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Abstract

With advent of ubiquitous society, problems for constructing socially-
embedded systems have changed from technological difficulties, such as
network infrastructure, to how to ensure that they yield appropriate social
behavior. That is, success of the systems depends on interaction design be-
tween users and them. The most common way to design how to interact with
users is a participatory design, which is a method of bringing users into de-
velopment process. However, specifying problems of interaction design is a
difficult task for system designers even if they employ participatory design.
This is because results of demonstration experiment cannot be reproduced.

In this thesis, our goal is to develop the method to enable system de-
signers familiar with application domain to design interaction between sys-
tems and users while receiving the feedback from users with relatively low
costs. To accomplish this goal, we adopt multi-agent simulation consisting
of agents representing users or systems. Once the agent models are con-
structed appropriately, it provides us reproducibility of results. Moreover,
conducting the multi-agent simulation in three-dimensional virtual space al-
lows us to participate in the simulation by controlling avatars and record the
operation history.

In this thesis, we address following issues on supporting participatory
design of socially-embedded systems by multi-agent technology.

1. Establishment of a methodology of multi-agent simulation

There are two types of multi-agent simulations depending on their
purposes; a) analytic multi-agent simulations with a simple internal

���



model of agents and b) synthetic multi-agent simulation with a com-
plex internal model of agents. The purpose of the former approach
is to know principles of society, and the latter one is to reproduce
reality-based situations. In this research, we need synthetic multi-
agent simulation to design real systems. However, it is difficult for
system designers to construct agents with complex internal models,
because they are not computing professional. Their interests are how
systems and users interact with each other rather than how systems
work and users act. Therefore, we contrive a new method that de-
signs interaction between agents without knowing the details of their
implementation. This method enables us to describe interaction proto-
cols separately from agent system implementation by delegating how
to execute the interaction protocols to agents. Moreover, we present
a domain dependent language to capture the patterns of interaction
protocols. The language can reduce the system designer’s burden to
describe interaction protocols. We validate the proposed method by
double-checking the result of the previous controlled experiment done
in a real environment.

2. Refinement of protocols using participatory simulation

By repeating multi-agent simulation, it become possible to estimate
how well the designed interaction protocols work. However, even
when the simulation results show the effectiveness of the protocols
for simulated users, the problem of validating whether they are effec-
tive for real users still remains. One solution to such a problem is to
conduct participatory simulations where agents and human-controlled
avatars coexist. In this simulation, the protocols are provided for users
controlling avatars as well as agents. This is why the protocols need to
be redesigned with an appropriate degree of abstraction so that users
can easily understand them. In improving the protocols, we have to
consider the human behavior of violating protocols because it is im-
possible to enforce every rule on humans. Therefore, we propose the
process that refines not only protocols but also human internal mod-
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els to make decisions about whether they follow the protocols. This
process also enables us to verify and validate the protocols and the
internal models using results of multi-agent simulations and partici-
patory simulations. To realize this process, we develop new agent ar-
chitecture with decision making about whether it comply with given
protocols. We check the usefulness of the proposed method by apply-
ing it to improving evacuation methods.

3. Acquirement of users’ internal models from log data

There are two constraints in acquiring users’ internal models from
log data obtained by participatory simulations. One is quantitative re-
striction of log data. The number of times to conduct participatory
simulations is limited because they need several human subjects. The
other is that we have to extract models specific to each subject for
designing protocols available for diverse users. These constraints of-
ten breed arbitrary interpretation of results of data analysis. To avoid
such a problem, computational support like machine learning is re-
quired. Therefore, we present a new algorithm to model human be-
havior based on hypothetical reasoning whose domain knowledge is
the set of action rules obtained by interviews with some human sub-
jects after participatory simulations. This algorithm can choose the
action rules which explain a subject’s operation history without in-
consistency. The verification of the selected rules are assured because
this method is a reasoning based on logic. We apply the algorithm
to the acquisition of an evacuee’s model in a fire-drill experiment.
Finally, we validate the algorithm by comparing the subject’s model
with one obtained from the results of an interview with the subject.

���





Acknowledgments

I would like to express my sincere gratitude to my supervisor, Professor
Toru Ishida at Kyoto University, for his continuous guidance, valuable ad-
vice, and helpful discussions. His stern attitude towards research is exem-
plary and he is an outstanding role model for me. I gratefully acknowledge
valuable comments of other members of my thesis committee at Kyoto Uni-
versity, Professor Hajime Kita and Professor Osamu Katai.

Lecturer Hirofumi Yamaki and Assistant Professor Hideyuki Nakanishi
at Kyoto University always gave me kind advice and helpful comments. I
wish to thank Professor Toshio Sugiman, who advised an important role in
the system and experiment design.

I am grateful to the other adviser, Professor Toyoaki Nishida at Kyoto
University, for his valuable advice and discussions.

I also wish to express my special thanks to Akishige Yamamoto at Math-
ematical Systems Inc. for developing Q interpreter and advising scheme
programming.

Brief mention should be made of the work by my colleagues at Ishida
laboratory. Tomoyuki Kawasoe developed FlatWalk, two-dimensional mul-
tiagent simulator, and prepared participatory simulation experiments. Yuki
Sugimoto implemented learning algorithm which enables us to acquire hu-
man behavior models from log data obtained by participatory simulation.

Thanks to the members of the Ishida laboratory, especially Daisuke
Torii. He gave me indispensable technical comments in writing my the-
sis and offered consultation for private life as well as research. I could not
have completed the doctoral course and my thesis without him.

