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Introduction n 

1.11 Background 

Inn this work, we develop a framework for the design of multi-agent systems inspired by (human) 
organizationall  principles. Organizations are complex entities formed to overcome various limi-
tationss of individual agencies, such as cognitive, physical, temporal and institutional limitations. 
Theree is a parallel between the complexity of organizations and multi-agent systems. Therefore, 
wee explore the use of concepts, methods and techniques from human organizational design as ar-
chitecturall  principles for multi-agent systems. Three research lines are presented: organizational 
modelingmodeling and coordination, interoperability and agent models. Organizational modeling and co-
ordinationn are concerned with how resources (i.e. agents) can be identified and related to each 
other.. In order to have agents cooperate, several issues of interoperability have to be addressed. 
Agentt models deal with the design of individual intelligent software agents, taking into account 
typicall  features of agent intelligence. 

Everyy (human) activity raises two challenges: division of labor and coordina-
tiontion [Mintzberg, 1993]. Division of labor is the decomposition of work (or goals) into various 
distinctt tasks. Coordination refers to managing relations between these tasks to carry out the 
work.. The patterns of division of labor, responsibilities (people who do the work), clustering 
off  responsibilities into units and coordination between units can be defined by organizational 
structuresstructures [Galbraith, 1973]. The design of an organization should cover how one or more actors 
aree engaged in one or more tasks, where knowledge, capabilities and resources are distributed. 
Suchh a design can be seen as a set of networks and procedures that link actors, tasks, resources 
andd skills. The theory of division of labor originates from Adam Smith, who argues that or-
ganizationss are characterized as a way for assigning resources and responsibilities to working 
"units""  [Smith, 1776]. Every unit is responsible for a task related to its role within an organiza-
tion. . 

Onee of the first studies on organizational modeling has been later classified as mechanistic 
organizationall  modeling. Mechanistic organizations are designed as machines. This approach is 
knownn as classical management theory for designing organizational structures [Fayol, 1949]. De-
signingg individual positions as part of a machine is known as scientific management [Taylor, 1947]. 
Thee mechanistic approach is effective in stable environments, but another approach to design or-
ganizationall  structures is organic organizations, where organizations are designed as if they were 
organisms.. Organic organizations can be seen as open systems where the organizational mem-
berss (i.e. staff) must survive (e.g. by adapting) in changing environments and have life cycles. 
Thee organic organizations approach is effective in situations characterized by rapid changes in the 
environmentt and the staff. Morgan adds another approach: the organization as an informationn pro-
cessingg brain [Morgan, 1996]. By combining different elements (i.e. competences), functionality 
cann emerge. Knowledge is distributed and by removing one element, the function of that ele-
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mentt is taken over by another element, making the organization "self-organizing". A discussion 
off  studies on organizational structures can be found in [Morgan, 1996]. 

Severall  considerations can be made when making decisions about organizational design. Gal-
braithh divides these decisions into strategical, organizational and staff related [Galbraith, 1973]. 
Strategicc considerations look at the distinctive competence or domain of an organization. The 
structuree of an organization will be formed according to products or services to be offered, cus-
tomer/clientss to be served, technology to be utilized or location at which work is to be performed. 
Furthermore,, the objectives and goals of the organization play a major role. Types of goals range 
fromm long to short-term and from economic to social. The organizing mode determines how to 
decomposee the overall task into subtasks combined with coordination mechanisms to reintegrate 
thee results of these subtasks in order to achieve the overall goal. Considerations related to staff 
concernn selecting people (actors), designing tasks and arranging incentives or motivations (such 
ass rewards) for people to do their job. 

Manyy human organizations can be viewed as information processing systems because many 
off  their activities are concerned with transforming information from one form into another. In 
addition,, organizational activity (like receiving orders, reporting and administrating) is frequently 
information-drivenn [Bond and Gasser, 1988]. Links between human organizations and computa-
tionall  systems are described by [Fox, 1981, Malone and Crowston, 1994]. Fox describes an or-
ganizationall  structure for a distributed system as the collection of processes (agents), communi-
cationn paths and a control regime that coordinates the whole [Fox, 1981]. Malone and Crowston 
discussess the influence of coordination theory in resource allocation, management of unreliable 
actors,, task assignment and information flow management [Malone and Crowston, 1994]. He-
wittt points out that in organization lies power [Hewitt, 1991]. An elaborate study on the use of 
notions,, concepts, mechanisms and patterns from organizational design in Distributed Artificial 
Intelligencee research can be found in [Carley and Gasser, 1999]. 

