associated with a 

major setup time which amounts to 10, 20, 30 and 40 minutes for part families 1, 2, 3 and 4 

respectively. The goal is to maximize the throughput, which is defined as the total number of 

parts to be manufactured divided by the makespan. By assuming a fixed total number of parts 
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over a certain manufacturing period, the problem reduces to minimizing the makespan [Witt90]. 

In order to minimize the makespan, the setup time has to be minimized, which is only attainable 

by optimizing the sequencing and allocation sub-problems.  

Table �10.2: Description of the supported part types – adapted from [Witt90] 

Part type Part family Minor setup (min.) 

1 1 5 

2 2 10 

3 1 5 

4 3 5 

5 3 10 

6 4 5 

7 1 10 

8 4 5 

9 4 10 

10 4 10 

10.2 Modeling the IBM Test Line 

According to the data reported in [Witt90], a simulation model has been constructed in Plant 

Simulation, as described in section �9.5. Since the approach provided in [Witt90] belongs to the 

offline machine-centric approaches, details about material handling are disregarded. This has 

been dealt with by modeling the layout as depicted in Figure �10.1. The model consists of five 

FMCs: one main FMC and four other FMCs containing workstations. Workstations correspond 

to tester types and are distributed randomly in the four FMCs. Each workstation comprises an 

input and an output buffer for the temporary storage. The main FMC contains a source for 

generating workspaces and a drain corresponding to the unload station. Transporting workpieces 

from the loading station to the different workstations all the way up to the unloading station 

follows the schedule delivered from the agents and is undertaken by AGVs. In each cell, two 

AGVs are made available. 

Agents modeling the IBM test line have been dynamically instantiated – as described in section 

�9.2 – (See Figure 10.2). The number of resource agents amounts to 31 machine agents, ten AGV 

agents, one material allocator agent corresponding to the load station and eight material stores 

representing the input and output buffers connecting the different FMCs with the main FMC in 

the center. At the service level, four operation agents are instantiated to represent the four test 

operations, listed in Table �10.1. In addition, five transportation agents are instantiated to 

represent the transportation services within the five FMCs. 
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Figure �10.1: The simulation model of the IBM test line 

 

Figure �10.2: Subset of the dynamically instantiated agents displayed by LS/TS  

10.3 Evaluation of Schedule Generation 

In this section, the schedule generation mode is evaluated by first considering production 

scheduling followed by integrated scheduling. 

10.3.1 Evaluation of Production Scheduling 

In evaluating the production scheduling mode, the framework was configured to adopt a 

machine-centric scope for scheduling. Experiments have been conducted to evaluate both the 

sequential and the simultaneous modes of production scheduling. The selection of one of these 

two modes was made automatically by the framework based on the number of requests received 

by operation agents within a predefined period of time. 
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10.3.1.1 Evaluation of Sequential Scheduling 

As previously illustrated, the sequential scheduling mode corresponds to generating production 

schedules under the sequential arrival of job requests. In the sequential arrival model, jobs have 

to be scheduled under uncertainty about the types and quantities of the job requests to come 

later. The experiments conducted in this section aim at estimating the influence of the stochastic 

nature of the incoming requests on the efficiency of the generated schedule. Since in [Witt90] a 

simultaneous job arrival model is assumed, data are presented in terms of the collective values 

of part types and quantities of the jobs to be manufactured over a whole day. Therefore, these 

data have been customized to suit the sequential job arrival model, by randomly dividing the 

total quantities on a given number of jobs.  