���



Finally, I would like to make the most cordial acknowledgment to my
dear family, my old brother, Yoshiharu Murakami, my old sister, Keiko
Murakami, and my parents, Yoshiaki and Michiyo Murakami. They gave
me sincere support and encouragement indispensable to finish my doctoral
course.

This research was supported in part by followings:

� The Japan Science and Technology Corporation for the Core Research
for Evaluational Science and Technology Universal Design of Digital
City Project.

� Japan Society for the Promotion of Science (JSPS), Grant-in-Aid for
Scientific Research (A)(15200012, 2003-2005).

���



Contents

1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Structure of the Thesis . . . . . . . . . . . . . . . . . . . . 5

2 Interaction Protocols 9
2.1 Protocols for Coordination . . . . . . . . . . . . . . . . . . 10

2.1.1 Protocol Description Language . . . . . . . . . . . . 10
2.1.2 Protocol Engineering . . . . . . . . . . . . . . . . . 13

2.2 Protocols as Social Norms . . . . . . . . . . . . . . . . . . 15
2.2.1 Social Law . . . . . . . . . . . . . . . . . . . . . . 17
2.2.2 Social Commitments . . . . . . . . . . . . . . . . . 19
2.2.3 Social Conventions . . . . . . . . . . . . . . . . . . 20

2.3 Example: Evacuation Guidance Protocol . . . . . . . . . . . 21

3 Scenario Description for Multi-Agent Simulation 25
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2 Multi-Agent Simulation . . . . . . . . . . . . . . . . . . . . 27
3.3 Scenario Description Language . . . . . . . . . . . . . . . . 28

3.3.1 Scenario Description Language Q . . . . . . . . . . 28
3.3.2 Interaction Pattern Card . . . . . . . . . . . . . . . 31

3.4 Scenario Description Process . . . . . . . . . . . . . . . . . 32
3.4.1 Overview of Process . . . . . . . . . . . . . . . . . 32
3.4.2 Step1: Defining a Vocabulary . . . . . . . . . . . . 33

���

�

�

�

�

�

��

��

��

��

��

�	

��

��


�

��

��

��

��

��

��

��

��



3.4.3 Step2: Describing Scenarios . . . . . . . . . . . . . 37
3.4.4 Step3: Extracting Interaction Patterns . . . . . . . . 40
3.4.5 Step4: Integrating Real and Virtual Experiments . . 44

3.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4 Protocol Refinement Process Using Participatory Simulation 49
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.2 Participatory Simulation Approach . . . . . . . . . . . . . . 51
4.3 Agent with Social Constraints . . . . . . . . . . . . . . . . 52

4.3.1 Design of Agent Architecture . . . . . . . . . . . . 53
4.3.2 Implementation of Agent Architecture . . . . . . . . 54

4.4 Protocol Design Process . . . . . . . . . . . . . . . . . . . 57
4.4.1 Overview of Process . . . . . . . . . . . . . . . . . 58
4.4.2 Step1: Creating Protocols . . . . . . . . . . . . . . 61
4.4.3 Step2: Validating Protocols . . . . . . . . . . . . . 63
4.4.4 Step3: Modifying Agent Models . . . . . . . . . . . 65
4.4.5 Step4: Modifying Protocols . . . . . . . . . . . . . 67

4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5 User Modeling by Participatory Simulation 71
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.2 Overview of Modeling Process . . . . . . . . . . . . . . . . 73
5.3 Formalizing the Problem . . . . . . . . . . . . . . . . . . . 76

5.3.1 Definition of Technical Terms . . . . . . . . . . . . 76
5.3.2 Domain Knowledge . . . . . . . . . . . . . . . . . 77
5.3.3 Description of Observation . . . . . . . . . . . . . . 79

5.4 Acquisition of Operation Model . . . . . . . . . . . . . . . 81
5.5 Application to Evacuation Domain . . . . . . . . . . . . . . 85

5.5.1 Evacuation Domain . . . . . . . . . . . . . . . . . . 85
5.5.2 Application of Modeling Process . . . . . . . . . . . 86

5.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6 Conclusion 95

���

��

��

��

��

��

��

�	

�


��

��

��

�	

�


�


	�

	�

	�

	�

		

	�


�


�


�


�

��

�	

��

��

�	

��



6.1 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . 95
6.2 Future Directions . . . . . . . . . . . . . . . . . . . . . . . 98

Bibliography 101

Publications 111

���

��

��

���

���





List of Figures

2.1 Ground Plan of the Experiment and Initial Position of
Subjects[Sugiman 88] . . . . . . . . . . . . . . . . . . . . . 22

3.1 Cues and Actions . . . . . . . . . . . . . . . . . . . . . . . 29

3.2 Scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.3 Definition of Agents and Avatars . . . . . . . . . . . . . . . 30

3.4 IPC/Q Translation Process . . . . . . . . . . . . . . . . . . 31

3.5 2-D Evacuation Simulation . . . . . . . . . . . . . . . . . . 36

3.6 3-D Evacuation Simulation . . . . . . . . . . . . . . . . . . 37

3.7 An Interaction Pattern Card (Excel Interface) . . . . . . . . 42

3.8 Q Scenario Corresponding to IPC in Figure 3.7 . . . . . . . 43

3.9 Comparing Results between Real and Virtual Experiments . 46

4.1 Participatory Simulation . . . . . . . . . . . . . . . . . . . 51

4.2 Agent Architecture under Social Constraints . . . . . . . . . 53

4.3 Implementation of Agent under Social Constraints . . . . . . 55

4.4 Data Dependency Graph of Production Rules . . . . . . . . 57

4.5 Protocol Design Process . . . . . . . . . . . . . . . . . . . 60

4.6 Follow-Me Method (Leader’s Protocol) . . . . . . . . . . . 61

4.7 Follow-Me Method (Evacuee’s Protocol) . . . . . . . . . . . 62

4.8 Results of the Participatory Simulation . . . . . . . . . . . . 64

4.9 Interviews with Subjects . . . . . . . . . . . . . . . . . . . 66

4.10 Modified Follow-Me Method (Leader’s Protocol) . . . . . . 67

���

��

��

��

��

��

��

��

��

��

	�

	�

		

