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Summary y 

Thee general question addressed in this thesis How can human organizational principles be used for 
multi-agentmulti-agent architectures? is answered by an exploration of the possibilities to design multi-agent 
systemss as artificial organizations. Three research lines are presented: organizational modeling 
andand coordination, interoperability and agent models. Organizational modeling and coordination 
iss concerned with how resources (i.e. people or agents) can be identified and related to each other. 
Thee (human) organizational principles we explored are: "division of labor" and "coordination". 
Divisionn of labor consists of decomposing the work (or goal) into various distinct tasks. Coordina-
tionn refers to managing relations between these tasks to achieve the work. The patterns of division 
off  labor, responsibilities (i.e. people who do me work), clustering of responsibilities into units 
andd coordination between units can be defined by "organizational structures". Organizations are 
complexx entities formed to overcome various limitations of individual agencies, such as cognitive, 
physical,, temporal and institutional limitations. The design of an organization should cover how 
onee or more people are engaged in one or more tasks, where knowledge, capabilities and resources 
aree distributed. Such a design can be seen as a set of networks and procedures that link agents, 
tasks,, resources and skills. 

Manyy human organizations can be viewed as information processing systems because many 
off  their activities are concerned with transforming information from one form to another. In ad-
dition,, organizational activity (like receiving orders, reporting and administrating) is frequently 
information-driven.. Links between human organizations and computational systems are suggested 
byy Fox, where distributed system are described by responsibilities of processes (i.e. agents), com-
municationn paths and a control regime that coordinates the whole. Furthermore, Malone and 
Crowstonn discusses the influence of coordination theory in resource allocation, management of 
unreliablee actors, task assignment and information flow management. 

Coordinationn is an essential activity in multi-agent systems, in that it permits agents to cooper-
atee in order to achieve common goals. Based on division of labor, agents will perform a number of 
(specialized)) tasks. When agents organized in a multi-agent system collaborate, they are capable 
off  performing more complex actions than individual agents can. However, in order to achieve 
commonn and individual goals, agents need to interact in a coordinated manner. This means that an 
agentt should be aware not only of the actions it can perform and the state it is in at any moment of 
thee execution, but also of the actions other agents can perform and their states. 

Chapterr 2 presents a framework for multi-agent system design, which is based on human orga-
nizationall  notions and principles for distributed intelligent systems design. Organizational notions 
suchh as "task", "control", "job", "operation", "management", "coordination" and "organization" 
aree framed into an organizational design framework. A collection of organizational design activ-
itiess is presented that assists in a task-oriented decomposition of the overall task of a system into 
jobss and the reintegration of jobs using job allocation, coordination mechanisms and organiza-
tionall  structuring. 

Inn order to allocate jobs to positions (i.e. agents), our approach makes use of an explicit separa-
tionn of the performance of work and the control over it. "Operators" are responsible for performing 
thee technical part of work, such as transforming input into output. "Managers" are responsible for 



162 2 Summary y 

thee control over Operators. In order to coordinate Operators, we investigated a selection of coordi-
nationn mechanisms described by Mintzberg: "Direct Supervision" where one individual takes all 
decisionss for the work of others, "Mutual Adjustment" that achieves coordination by a process of 
informall  communication between agents, and "Standardization of Work, Output and Skills". 

Threee organizational structures originating from Mintzberg are adjusted in order to coordi-
natee agents and their work: "Machine Bureaucracy", "Professional Bureaucracy" and "Adhoc-
racy".racy". The Machine Bureaucracy is task-driven, seeing the organization as a single-purpose struc-
ture,, which only uses one strategy to execute the overall task. The Professional Bureaucracy is 
competence-driven,, where a part of the organization will first examine a case, match it to prede-
terminedd situations and then allocate specialized agents to it. In an Adhocracy, the organization 
iss capable of reorganizing its own structure including dynamically changing the work flow, shift-
ingg responsibilities and adapting to changing environments. A case study on distributed supply 
chainn management shows the process from task decomposition via organizational design to three 
multi-agentt architectures based on the three organizational structures. 

"Interoperability""  is concerned with how to let agents communicate with each other, how to 
coordinatee agent communication and how to add semantics to agent communication. Chapter 
44 discusses "coordination mechanisms" in the form of "Problem Solving Methods", which can 
assistt "Managers" and agent engineers in reasoning about coordination. Agents that need coor-
dinationn can agree to commit to one or more coordination strategies. Underlying the Problem 
Solvingg Methods is a "coordination ontology" that models the concepts and relationships describ-
ingg the coordination domain. The coordination strategies are based on the strategies described by 
Mintzberg. . 