To evaluate the effect of the stochastic nature of the scheduled jobs on the efficiency of the 

generated schedule, these jobs were arranged in two datasets, distinguished from each other in 

the job arrival sequence. In dataset I, jobs were grouped according to their part family types. The 

arrival sequence of jobs was determined based on their part families. This led to the sequence 

depicted in Figure �10.3(a), where variations in part family types between subsequent jobs are 

minimized. The associated quantities of these jobs are depicted in Figure �10.3(b). Dataset I 

represents the best case for scheduling where the changeover of the machines is minimized. For 

the generation of dataset II, the arrangement of the same set of jobs was shuffled in a way that 

features great alternation in part family types and quantities between subsequent jobs (See 

Figure 10.4).  

a) Variations in part family types b) Variations in quantities
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Figure �10.3: Variations in part types and quantities of dataset I 

The two datasets were used to compare the performance of the proposed agent-based scheduling 

approach to the traditional priority-rules based approach with respect to the resistance to the 

stochastic nature of the planned jobs. The FCFS priority rule was applied for sequencing at the 

machine level since it represents the intuitive choice in case arriving jobs have to be 

instantaneously incorporated into the schedule. In applying FCFS, the entire set of machines for 

every requested tester type was allocated to the requesting jobs. The results are plotted in Figure 
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�10.5 by comparing the performance of the conventional FCFS scheduling with the proposed 

agent-based scheduling, using the two heuristics described in chapter �7. 
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Figure �10.4: Variations in part types and quantities of dataset II 
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Figure �10.5: The effect of fluctuations in part types and quantities of the scheduled jobs on both 
the conventional and the proposed scheduling 

In case the alternation in part types of subsequent jobs is minimized, the proposed agent-based 

approach results in a similar makespan to that of the conventional approach. This is reflected by 

the comparison of the makespan for both approaches using dataset I, as illustrated in Figure �10.5 

(a). By introducing fluctuations between subsequent jobs, FCFS scheduling was found to yield 

significant increase in makespan due to the frequent changeover of the setup of the machines 

which increases the setup time and delays jobs. On the other hand, the proposed agent-based 

approach shows resistance to change. This is manifested in the performance of both approaches 

to the jobs of dataset II, as depicted in Figure �10.5 (b).  

Compared to the lower bound derived mathematically in [Witt90], the performance of the 

proposed approach lies within 9.9% of the optimal makespan. Considering the centralized static 

scheduling based on a static model of job arrival, where all data about incoming jobs were 

determined a priori, a schedule within 3% of the optimal solution could be generated [Witt90]. 
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In conclusion, under uncertainty about the types and quantities of the incoming job requests, the 

proposed agent-based scheduling was found to significantly outperform the FCFS scheduling 

and approach the near optimal solution resulting from the static scheduling, where job requests 

are deterministic. 

10.3.1.2 Evaluation of Simultaneous Scheduling 

The purpose of this evaluation was mainly to estimate the efficiency of the generated schedules 

and to investigate how far it affects the reactivity, measured in terms of the computational 

complexity. Different test experiments with various parameters have been conducted. The 

presented experiments were conducted based on the parameter configuration shown in Table 

�10.3.  

Table �10.3: Parameter configuration for the conducted experiments 

Parameter Value 

Parallelization factor (r) 2.5 

Predefined weight (W) 0.25 

Population size (At resource level) 10 

Population size (At operation level) 50 

Crossover rate 0.8 

Mutation rate 0.02 

Crossover type (At resource level) One-point crossover 

Crossover type (At operation level) Two-point crossover 

Diversification factor 0.25 
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Figure �10.6: The effect of changing the number of jobs on the resulting makespan 

The makespan was taken as a measure of efficiency. First, the aim was to investigate the effect 

of increasing the problem space on both the efficiency and the reactivity of the proposed 

algorithm. Part types and quantities corresponding to production orders from a typical 

manufacturing day were used to define datasets of different numbers of jobs, namely 50, 70 and 

100 jobs. In other words, these datasets share the same optimal makespan but differ in the size 
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of the search space. The makespan of the generated schedules for the three datasets was 

investigated along fifty hierarchical GA generations. A hierarchical generation refers to the 

execution of the local evolution at the resource level followed by the execution of the local 

evolution at the operation level. Generations that resulted in invalid schedules were simply 

ignored and not counted. While the first dataset with 50 jobs resulted in an optimal schedule 

after 33 generations, the other two sets resulted in schedules with a deviation from the optimal 

makespan ranging from 7% to 13% in the span of the 50 generations (See Figure �10.6). 

Evidently, increasing the solution space most probably leads to delaying the convergence. 