	�

��

��

��

��

��

��

��



5.1 Modeling Process (This chapter focuses on the area in the
dotted frame) . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.2 Agent John’s View at T-1 . . . . . . . . . . . . . . . . . . . 80
5.3 Proof Tree of hT�2 �Σ��ST�1� � Do�walk� . . . . . . . . 82
5.4 Participatory Simulation by FreeWalk . . . . . . . . . . . . 86
5.5 Priorities among Operation Rules in P1 . . . . . . . . . . . . 89
5.6 Operation History of the Subject Operating Agent11 (former) 90
5.7 Operation History of the Subject Operating Agent11 (latter) 91

���

��

��

��

��

��

��

��



List of Tables

2.1 Fields in Requirements Specification for Protocols. . . . . . 13

3.1 Sample Cues and Actions for Evacuation Simulation. . . . . 35
3.2 Rules for Guidance Scenarios . . . . . . . . . . . . . . . . . 39
3.3 Rules for Evacuation Scenarios . . . . . . . . . . . . . . . . 40

4.1 Agent Internal Model during Fire Drills . . . . . . . . . . . 63
4.2 Evacuee’s Internal Model Acquired from the Participatory

Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

5.1 Operation Rules of Subject Operating Agent 11 . . . . . . . 88

���

��

��

��

��

��

��

��





Chapter 1

Introduction

1.1 Background

The era of ubiquitous computing/networking is coming against of the
backdrop of development of the Internet, mobile computers, and elec-
tronic devices. The network infrastructure gradually enables us to con-
struct large scale socially-embedded systems. As a result, future systems
are expected to support multiple users simultaneously wherever they need
[Nakashima 03, Yamashita 05]. This is different from existing information
systems which have served individual users, such as ATMs in banks. This
shift of the concept of the systems forces them to adapt their users. Some pa-
pers describe large scale multi-agent systems consisting of personal agents
corresponding to each user [Sugawara 04, Kurumatani 03].

The problem in constructing such a system is how to ensure that they
yield adequate behavior: “adequate behavior” does not merely mean com-
putationally correct behavior, but appropriate social behavior when embed-
ded in human societies. For example, a car navigation system that shares
destinations of users has to provide route assignment favorable for every
user.

However, it is known that the behavior of socially-embedded systems
is hard to predict because the systems are exposed to unpredictable inter-
actions with users. In the earlier example of the car navigation system, a
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driver’s deviation of his/her route given by it can result in that other drivers
get caught in a traffic jam. To prevent such an inappropriate behavior of
the systems, participatory design, which is a method of bringing users into
development process, is more and more important [Ishida 04].

Participatory design has been employed to design user interfaces and
contributed to improvement of usability and accessibility of systems. In this
context, it is also called user-centered design. This approach focuses on
how to design user interfaces, for instance, where and what information is
displayed on a screen. In contrast to user-centered design, how socially-
embedded systems behave in human society is most important to design the
systems. That is, the key success factor of socially-embedded systems is
interaction design, which describes how to interact with users.

However, there are the two following problems to implement participa-
tory design. One is that it imposes a burden to assemble more subjects for
a demonstration experiment than user-centered design approach. The other
is that the environment surrounding socially-embedded systems is too dy-
namic and open to reproduce the results of demonstration experiments. This
makes it difficult to investigate the cause of troubles that occur in the exper-
iments. Even if we can locate the cause of the troubles, the effects of the
resolutions are hard to predict. Both problems cause the situation that most
of the demonstration experiments are conducted for testing system behavior
rather than reflecting subjects’ feedback in system design.

1.2 Approach

The objective of this research is to explore methods for resolving difficul-
ties in participatory design of socially-embedded systems addressed in the
previous section. We propose methods for designing interactions between
users and systems that enable experts in an application domain to reflect
users’ feedback in their system design with relatively low costs.

To accomplish the goal mentioned above, we employ multi-agent simu-
lations consisting of agents representing individual users. Multi-agent sim-
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ulation is a method of observing phenomena emerging from interactions
among agents which model each entity with decision making, such as hu-
mans. This method is different from the existing one in that it does not need
governing equations but each model of entities based on prior knowledge
and documents. This method allows us to understand and analyze the phe-
nomena by comparing phenomena observed in the simulation and the real
world. Recently, it has draw attention as solutions to analysis of social and
economic systems.

Using multi-agent simulation not as analysis tools but as design tools
brings the following two benefits to participatory design. One is to pro-
vide reproducibility of phenomena observed in the real world. This feature
permits us to investigate the cause of the phenomena and estimate how ef-
fective various interaction designs are without limiting the number of times
of experiments. The other is to enable us to participate in the simulation, by
reproducing the entire process of the simulation in three-dimensional virtual
space and introducing human-controlled avatars into it. We call the simula-
tion where human-controlled avatars and agents interact with each other in
virtual space participatory simulation. Participatory simulation can realize
participatory design by the less number of subjects less than demonstration
experiments in real space. Moreover, by using computational method like
machine learning and data mining, we can acquire subjects’ feedback from
log data obtained by participatory simulation.