Coordinationn is an essential activity in multi-agent systems, in that it permits agents to coop-
eratee in order to achieve common goals. Based on division of labor, agents will perform a number 
off  (specialized) tasks. Agents organized in a multi-agent system are capable of performing more 
complexx actions, when they collaborate. However, in order to achieve common and individual 
goalss agents need to interact in a coordinated manner. This means that an agent should be aware 
nott only of the actions it can perform and the state it is in at any moment of the execution, but also 
off  the actions other agents can perform and their states. Corkill and Lander point out the necessity 
forr coordination in large agent-based systems [Corkill and Lander, 1998], They describe a set of 
principless to argue that coordination structures will become an important aspect of effective sys-
temm performance. The importance of organizations can be determined by looking at the number 
off  agents they include, the duration of agent activities and the repetitiveness of activities. Another 
principlee states that when a system is composed of distributed processes, such as agents, there is a 
needd for coordination structures governing the interactions between these processes. 

"Intelligentt Agents" is a research domain within Artificial Intelligence that has received a 
greatt deal of attention over the past decade [Bradshaw, 1997, Weiss, 1999, Luck etal., 2003]. 
Thee fascination with this subject may be explained by the fact that most of the traditional AI 
problemss (such as knowledge representation, machine learning, planning, problem-solving and 
reflection)) come together within this topic, see for example [Bond and Gasser, 1988]. A lot of 
intelligentt agents on the Internet are usually not so clever as the term suggests. The reason for 
thiss is that a lot of classical AI problems are not solved by the introduction of agent technol-
ogyy [Wooldridge and Jennings, 1998]. 

Severall  perspectives, property sets and classifications for intelligent agents are de-
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scribedd within the literature, see for overviews [Franklin and Graesser, 1996, Nwana, 1996, 
Bradshaw,, 1997, Jennings, 2000]. An example of a property that is generally associated with 
ann intelligent agent is that they have a degree of autonomy, meaning that an agent can follow 
itss agenda independently of others in order to meet its objectives [Wooldridge, 2002]. For that 
reason,, an intelligent agent should be able to perceive its environment, e.g. via sensors, and re-
spondd in a timely fashion to changes that occur in it. Types of environments include the physical 
world,, a user, a collection of agents and the Internet. Furthermore, an intelligent agent should be 
ablee to take the initiative, i.e. be pro-active, instead of simply reacting in response to its envi-
ronment.. Finally, an intelligent agent should be able to interact with other agents and humans in 
orderr to offer their services and cooperate with other agents. To be able to interact with others, 
intelligentt agents must have the capability to communicate in one or more agent communication 
languages.. In order to have agents understand each other, several standardization efforts have 
beenn carried out [FIPA, 2002d]. However, standardization of an agent communication language 
doess not mean standardization of communication: problems at a semantic and coordination level 
stilll  need to be solved. Several agent models and frameworks have been proposed within the 
agentt literature [Franklin and Graesser, 1996]. Most of the time, they pay particular attention to 
multi-agentt aspects: i.e. to inter-agent/social organization and to inter-agent interaction. Some 
frameworkss make no commitment to the way an individual agent is organized internally; others 
makee a commitment by imposing a certain technical mechanism which implements only one or a 
feww intelligent agent properties [Wooldridge and Jennings, 1998]. 

Domainss where multi-agent systems play a role are large scale problem-solving systems, 
comprisedd of multiple individuals or services, engaged in more than one task, goal-directed 
(wheree goals can change), able to affect and be affected by their environment, having knowl-
edge,, culture, memories, history and capabilities distinct from any single agent, and having a 
legall  standing [Bond and Gasser, 1988], Many existing (web) services are distributed, heteroge-
neouss and rigid, in the sense that they can not easily be configured. For example, different lan-
guagess will be used for competence representations and ontology representation [Powers, 2003]. 
Thee libraries of services (i.e. Problem-Solving Methods) of a future Semantic Web will be as 
heterogeneouss as the current collection of search engines and other services that exist on the 
Webb [Berners-Lee et al., 2001]. To take heterogeneity and distribution into account, agent wrap-
perss can be built around these services, so that these services can cooperate (e.g. exchange infor-
mation). . 