However, the computational complexity is low enough to allow for a larger number of 

generations. On average, one hierarchical generation was found to take around 0.3 seconds on a 

2 Duo 2.0 GHz processor. 

In the previous experiment, the optimization was pursued by evolving one generation at the 

resource level followed by another generation at the operation level. In this experiment, the 

objective was to investigate the influence of increasing the number of generations at the local 

resource level on the makespan of the resulting schedule. Figure �10.7 illustrates the results of 

applying three different runs for dataset II, with 5, 7 and 11 generations at the resource level. 

Initially, increasing the number of local generations was found to expedite the convergence. 

With a local optimization of 5 generations, a near-optimal schedule could be generated at the 

27th generation. By raising the number of local generations to 7, a schedule with almost an 

optimal makespan could be generated at the 7th generation. However, with 11 generations, the 

performance goes down. This shows that cooperation among agents is necessary to enhance the 

efficiency of the generated schedule from a global perspective.  
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Figure �10.7: The effect of varying the number of local generations on the resulting makespan 
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10.3.2 Evaluation of Integrated Scheduling 

In this section, the evaluation results of the framework under the integrated schedule generation 

mode are discussed. The evaluation aims at comparing the efficiency of the integrated 

scheduling compared to that of the production scheduling. The physical layout used for this 

experiment is captured in Figure �10.8, in which two FMCs are connected together through two 

work-in-progress buffers. Each FMC consists of a number of machines supporting one of the 

four tester types. The transportation of workpieces within an FMC is made available through 

two AGVs that travel with a fixed speed, amounting to 0.05 distance unit per second, in a 

predefined one-way path to which the machines are connected. Machines are connected to the 

transportation path through nodes that act as sensors guiding the movement of the AGV, as 

illustrated in Figure �10.8. These nodes are symmetrically distributed, by separating every two 

subsequent nodes with 10 units of distance.  
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Figure �10.8: Physical layout used in testing the integrated schedule generation mode 

A request for scheduling job1, corresponding to the manufacturing of 500 workpieces of part 

type4, is input to the framework. Before initiating this request, the machines are configured by 

setting up MTTS3 to part type4 and MTTS4 to part type5. The rest of the machines are not set 

up to any part. Initially, all machines are not allocated to any job. The scheduling process runs 

under the integrated scheduling mode twice: by setting the weight of the transportation costs 

TW in (7.4) to zero and 0.75. While the former case corresponds to optimizing the schedule by 

ignoring the transportation costs, the latter case leads to incorporating the transportation costs 

into the schedule optimization with a relative weight of 75%, implying a weight of 25% to the 

machine costs. 
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Schedules resulting from the two cases are depicted in Figure �10.9. As shown in Table �10.1, the 

manufacturing of part type4 requires the processing of MTTS and GSAT test types. It is 

assumed that the manufacturing of these two operations is guided by the constraint that MTTS 

has to be processed before processing GSAT. The number of machines to be allocated for the 

incoming job request is governed by a percentage calculated by the heuristic, described in 

�7.5.1.2. Based on this heuristic, two MTTS machines and one GSAT machine are to be allocated 

for job1. In the first case, where the transportation costs are ignored, MTTS4 and MTTS3 are 

favored to other machines, since they are associated with the least setup costs and thus offer the 

earliest start time compared to other MTTS machines. For MTTS3 no setup time is required 

since it is already set up to the same part type and for MTTS4 only minor setup time is 

necessary because the machine is already set up for part type5, from the same part family. As a 

result, MTTS3 and MTTS4 are selected for the first operation. The selection of a GSAT 

machine follows the same principle and leads to randomly selecting GSAT1 since it offers the 

same proposal as GSAT2. In Figure �10.9(a), the resulting schedule is depicted, by plotting the 

associated transportation time required for moving workpieces between the MTTS machines and 

the GSAT machine.  

a) Schedule resulting from setting WT = 0 b) Schedule resulting from setting WT =0.75a) Schedule resulting from setting WT = 0 b) Schedule resulting from setting WT =0.75

 