In order to apply multi-agent simulation including participatory simu-
lation to participatory design of socially-embedded systems, we have taken
the following steps in this thesis.

Firstly, we developed a general-purpose protocol description language
to describe interactions between users and systems in multi-agent simula-
tions. We view interaction protocols as behavioral guidelines of agents,
while agents keep certain degree of autonomy under the given constraints.
This language enables us to compose interaction protocols of application
vocabularies. System designers are often not computing professionals, but
experts in application domain where the systems work. This is why they are
interested in what the expected behaviors of the systems are rather than how
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they behave. They do not need logic and programming languages to explain
and implement internal mechanism of agents, but languages to define the
expected behavior of the systems by using vocabularies in each application
domain. That is, they need to describe how the systems and users are ex-
pected to interact with each other. How changing this definition affects the
entire systems is monitored through the process of simulations. In this way,
the language allows system designers to design appropriate interactions be-
tween systems and users.

The change of viewpoint from an internal mechanism to interaction de-
sign transforms methodologies to develop systems. In the existing method-
ology established in agent-oriented software engineering, implementation
phase of agents consisting of agent internal models and interaction pro-
tocols follows design phase of those models serially. This process is not
suitable to redesign protocols because implementation of agents needs to be
modified whenever protocols are improved. As the number of modifying
protocols increases, the efficiency of development of the systems decreases.
The development process deploying implementation phase and design phase
simultaneously is necessary for refining protocols. Therefore, the protocol
description language also has to be the interface between system designers
and system developers.

Secondly, we established protocol refinement process to reflect results of
participatory simulation in interaction protocols. Participatory simulation is
defined as multi-agent simulation conducted by replacing some of agents
with human-controlled avatars. By making humans participate in simula-
tions, we can estimate the effectiveness of designed protocols on humans
as well as agents. In fact, results of participatory simulations can be dif-
ferent of that of multi-agent simulations, even when results of multi-agent
simulations show the expected behavior. This is because humans are too
autonomy to force them to obey the given protocols. Thus, using results of
participatory simulations, we have to modify not only interaction protocols
but also agent internal models. The research issue to realize this process
is to construct new agent architecture with decision making of whether it
complies with given protocols.
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Finally, we developed a new method of acquiring subjects’ models from
results of participatory simulations by machine learning. This method ex-
tracts individual models by generating explanation of operation history of
each subject. However, amount of log data obtained by participatory simu-
lation is not enough to apply inductive learning algorithms since the number
of times to conduct participatory simulations is limited. Therefore, we em-
ploy deductive approach using domain knowledge. By applying machine
learning to acquirement of subjects’ models, the success of participatory
design can be independent of the operator’s ability.

The significant feature of user modeling by participatory simulation is to
acquire an internal model specific to each participants. This method is dif-
ferent from inductive machine learning approaches that can extract a com-
mon model from operation histories of some participants. However, our
approach is natural to apply to participatory design of socially-embedded
systems. This is because unpredictable behavior of a user can affect other
users in socially-embedded systems that provide diverse users with their
service concurrently. Hence, it is necessary to acquire the individual model
corresponding to each subject since system designers have to design inter-
action protocols robust for various users.

1.3 Structure of the Thesis

This thesis consists of six chapters, including this chapter as the introduc-
tion.

Chapter 2 is dedicated to introduce interaction protocols addressed in
multi-agent domain. Interaction protocols are defined as written behavioral
guidelines of agents, while agents keep certain degree of autonomy under
the given constraints. There are two types of interaction protocols depend-
ing on their target agents; a) coordination protocols given agents with a joint
goal and intention and b) social norms imposed on agents with individual
goals and intentions. In order to clarify interaction protocols employed for
interactions between users and socially-embedded systems, we explain a
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summary of each protocol. Finally, we show a summary of the fire-drill
experiment which is an example used throughout this thesis, and introduce
two different types of evacuation guiding protocols.

Chapter 3 introduces a new method to conduct synthetic multi-agent
based simulations. We developed a protocol description language for multi-
agent systems, scenario description language Q, which enables us to define
agents’ expected behavior. Q focuses on interaction design between agents,
compared with the existing approaches that focus on agent internal mech-
anisms. That is, Q tries to control a group of agents not by implementing
how to coordinate with each other, but by requesting them to do something.
This allows experts in application domains to describe interaction between
agents without knowing the details of agent internal mechanism and conduct
multi-agent simulation. Moreover, we validate our approach in an evacua-
tion domain by comparing the results of our simulation with those of the
real-world experiment conducted by Sugiman in 1988 and discuss the ef-
fectiveness of our method.

Chapter 4 presents a framework to reflect results of participatory sim-
ulation in designing interaction protocols. In participatory simulation, two
types of participants’ behaviors are observed; social behavior complying
with given protocols, and selfish behavior violating them. In order to re-
produce such decision making about protocols, we propose new agent ar-
chitecture with interpretation of protocols and decision making of protocols
separately. Furthermore, we explain protocol refinement process defining
both bases of verification and validation of protocols and decision making
models.