Givenn the possible distributive and heterogeneous nature of multi-agent systems severall  design 
decisionss have to be made. Bond and Gasser divide these decisions into two levels: individual 
agentt level and community level. Decisions at the level of individual agents are: What becomes 
anan agent in a system? How does each agent model the world? How are agents structured in-
ternally?ternally? Are the agents identical or heterogeneous? In addition Do the agents share common 
modulesmodules or differ in others? Decisions at the level of a community are: What is the population 
ofof a system? What communication channels do agents use? What communication protocols do 
agentsagents use? How are conversations among agents structured? How is the configuration of the 
agent-community?agent-community? and How do the agents coordinate their action? [Bond and Gasser, 1988] 

Littl ee has been reported on theories and methods related to complex multi-agent architectures 
design.. Therefore, we explore the use of existing organizational patterns as architectures for multi-
agentt systems to address a selection of the above-described design issues. In order to have agents 
cooperatee within artificial organizations, interoperability problems will be examined. Furthermore, 
wee investigate how individual agents can be analyzed and designed. 
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1.22 Research Questions 

Thee general problem addressed in this thesis is: 

HOWW CAN HUMA N ORGANIZATIONA L PRINCIPLE S BE USED FOR MULTI-AGEN T 

ARCHITECTURES ? ? 

Wee explore the possibilities of designing multi-agent systems as artificial organizations and we 
investigatee the problems that arise when we want agents to behave as members within an artificial 
organization. . 

Thiss general problem is refined by the following three research questions: 

1.. HOW CAN DECOMPOSITIO N PRINCIPLE S (I.E . DIVISIO N OF LABOR ) AND COORDINA -

TIO NN BE APPLIE D IN MULTI-AGEN T ARCHITECTUR E DESIGN? 

Despitee the differences between intelligent agents and humans, we assume that human or-
ganizationall  principles can be used in multi-agent architecture design. Concepts, mech-
anismss and patterns from the field of organizational design have already been used as 
thee basis for distributed intelligent system design [Fox, 1981, Corkill and Lander, 1998, 
Carleyy and Gasser, 1999]. However, littl e work has been reported on the explicit use of the 
notionn of organizations in distributed intelligent system design. Moreover, Jennings argues 
thatt there are (still) insufficient mechanisms available for representing an agent-based sys-
tem'ss organizational structure [Jennings, 2000]. However, several organizational structures 
andd mechanisms are described within the organizational design literature. Therefore, we are 
interestedd in the use of this organizational knowledge in multi-agent architecture design. 

2.. HOW CAN AGENTS MAK E USE OF COORDINATIO N MECHANISMS ? 

Whenn agents collaborate, they need to use and share coordination strategies in order to reg-
ulatee joint actions. To share coordination strategies, agents will have to be able to share 
knowledgee related to coordination models. Furthermore, to regulate joint actions, agents 
needd to interoperate with each other. Interoperability issues are concerned with allowing 
agentss to communicate with each other, coordinating agent communication and adding se-
manticss to agent communication. 

3.. HOW CAN THE CAPABILITIE S AND FUNCTIONALIT Y OF AN INDIVIDUA L INTELLIGEN T 

AGENTT BE ANALYZE D AND DESIGNED? 

Thiss question relates to the issues discussed by Bond and Gasser: how does an agent model 
thethe world, are the agents identical or heterogeneous and how are the agents structured 
internallyinternally [Bond and Gasser, 1988]. There is a need for an integrated model that combines 
typicall  agent intelligence properties, such as autonomy, interaction, pro-activeness and reac-
tiveness.. This model should be able to guide designers in making conceptual, functional and 
technicall  design decisions. Such a model can take the form of a reference model for agent 
analysiss and design in which issues related to coordination and organization are included. 
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133 Approach 

Inn order to answer the research questions, we follow three research lines: organizational modeling 
andand coordination, interoperability and agent models. In each research line, we present conceptual 
frameworkss that are evaluated with technical experiments using prototypes. The three frameworks 
aree described at the knowledge level: i.e. independent of implementation and symbol representa-
tionn details. Prototypes are implemented (at the symbol level), as proof of concepts evaluating the 
plausibilityy of the presented frameworks. 

Too answer the research questions, we perform the following tasks: 

 CONDUCT A CONCEPTUAL ANALYSI S OF ORGANIZATIONAL CONCEPTS, ORGANIZA-

TIONALL MODELS AND COORDINATION MECHANISMS. 