Figure �10.9: Effect of integrated scheduling on the schedule efficiency  

In the second case, where transportation costs are taken into consideration, MTTS5 and MTTS6 

are favored to other MTTS machines, since they are located in the same FMC, where the GSAT 

machines are located. GSAT1 is selected since it is associated with lower transportation costs 

when moving workpieces from MTTS5 and MTTS6 along the one-way path depicted in Figure 

�10.8. The resulting schedule is shown in Figure �10.9(b). Although the schedule in Figure �10.9(a) 

yields higher machine setup, it leads to a lower makespan than the schedule in Figure �10.9(b). It 

was found that the resulting makespan is lowered by 31 minutes, amounting to around 17% 
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reduction of the makespan attained when ignoring transportation costs. However, this value 

depends on factors like the physical layout of the shop floor and the number and speed of the 

AGVs. In conclusion, the integration of the transportation scheduling into the production 

scheduling is a decision that can lead to enhancing the efficiency of the resulting schedule. 

Nevertheless, this decision has to be taken under consideration of the size and nature of the 

FMS. 

10.4 Evaluation of Schedule Repair 

In this section, the schedule repair mode is evaluated by investigating the efficiency and 

flexibility of the proposed disturbance handling method. While the efficiency is measured in 

terms of utility and stability of the resulting schedule, flexibility is measured in terms of 

reactivity. The utility of the applied actions was measured based on the added setup and the 

stability in terms of the total delay caused to the affected jobs on the resources applying the 

action. To visualize the schedule repair in reaction to a certain disturbance, the incoming of a 

higher priority job is considered. Before the incoming of Job3 (part type10), three MTTS 

machines are allocated to job1 (part type1) and job2 (part type10), as captured in Figure �10.10.  

 

Figure �10.10: Schedule before the arrival of job3 

For testing the efficiency of the generated schedule, two different runs were performed by 

setting the predefined weight uw  in (8.1) to 0.9 and 0.1, to emphasize the utility and the stability 

of the repaired schedule respectively. The schedule resulting from the former case is depicted in 

Figure �10.11(a) and the other one in Figure �10.11(b). When the predefined weight is configured 

to give a higher significance to utility at the cost of stability, machines yielding the lowest setup 

and thus the highest machine utilization are selected regardless of the affected jobs. This is 

manifested in selecting MTTS4 because it is already set up to the same part type of job3 and 
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avoiding the selection of another unallocated machine like MTTS1 to minimize the changeover 

of the machines (See Figure �10.11(a)). On the other hand, increasing the weight of stability at 

the cost of utility resulted in selecting MTTS1, which yields no effect on the already scheduled 

jobs but requires the changeover of machine MTTS1 (See Figure �10.11(b)). The configuration 

of this parameter is guided by the optimization objectives of the given FMS and is thus left to 

the user of the framework. A good compromise can be attained by setting the weight to 0.5 to 

result in a balanced consideration of both measures. 

a) Schedule repair by favoring utility to stability b) Schedule repair by favoring stability to utilitya) Schedule repair by favoring utility to stability b) Schedule repair by favoring stability to utility  

Figure �10.11: Schedules after the arrival of job3, using different utility and stability weights 

Using this balanced configuration, several experiments have been conducted to test the reaction 

to the incoming of a higher priority job and the breakdown of a machine, as typical examples of 

external and internal disturbances. For testing external disturbances, the scheduled jobs were 

subject to a high degree of fluctuation with respect to priority. Jobs with high priorities 

corresponding to rush orders and representing 50% of the whole set were randomly inserted. On 

the other hand, two bottleneck machines allocated to about 40% of the existing jobs were 

subject to a breakdown with unknown duration causing forwarding jobs scheduled on the failed 

machine to peer machines. The schedule repair regarding the two scenarios was handled twice: 

without applying the optimization involved in the proposed disturbance handling method and 

with applying it. Table �10.4 illustrates the relative improvement of the makespan gained by the 

proposed approach in both cases. This improvement amounts to about 50%. The repair with 

optimization based on the proposed disturbance handling method was performed in less than 0.2 

second on a 2 Duo 2.0 GHz processor, which shows good reactivity to the dynamic 

environment. Stability was measured in terms of the number of jobs that have to be updated in 

the old schedule. By considering the experiment of applying rush order disturbances, it was 

found that applying the optimization based on the expected impact on the affected jobs resulted 

in about 17% enhancement of the stability. 
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Table �10.4: Makespan of the repaired schedule with and without applying optimization 

 Without optimization (min.) With optimization (min.) 