Chapter 5 explains a new method for acquiring participants’ internal
models from log data obtained by participatory simulation. It is true that we
can manually refine agent models by interviewing with participants and an-
alyzing log data, but we explore a method to computationally obtain them.
This is because manual approach costs us highly, for instance, it takes us
from thirty minutes to almost one hour to interview with a participant. Here,
we view an agent internal model as a set of prioritized condition-action
rules. Based on this definition, we formalized user modeling as a search
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to find combinations of action rules and their priorities that can explain an
operation history consistently. To solve this problem, we apply hypothetical
reasoning whose domain knowledge is a set of action rules collected through
interviews with some participants after participatory simulation. Finally, we
discuss validation of the model acquired by our method.

Chapter 6 concludes the thesis summarizing the results obtained through
this research. We also address the prospect of the future research about
protocol design.
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Chapter 2

Interaction Protocols

In the area of multi-agent, an interaction protocol is often employed as a
means to control interactions among agents for any purpose. The exist-
ing methodologies for developing multi-agent systems produce an interac-
tion model, defining what kind of interaction protocols are employed, in
analysis and design phase [Zambonelli 03, Wook 00, Kendall 00, Caire 01,
Padgham 02, Juan 02]. The objective of this research, interaction design
between socially-embedded systems and users, is viewed as interaction pro-
tocol design, once the systems and users are modeled as agents.

There are two types of interaction protocols. One is for realizing coor-
dination between multiple agents. We call it coordination protocol. Much
research has ever been devoted to the coordination of the agents. Many pa-
pers have been written about coordination protocols (like Contract-Net) that
allow agents to negotiate and cooperate. Most of the cooperation between
agents is based on the assumption that they have some joint goals or inten-
tions. Such a joint goal enforces some type of cooperative behavior on all
agents.

The other is for avoiding interference between agents who have individ-
ual goals. We call it social norm. There are some kinds of social norms
to make society composed of diverse agents more efficient. The signifi-
cant feature of social norms is that the protocols often conflict with agent’s
goals. As a result, agents sometimes violate the given protocols and then
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the protocols may collapse. However, social norms play an important role
in reasoning behavior of other agents under incomplete information.

In this chapter, we explain each protocol regulating interactions between
agents and then clarify the target of our approach in this research. Finally,
we show a summary of the fire-drill experiment which is a example used
throughout this thesis, and introduce two different types of evacuation guid-
ance protocols.

2.1 Protocols for Coordination

A coordination protocol is a behavioral guideline describing every interac-
tion between agents in order to accomplish coordination of multiple agents.
The interaction described in the protocol is to exchange messages based
on speech-act theory. The messages are described in KQML(Knowledge
Query and Manipulation Language) or FIPA ACL(Agent Communication
Language)[Finin 97, Labrou 99]. By strictly following the prescribed pro-
tocols, agents can exchange a sequence of messages without considering
the details of implementation of other agents. This conversation leads joint
actions of multiple agents, such as consensus building and coordination.

Contract net protocol is a representative of interaction protocols in
multi-agent domain. This protocol is applied to task scheduling in dis-
tributed systems[Lesser 99], allocation of trucks[Sandholm 93], meeting
scheduling[Sen 94], and so on. In addition, Foundation for Intelligent Phys-
ical Agents (FIPA), standards body for multi-agent technology, developed
specifications of standard interaction protocols in order to construct multi-
agent systems in open environment like the Internet.

In this section, we introduce languages to describe coordination proto-
cols and explain the existing process to design them.

2.1.1 Protocol Description Language

Protocol description languages are divided into two types depending on
viewpoints on protocols. One is for writing protocols from the view of each
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agent and role. The other is for writing them from the view of an entire
coordination.

The examples of the former language are COOL and AgenTalk, both
of which are based on finite state machine. COOL is a language to in-
tegrate description of message contents in Knowledge Interchange Format
(KIF) and description of agent communication in Knowledge Query Manip-
ulation Language (KQML) by using a structured conversation framework
representing a coordination mechanism between agents [Barbuceanu 95].
It provides continuation rules that say the subsequent protocols for agents
to handle several protocols given to them. On the other hand, AgenTalk
introduces the concept of inheritance into protocol description, which en-
ables us to construct a new protocol by reusing the existing protocols at
low cost [Kuwabara 96]. This approach is motivated by the assumption that
various protocols specific to an application domain are needed. Moreover,
it presents clear interfaces between agents and the given protocols, called
agent-related functions, for specifying general protocols to adapt each ap-
plication domain. Functions specific to each agent are implemented as call-
back functions which are invoked from protocols using the agent-related
functions.

While, an example of the latter language is CooL (Cooperation Lan-
guage) which is based on a multi-agent plan [Kolb 95]. In contrast to the
above protocol description languages to describe each role’s protocol based
on finite state machine, CooL is a language to represent protocols as an en-
tire conversation flow. That is, protocols described in CooL are composed
of behavior of every agent. Therefore, it is possible to dynamically change
agents’ roles on runtime without assigning roles to every agent in advance.

Unlike the above approach that develops executable protocol description
languages, there is another approach that describes the model of a protocol
in a modeling language and then implements each agent according to the
model. One of the representative modeling language for protocols is Agen-
tUML (AUML) [Odell 00]. This is an extended UML (Unified Modeling
Language) which is diffused in object-oriented software engineering. By
extending UML, commonly used in software development, the cost of using
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AUML is reduced. For example, interaction diagrams representing message
sequences between agents and state chart diagrams representing state tran-
sitions of each agent are used to describe the model of a protocol. However,
it is pointed out that there are gaps between design and analysis of models
and implementation of them by taking this approach. Those gaps lead the
high cost of implementing the models.