Too set the scope of this thesis, we investigate the building blocks of organizational design 
thatt form the basis of an agent organization framework. Within this framework, a set of 
organizationall  structures will be discussed. A case study on supply chain management 
iss analyzed with this framework, which results in three organizational structure designs. 
Finally,, we describe a prototype application resulting from the three organizational designs. 

 PROVIDE A FRAMEWORK FOR AGENT INTEROPERATION. 

Inn order to have agents "smoothly" collaborate with each other, we address the problem of 
enablingg interoperation. We explore an interoperability framework consisting of four inter-
operabilityy levels: technical, syntactical, semantic and coordination. The issues in the tech-
nicalnical interoperability and syntactic interoperability, which are solved by applying standard 
protocols,, methods and technology, are briefly discussed. The semantic interoperability 
levell  deals with ontologies that are used in agent communication. We investigate how these 
ontologiess can be constructed and used by agents. The coordination interoperability level 
dealss with how agents can be coordinated. We explore the use of Problem-Solving Meth-
odss (PSMs) to characterize coordination strategies that can be used by agents. Work on a 
multi-agentt architecture capable of (semi)automatic reuse of (web) services is discussed. 

 PROVIDE A CONCEPTUAL FRAMEWORK FOR ANALYZIN G AND DESIGNING THE CAPA-

BILITIE SS AND FUNCTIONALITY OF AN INTELLIGENT AGENT. 

Wee present a conceptual framework for analyzing and designing the capabilities and func-
tionalityy of an intelligent agent. Using the notion of separation of concerns, we define five 
dimensionss of agent intelligence where each dimension plays a role in the development of 
intelligentt agents. We report on two agent-based systems that are analyzed, designed and 
implementedd using the conceptual framework. 
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1.44 Thesis Outlin e 

Thee thesis is organized according to the outline presented below: 

Chapterr  2 - Agent Organization Framework In this chapter, we introduce general principles 
off  organizational design related to decomposition principles, organizational structures and 
coordinationn mechanisms. A selection of these principles are gathered in a framework for 
multi-agentt system design. In order to explore the application of the framework, a collection 
off  organizational design steps is presented that assists in a task-oriented decomposition of 
thee overall task of a system into jobs, the reintegration of jobs using job allocation, coordi-
nationn mechanisms and organizational structuring. A case study on distributed supply chain 
managementt shows the process from task decomposition via organizational design to three 
architecturess of multi-agent system designs. 

Chapterr  3 - Coordination Strategies for  Multi-Agent Systems Models for coordination 
strategies,, introduced in Chapter 2, are translated into Problem-Solving Methods. The co-
ordinationn strategies are based on existing coordination strategies taken from organizational 
designn theory and give agents a means to coordinate joint actions. We report on a small 
experimentt in which three coordination strategies were implemented as problem-solving 
methodss in a multi-agent system. 

Chapterr  4 - Five Capabilities Model In order to study how agents can be made to operate 
withinn organizations, we discuss the the 5 Capabilities (5C) model. The 5C model is a 
conceptuall  framework for analyzing and designing the capabilities and functionality of an 
intelligentt agent. Using the notion of separation of concerns, the 5C model defines five 
dimensionss of agent intelligence, where each dimension plays a role in the analysis and 
developmentt of intelligent agents. 

Chapterr  5 - Interoperation within a Complex Multi-Agen t Architectur e The problem of 
interoperationn within a distributed architecture composed of heterogeneous components is 
discussedd in this chapter. The architecture is able to compose applications from existing 
(web)) services that reside on the Web. The agents within the architecture collaborate us-
ingg collaboration patterns and specialized ontologies, which are part of an interoperability 
framework.. This framework consists of four layers: coordination (based on the mechanisms 
describedd in Chapter 2), semantical, syntactical and technical. The collaboration patterns 
aree operationalizations of the coordination methods described in Chapter 3. A proof of con-
ceptt is presented that explains the dynamics of parts of the architecture. The design and use e 
off  specialized ontologies is described in Chapter 6. 

Chapterr  6 - Message Content Ontologies The semantical layer of the interoperability frame-
work,, introduced in Chapter 5, is discussed in detail in this chapter. We address the prob-
lemm of how agents handle ontology-based communication. A theoretical framework for 
ontology-basedd communication is introduced. A pragmatic approach is presented that en-
abless the creation and use of ontologies to support ontology-based communication between 
agents. . 

Chapterr  7 - Conclusions This chapter concludes the thesis by answering the research ques-
tions,, discussing the presented work and suggesting future research. 