Machine breakdown 739.45 351.95 

Rush order 687.88 376.42 

10.5 Concluding Remarks 

In light of the previous discussion and the presented experimental results, the proposed concept 

is evaluated with respect to the requirements. In what follows, the requirements, derived in 

section �2.3 are revisited and used to assess the proposed concept. 

10.5.1 Efficiency of the Generated Schedules 

Based on the experimental results, it has been shown that the generated schedules converge to 

the optimal solution. The flexibility available on the shop floor has been utilized to enhance the 

generated schedules. This is manifested in the allocation of several machines to an incoming job 

for the parallel execution of a given operation. This takes place by accounting for the costs 

incurred by the different resources to be allocated along with the expected performance out of 

the perspective of the concerned job. Test results have proved the support to maximizing the 

resource utilization under both the machine-centric and the comprehensive scopes. 

Consequently, the efficiency requirement is fulfilled by the proposed agent-based scheduling. 

10.5.2 Flexibility to Short-Term Changes 

The proposed concept exhibits flexibility to the dynamics of the environment by reacting 

efficiently to changes in part types and quantities. This leads to the contribution in the 

fulfillment of the process and volume flexibilities (See section �2.1.1.2). In addition, it has been 

shown that the proposed scheduling concept allows for a good balance of the system resources, 

which guarantees the availability of feasible alternatives for handling contingencies. This 

corresponds to the routing flexibility which together with the process and volume flexibilities 

constitutes the short-term flexibilities of an FMS, as discussed in section �2.1.1.2. Disturbances 

to the generated schedules are handled in a way that minimizes the deviation of the repaired 

schedule from the original schedule, which guarantees the required stability.  

The structure of the agent-based scheduling allows for flexibly adapting the scheduling mode to 

the current environmental condition. This is manifested in adapting the scheduling technique 

according to whether the incoming requests represent the single or the multiple job case. 

Similarly, the agent-based communication and internal scheduling techniques are automatically 

adjusted based on whether the triggering event corresponds to a normal job request or a 

disturbance. Moreover, it has been shown that regardless of the scheduling mode, schedules are 
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generated or updated within a few seconds which results in good reactivity to changes in the 

scheduling environment. In summary, the requirement on short-term flexibility is satisfied.   

10.5.3 Flexibility to Long-Term Changes 

The proposed scheduling concept has been developed with special concern to the adaptation to 

long-term changes in the scheduling environment. As explained in section �2.1.1.2, long-term 

flexibility is a two-fold concept, consisting of product flexibility and expansion flexibility. It has 

been argued that the achievement of these two types of flexibility is to be reached through the 

configurability and the extensibility of the agent-based scheduling. The experience in modeling 

the IBM test line has shown the ease of adaptation of the realized framework to a specific FMS. 

No changes to the code was required neither to modeling the FMS in the framework nor to 

applying changes to it. As part of the evaluation of the integrated scheduling mode, the shop 

floor layout was changed to focus on just two FMCs, for illustration purposes. This adaptation to 

the shop floor layout was found to be straightforward. This shows that the extensibility of the 

FMS is fulfilled. Besides the extensibility, good support to the configurability has been 

demonstrated. Other than configuring the scheduling scope, optimization-related parameters can 

be easily configured to reflect the required scheduling strategy. For example, it has been shown 

that the relative significance of utility with respect to stability and that of machine utilization in 

relation to AGV utilization can be configured. The effect of this configuration has been 

illustrated based on the experimental results. By satisfying the extensibility and configurability, 

the proposed concept exhibits the required long-term flexibility.  

10.5.4 Integration Ability in the Environment 

The proposed agent-based scheduling provides good support to the integration ability into its 

environment represented in planning and control. In the course of testing the framework on the 

sample FMS, agents were connected to the simulated control, developed in plant simulation. 