An approach that seamlessly connects a protocol model described in
AUML and source codes described on JADE [Bellifemine 99], a standard
framework for developing multi-agent systems is proposed to fill in the
gaps [Dinkloh 04]. In this approach, a protocol model described in inter-
action diagram of AUML is transformed into a finite state machine model
written in cpXML, and then state transition classes which JADE provides
are generated from the model. All system developers have to do is to spec-
ify the generated skeleton classes and implement the body of the classes.
Additionally, interaction description language IOM/T[Doi 05] with expres-
siveness equivalent to AUML is also developed as the same approach that
connects AUML description and agent implementation. It is possible to eas-
ily generate the skeleton codes described in IOM/T from AUML description
since IOM/T has the same expressiveness as AUML. Interactions described
in IOM/T can produce programs executable on a target multi-agent system
platform by IOM/T compiler which support the platform. Other than the
solutions previously mentioned, there are some researches to generate exe-
cutable codes of agents from a protocol model designed by graphical tools.
For example, generating skeleton codes of Bee-gent from finite state ma-
chine described by IPEditor [Tahara 01, Kawamura 99].

Although there are various approaches to design and implement proto-
cols as mentioned above, the most of their representations are based on a
finite state machine model. This current situation shows that a finite state
machine model is suitable to represent a protocol. Paurobally et al. sum-
marized that other representations such as Petri Nets are less expressive and
readable than a finite state machine [Paurobally 04].
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Table 2.1: Fields in Requirements Specification for Protocols.
Name the name of the protocol.
Keywords a list of keywords for characterizing this protocol: auc-

tions ,secured, etc.
Agents the list of agents or roles which are involved in this pro-

tocol.
Initiator the agent or the role which initiates the protocol.
Prerequisite required conditions which must be true for initiating the

protocol.
Function a short description of the meaning of this protocol.
Behavior a detailed description of the protocol with all the mes-

sages used, the meaning of the message contents and
what messages are possible for any interaction state.

Conditions conditions which must hold during the execution of the
protocol: deadlock freeness, liveliness, termination, etc.

Termination normal exit interaction states. For example, the customer
has the products and the clerk has the money.

2.1.2 Protocol Engineering

A coordination protocol is a behavioral guideline describing every message
exchange between agents. Hence, the development methodology of the
protocols is inspired by that of communication protocols [Holzmann 91].
The development process consists of the following five steps: analysis,
formal description, validation, implementation, and conformance testing
[Huget 03a].

Step1: Analysis

In the first step, an informal document which gathers all the fea-
tures a protocol has to provide is defined. Such a description is done
through a natural language description. Table 2.1 describes these fea-
ture [Huget 03b]. Field like name, keywords and function are not
used during this step of the development process but they are in the
protocol reuse and maintenance stage.
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Step2: Formal Description

In the second step, a natural language specification of the require-
ments described in the previous stage needs to be translated into the
formal description not to make ambiguous protocols. There are var-
ious ways to formally represent a protocol as mentioned in the pre-
vious section and each way has advantages and disadvantages. For
instance, a finite state machine has advantages that it is easy to read
and understand it, that it has formal semantics, and that it can be val-
idated by some algorithms, and a disadvantage that it can not repre-
sent concurrency. On the other hand, although Petri Nets can describe
concurrency, it is hard to describe and understand it. To resolve these
disadvantages of Petri Nets, Mazouzi et al. tried to reduce a burden
to describe Petri Nets by translating description in AUML, a model-
ing language without complete formal semantics, into description in
Colored Petri Nets (CPN) [Mazouzi 02].

Step3: Validation

In the third step, the protocol formally described in previous step
needs to be validated to check if structural properties and semantic
properties are satisfied. The former validation technique uses the no-
tion of graph and defines the property to be checked as a property on
a graph; this is called reachability analysis. Such properties are also
checked in validation of communication protocols [Holzmann 91].
On the other hand, the validation of the latter properties is typical
for coordination protocols in multi-agent systems. Fornara et al. vali-
dated semantic properties as well as structural properties about topol-
ogy of interaction protocols. They checked if every speech act can
be performed at each state, and if all commitments are completed
at each termination state by canceling, violating, or fulfilling them
[Fornara 03].

Step4: Implemention

In the fourth step, it is time to implement a protocol according to
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the formal specification of the protocol validated in the previous step.
The purpose of this phase is to realize an agent program which con-
forms to the formal description. How to implement protocols depends
on implementation of agent systems which follow them. In the case
of using JADE, a multi-agent system platform compliant with FIPA
specifications, protocols are implemented as state transition classes
provided by JADE.

Step5: Conformance Testing

The previous steps of interaction protocol engineering offer the possi-
bility to formally design, to check some properties and to synthesize
an operational version of the protocols. Final step checks whether the
operational version of the protocols still verifies the properties defined
in the specification of requirements. This is because the translation
from a formal description of a protocol into an operational one can
insert errors and some features described in the specification of re-
quirements can be absent. The conformance testing step is different
from the validation one in that it checks properties on an operational
version whereas the validation stage checks properties on a formal
version of the protocol.

2.2 Protocols as Social Norms

As mentioned in the previous section, a coordination protocol is a behav-
ioral guideline specifying every interaction between agents so that multiple
agents with a joint goal can cooperate with each other. Unlike this, there is a
protocol to prevent conflicts between agents with individual goals in society.
Every agent can expect other agents’ behavior by sharing it. This protocol
is called a social norm. For example, left-hand traffic is a social norm. The
protocol plays an important role that prevents collisions of cars. Such a so-
cial norm acts as a social constraint, so it often conflicts with an individual
goal. As a result, agents sometimes violate social constraints. That is, we
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can not always force agents to follow social constraints. For instance, a car
with a pregnant woman can move the right side of a road to avoid a traffic
jam.