Fromm experiments with the three coordination strategies, we made the following observations: 
inn Direct Supervision the coordination knowledge (i.e. strategic and supervision) is concentrated 
inn the Manager, who takes care of managing the relations between activities and Operators. In 
Standardizationn of Work, we can see a pattern of a decentralized model (knowledge about coordi-
nationn is distributed among the Operators), where the Manager only plays the role of a strategic 
planner.. In Mutual Adjustment, there is no division of roles into Operators and Managers. As a 
result,, the collaboration pattern shows a broadcast communication model where every agent tries 
too communicate with all available agents. 

Thee "IBROW project" (IBROW stands for Intelligent BRokering On the Web) discussed in 
Chapterr 5, has as goal to develop technologies for (semi-) automatic selection and configuration 
off  new applications by reuse of existing services. Work on a multi-agent architecture capable 
off  (semi)automatic reuse of Problem Solving Methods (PSMs) is discussed. Using the notion of 
separationn of concerns, specialized agents are defined that operate within functional spaces. The 
agentss within the architecture collaborate using specialized ontologies and collaboration patterns 
onn top of an interoperability structure. 

Inn a "conference submissions" scenario, we addressed the problem of having to classify over 
6000 submissions for the ECAI 2002 conference by hand in order to distribute them to reviewers. 
Inn our approach, we showed how to automate this process using a collection of configured PSMs. 
Thiss process is represented by an application configuration constructed by a broker, which is 
translatedd by the Manager into a "Multi-Agent Plan" (MAP). The execution of this MAP showed 
howw PSMs from three libraries (i.e. data-transport, document analysis and classification) can 
interactt with each other. Using graphical inspection tools via the agent console, we inspected parts 
off  the dynamics (communication and internal behavior of agents) of the IBROW architecture. 

Chapterr 6 focuses on the problem of how to add semantics to agent communication. Our 
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approachh is to look at "ontology-based communication", in which the meaning and intention of 
messagee contents is specified in "message content ontologies". In order to share semantics, agents 
committ to shared message content ontologies. We present a "Reference Model" for ontology-
basedd communication based on "speech act" theory. A pragmatic approach is presented, taking 
intoo account the current state of the art in agent technology, which enables creation and use of mes-
sagee content ontologies to support ontology-based communication between agents. We describe a 
tooll  that assists agent engineers in designing message content ontologies and export them to Java 
sourcee code. A case study on Legal Services illustrates conversations between agents based on a 
laww message content ontology. 

Ann "Agent Model" is concerned with guiding agent engineers in making conceptual, functional 
andd technical design decisions when designing agents, taking into account typical agent intelli-
gencee competences, such as "autonomy", "interaction", "pro-activeness" and "reactiveness". In 
Chapterr 4, we present the "Five Capabilities (5C) model" which is a conceptual framework based 
onn a generalization of typical agent intelligence competences. The model defines five dimen-
sionss of agent intelligence: "communication model", "competence model", "self model", "plan-
nerr model" and "environment model". Each of the five models plays an important role for the 
developmentt of an intelligent software agent. How each of the models will be filled in may vary 
dependingg on the particular kind of agent or the particular application. It iss possible that an agent 
designn is based on the five models, but the technical model on a simplification. 

Thee 5C model has been the design guide (for capabilities and functionality) for the develop-
mentt of a series of intelligent agent application prototypes (see Chapter 5 and 6) and commercial 
applications.. The development of the applications showed that functional as well as technical 
constraintss can be reflected in an intuitive manner along the five dimensions, using the notion 
off  separation of concerns. Also several "non-agent" issues can be taken into account, such as 
functionall  constraints and technical/political constraints. Depending on the requirements of the 
applicationn one can focus on each capability that needs attention, without losing oneself in the 
complexityy of the entire design. 

Chapterr 7 concludes the thesis by answering the research questions and suggesting future work. 
Thee research questions are answered by (1) conducting a conceptual analysis of organizational 
concepts,, organizational models and coordination mechanisms (2) providing a framework for 
agentt interoperation and (3) providing a conceptual framework for analyzing and designing the 
capabilitiess and functionality of an intelligent agent. Future research includes extensions to the 
currentt agent organization framework, which should be of assistance in the organizational design 
decisionn process to bring coherence between the patterns of division of labor and patterns of co-
ordination.. Future research on the framework for agent interoperation may include study on agent 
negotiationn in "Mutual Adjustment". Finally, the 5C model could be extended with a library of 
reusablee model components. 