Dynamic events, such as machine breakdown, were captured automatically by the concerned 

agents without affecting other agents. Likewise, generated schedules were delivered from agents 

to the concerned resources in the simulation model. On the other hand, the scheduling 

framework was found to provide interfacing channels to planning and provides insight into the 

internals of the scheduling process. This corresponds to the required transparency of scheduling, 

which is satisfied not only through the visualization of the final results but also through the 

provision of intermediate results. For example, in case of the simultaneous scheduling, the 

decision makers in the factory can get an insight into the schedules resulting from the different 

generations and not just from the final generation. This insight can aid in further planning and 

scheduling decisions. 
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In this chapter, the proposed concept has been evaluated based on the data of a real FMS, 

reported in the literature. Details about modeling the FMS in the agent-based framework have 

been given. Experimental results have been presented for the different scheduling modes 

supported by the proposed concept. The conducted experiments aimed at investigating the 

degree of fulfillment to the requirements, derived in section �2.3. It has been shown that the 

proposed concept offers a good coverage to the different targeted scheduling modes. 

Experimental results have shown that the proposed scheduling deals with the stochastic and 

dynamic nature of the scheduling environment flexibly and efficiently. Moreover, the 

integration ability of the proposed scheduling is attainable through the provided communication 

channels between the agents from one side and the simulated control and the interface to 

planning from the other side.    
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11  Conclusion and Future Work 

In this work, a concept for the agent-based scheduling of FMS is proposed. In this chapter, the 

main characteristics and advantages of the proposed concept are highlighted. This is followed by 

pointing out the limitations of the concept. Finally, an insight into possible future work is given. 

11.1 Summary and Contribution of the Research 

The proposed concept caters for combining the efficiency of the generated schedule with the 

flexibility of the scheduling process. The concept presented in this thesis is characterized by the 

following features: 

• The agent-based representation provides a comprehensive coverage of the requested jobs 

and the relevant resources. This feature along with the reactivity of agents allows for the 

dynamic capturing of events relating to the corresponding physical resource or the job. In 

this way, the reaction to the environmental dynamics is automated and the requirement on 

integration ability is satisfied. 

• The scheduling system is abstracted from the details of the underlying FMS through the 

introduction of an environmental model. In this model, factory-specific attributes, which are 

relevant to scheduling, are captured. The separation of these attributes from the scheduling 

software results in facilitating the required extensibility which is part of the long-term 

flexibility. 

• The scheduling system consists of agents representing jobs and resources, which correspond 

to entities from planning and shop floor control respectively. Resource agents are grouped 

based on their shared capabilities and controlled by service agents. Similarly, job agents are 

grouped based on their shared constraints and managed by job group agents. This results in a 

four-level heterarchical architecture. The agent-based representation together with the 

environmental model leads to the satisfaction of the long-term flexibility because of the 

openness of agents and their flexible communications. 

• With their sensing and reacting abilities, agents capture their dynamic status and react 

accordingly. The autonomy and the decentralized decision-making of agents allow for good 

reactivity to short-term changes. The disturbance handling required for the short-term 

flexibility is achieved by developing a disturbance handling method and extending the 

proposed agent types with this method.  

• Different scheduling modes are supported by the proposed concept, accounting for all the 

possible environmental configurations. The selection of the suitable scheduling mode occurs 
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either manually or automatically. The manual selection of the scheduling mode is intended 

to enable the decision makers of the FMS to adjust the scheduling process according to the 

adopted strategies and the scheduling objectives. On the other hand, the automatic selection 

of scheduling modes aim at making the scheduling process deal with disturbances and with 

different sizes of the requested jobs. This characteristic together with the previous one 

accounts for the requirement on short-term flexibility. 

• Generated schedules are optimized based on simple problem-specific heuristics or genetic 

algorithms according to the size of the current problem space. The adoption of a genetic 

algorithm into the agent-based scheduling has been hindered by the inherently centralized 

structure of GA which does not suit the decentralized agent-based structure. This problem 

has been tackled by developing a concept for the hierarchical GA-based optimization. By 

employing a GA in agents involved in the search for schedules and allowing these agents to 

communicate together and combine and validate their achieved solutions, generated 

schedules are optimized from the global perspective with good reactivity.  