This social norm is generally modeled by the following seven elements
[López 02, López 03].

1. A set of normative goals

2. Addressee agents which are directly responsible for the satisfaction
of the normative goals

3. Beneficiary agents that benefit from the satisfaction of normative
goals

4. Context where addressee agents must follow norms

5. Exception states representing situations in which addressee agents
cannot be punished when they have not complied with norms

6. Rewards to be given when normative goals become satisfied

7. Punishments to be applied when normative goals are not satisfied

Social norms are divided into social laws, social commitments, and so-
cial conventions [López 03]. We can distinguish them by three elements;
norm-creating process, persistence, and rewards and punishments.

Regarding norm-creating process, norms might be created by the agent
designer as built-in norms, they can be the result of agreements between
agents, or can be elaborated by a complex legal system. Concerning their
persistence, norms might be considered during different periods of time,
such as until an agent dies, as long as an agent stays in society, or just for a
short period of time until its normative goals become satisfied. Finally, both
of rewards and punishments might not exist, some norms do not include
either punishments or rewards, even though they are complied with. By
these differences, social norms are classified into social laws, social com-
mitments, and social conventions.
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Social Law

A social law is defined as a norm which qualified agents and system
designers create to make an entire system work efficiently in top-down
style. Hence, addressee agents do not participate in its creation. Once
a social law is created, the social law is imposed on the whole sys-
tem uniformly. The imposed norm is valid until it is modified by the
designers. A significant feature is to apply punishments to agents vi-
olating the norm.

Social Commitments

A social commitment is a norm which is produced by results of agree-
ments between agents. Thus, addressee agents actively participate in
its creation. Once the normative goals of a social commitment are
satisfied, a reward can be claimed. Contrary to social laws, social
commitments are temporary, because they may disappear once the
normative goals become satisfied.

Social Conventions

A social convention is a norm which is accepted as general principles
by the members of society. This norm is not enforced by rewards and
punishments, but motivated to be fulfilled because of the empathy or
sympathy that addressee agents have towards other agents, or because
addressee agents want to express their social conformity. Thus, this
norm is gradually formed within organization and society, diffused by
following the norm which agents meet, and finally emerges. In this
way, agents voluntarily comply with social conventions, so the norms
do not have both punishments and rewards to compel them to obey.

2.2.1 Social Law

A social law is a norm assigned to society. Once an agent participates in the
society, it has to adopt the norm absolutely. This is why agent’s individual
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goal can conflict with the given regulations. Therefore, the framework to
enforce compliance is needed.

The simplest way is to incorporate the regulations into agents. Shoham
et al. defined an agent as an entity repeatedly performing actions with state
transition from a state to the next state, and regulations as prohibition of
specific actions at each state [Shoham 92b, Shoham 95]. Hence, we have
only to design a state transition function that can choose actions other than
the actions prohibited by a norm, in order to construct an agent given the
norm.

Under a social law introduced by Shoham, every agent strictly complies
with the norm since it is incorporated into the agents. This is why the norm
does not need punishments when an agent violates it. Such a strong con-
straint by a social law contributes to communicating with other agents and
reducing problem space, while it causes the problems that agents can not re-
act to unpredictable changes in the environment and sometimes accomplish
their own goals. A solution to these problems is to relax the constraints by
removing the given rules one-by-one until agents can accomplish their goals
[Briggs 95].

While such derogation from a given social law enables agents to adapt
changes in the environment flexibly, much derogation leads an inefficient
situation that their behavior conflict with each other. Therefore, it is neces-
sary to enhance legal force by introducing punishments when they violate a
social law [López 02, López 03]. In addition, it is effective to add defender
agents to monitor fulfillment of a social law, and crack down on violation
of the norm [Boella 03]. However, note that introduction of such defender
agents causes an infinite chain of norms because a norm and other defender
agents to enforce strict regulations on them are needed again [López 03].

As mentioned above, there are diverse approaches to enhance legal
force. The most important thing is a balance between flexibility and en-
forceability in order to keep individual utility and an entire system sound
[Boella 05].
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2.2.2 Social Commitments

A social commitment is a norm that is agreed on not by entire society but by
party concerned. In contrast to a social law imposed by system designers in
a top-down style, a social commitment is created by authority to make it or
agreement among party concerned including addressee agents. Obligations
which arise from such a social commitment are introduced by deontic logic.

Deontic logic is a form of modal logic and deals with propositions re-
garding obligations. It presents a notation to represent obligations approved
between two agents, Oi j�φ �. This means that agent i is committed by agent
j to satisfy φ . On the other hand, Oi j�α� means that agent i is committed by
agent j to perform action α. In the latter case, agent i has only to execute
action α, while agent i has to make a plan to satisfy φ state in the former
case. Dignum et al. described a commitment model to bring obligations by
using deontic logic and Speech Act Theory [Dignum 99].

For example, if both of them are not authorized to generate obliga-
tions, either of them generates an obligation by promising to do something.
This situation is represented by a commissive act of COMMIT meaning a
promise, as follows. Note that [] means having performed a speech act. The
following description says that agent i is committed by agent j to do action
α after agent i promises agent j to do action α.