• Schedules are optimized by taking the optimization objectives of the involved entities into 

consideration. This includes the maximization of the resource utilization and the 

minimization of the resulting makespan of the group of jobs. Accounting for the different 

optimization objectives takes place through the cooperation among the different concerned 

agents in the scheduling process. This cooperative optimization assumes either a machine-

centric scope or a comprehensive scope. This feature along with the previous one leads to 

satisfying the efficiency requirement. 

The proposed concept has been realized in a scheduling framework, which can be easily 

deployed for a given FMS. The framework has been used to conduct experiments on a model for 

a real FMS. The experiences in using the framework as well as the experimental results have 

proved the fulfillment of the concept to the entire set of requirements.  

11.2 Advantages and Limitations of the Concept 

The proposed concept represents a novel contribution to the scheduling of FMS. It was inspired 

by the results attained in the course of the state of the art survey, which revealed a considerable 

gap between theory and practice. The current research work targets bridging this gap by working 

out practice-oriented, theoretically well-established approach to replace the ad hoc methods, 

adopted in practice to complement the shortcomings of the current scheduling approaches. The 

strength of the proposed concept lies in its comprehensiveness in addressing the special 

requirements of FMSs and providing a balanced compromise between efficiency and flexibility. 

It should be stressed that the proposed concept caters for the requirements of FMSs and is not 

intended for conventional manufacturing systems. It is concerned with scheduling and lays 
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special emphasis on its integrated nature with interrelated manufacturing functionalities, namely 

planning and shop floor control. However, it is not intended to solve problems falling in the 

realm of these functionalities. Examples of these problems include the tool allocation that is 

usually solved as a pre-release decision during planning. It provides support for integrating 

production scheduling with material handling in an attempt to enhance the quality of the 

generated schedule. Nevertheless, material handling is considered in this context with respect to 

the time taken to supply the required workpieces to the required machines. In other words, the 

objective is to take the transportation time into consideration and not to solve the material 

handling problem in its broader sense, including decisions like planning the supply of raw 

material. It is worth noting that despite these interrelated manufacturing decisions are regarded 

as exogenous to the proposed scheduling concept, the integration of the concept with agent-

based solutions for these functionalities is envisioned as an area for future research with very 

good potential.  

Another limitation that relates to the applied scheduling techniques corresponds to the 

optimization under the integrated scheduling mode. While production scheduling accommodates 

for both the sequential and the simultaneous modes, integrated scheduling is supported only 

under the sequential mode. This limitation lies in the applied algorithm and is dealt with by 

sequentially releasing requests in case they are to be fed into scheduling simultaneously.  

11.3 Future Work 

There are still open issues that remain to be addressed and are envisioned as useful areas of 

future work. An interesting research direction could be the development of a more sophisticated 

optimization algorithm to the integrated optimization. Currently, the optimization of the 

generated schedule occurs based on the iterative cooperation between operation agents and their 

corresponding resource agents. Operation agents undertake the validation of the schedules 

delivered from their resource agents and resulting from the local evolution inside these agents. 

Allowing resource agents, sharing the same operation, to communicate together can lead to 

speeding the convergence to a near-optimal solution. Similarly, the integrated optimization 

between transportation schedules and production schedules can be enhanced by developing a 

mechanism for exchanging proposals at the resource and the service levels before raising them 

up to the job level. 

Another research direction corresponds to the extension of the agent-based scheduling with 

interrelated manufacturing functionalities like the tool allocation. In [BaGö09], a comprehensive 

agent-based model for incorporating tool allocation into the agent-based scheduling is proposed. 

By representing the shared tool magazines and the tool transporters as agents and allowing these 

agents to cooperate with the scheduling agents, the tool allocation process can be integrated with 

scheduling. In this way, the allocation of tools to machines can be dynamically organized based 
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on the communication among the concerned agents, which leads to improving the system 

flexibility. 
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