�COMMIT�i� j�α��Oi j�α�

In the case that either of them is authorized to generate obligations, an
obligation arise through an authorized command. This situation is repre-
sented by a directive act DIRECT and a predicate auth meaning that an
agent has an authorization to perform an act. The following description
says that agent j is committed by agent i to do action α after agent i, which
is authorized to tell agent j to do α, exercises the authority.

auth�i�DIRECT�i� j�α��� �DIRECT�i� j�α��O ji�α�

Furthermore, Castelfranchi et al. believes that authority is derivational
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concept arising from a social commitment [Castelfranchi 95]. In his paper,
a social commitment is defined as below:

�S�COMM x y a z�

The above description means that agent x in front of witness agent z
is committed by agent y to do action a. The social commitment generates
some agent y’s authority of enforcement of agent x’s acting a, protest and
sanction against nonperformance of the commitment.

2.2.3 Social Conventions

A social convention is a norm that is formed through interactions among
agents in a bottom-up style and accepted as general principles by the mem-
bers of a society. Strategies taken by individual agents in society gradually
converge and then a social convention emerges from the society. This norm
is not enforced by rewards and punishments, but motivated to be fulfilled
because of the empathy or sympathy that members of society have towards
other members. Therefore, formation process of social conventions strongly
depends on agents’ social conformity.

In order to find out relations between them, Shoham et al. proposed the
following four methods for updating strategies taken by an agent. They are
based on interaction history with another agent. In their paper, interaction
means that a randomly selected pair of agents meet and observe each other’s
strategy [Shoham 92a, Shoham 97].

Internal Statistics:

Adopt the strategy with probability that each strategy agrees with
other agent’s strategy.

External Statistics:

Adopt the strategy with probability that is the proportion of each strat-
egy encountered in other agents so far.
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Internal Majority:

Adopt the strategy that most often agrees with other agent’s strategy
so far.

External Majority:

Adopt the strategy if so far it was observed in other agents more often
than the other strategies.

To evaluate formation process of a social convention, they presented
two assessment criterions; convergence time, how long it takes to reach the
convergence that 80 percent or 90 percent of the agents choose the same
strategy, and convergence frequency, how many times the convergence oc-
curs. Shoham et al. conducted three types of simulations depending on the
given constraints; no constraint, on frequency to update strategies, and on
amount to memory interaction history.

Results of these simulations showed that the external majority update
method had performed best in the normal test. In the test with a constraint
on frequency to update, it was confirmed that the times of convergence had
decreased as the constraint had been enhanced. This is because agents rarely
adapted the dynamic environment as the frequency to update decreased. On
the other hand, in the test with a constraint on amount to memory, it was
confirmed that the times of convergence had decreased as the constraint had
been relaxed. Moreover, Walker et al. succeeded in improving the con-
vergence time and convergence frequency by considering communication
between agents [Walker 95].

2.3 Example: Evacuation Guidance Protocol

As mentioned above, interaction protocols have two aspect; a behavioral
guideline to accomplish joint actions, and a social constraint to make social
behavior efficient. The former is a coordination protocol for cooperative
agents strictly obeying the given protocol and corresponds on interaction
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design within socially-embedded systems. On the other hand, the latter is a
social norm for agents with individual goals and corresponds on interaction
design between users and systems. This research focuses on the latter, and
assumes protocols like evacuation guidance imposed by authority in a top-
down style.

Through this thesis, we employ the fire-drill experiment conducted by
Sugiman [Sugiman 88] in the real world as an example to apply our pro-
posed methods. Evacuation guidance by leaders is viewed as a socially-
embedded system to provide information like escape routes with evacuees.

In the experiment, he firstly established a simple environment with hu-
man subjects to determine the effectiveness of two evacuation methods: the
”Follow-direction method” and the ”Follow-me method.” In the former, the
leader shouts out evacuation instructions and eventually moves toward the
exit. In the latter, the leader tells a few of the nearest evacuees to follow
him and actually proceeds to the exit without verbalizing the direction of
the exit. Sugiman used university students as evacuees and monitored the
progress of the evacuations with different number of leaders.

The experiment was held in a basement that was roughly ten meters wide

Figure 2.1: Ground Plan of the Experiment and Initial Position of
Subjects[Sugiman 88]
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and nine meters long; there were three exits, one of which was not obvious
to the evacuees as shown in Figure 2.1. The ground plan of the basement
and the initial position of subjects are also shown in the figure. Exit C was
closed after all evacuees and leaders entered the room. At the beginning of
the evacuation, Exit A and Exit B were opened. Exit A was visible to all
evacuees, while Exit B, the goal of the evacuation, was initially known only
by the leaders. Exit A was treated as a danger. Each evacuation method was
assessed by the time it took to get all evacuees out.
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Chapter 3

Scenario Description for
Multi-Agent Simulation

3.1 Introduction

Our purpose is to enable system desingers to design interaction between so-
cially embedded systems and users while simulating effects of the design.
By estimating how the interaction design works well in society through sim-
ulations, they can effectively refine the interaction design.

Various physical models such as the magnetic model and the liquid
model have been used to simulate social systems (economic phenomena,
traffic flow and so on) so far. With a large number of ”entities,” those mod-
els can produce behaviors that well mirror real situations. However, since
there is no difference between the entities, these types of simulations cannot
treat ”atoms” as individuals; this is inherently limiting as humans behave
in quite different ways. Therefore, this type of simulation methods is not
suitable for designing interaction between users and socially embedded sys-
tems.

This chapter proposes a new method for realizing a multi-agent simu-
lation which is based on interaction design between agents. A multi-agent
simulation models each individual as an agent instead of modeling them as
a physical system. This method has been used to analyze social systems and
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to synthesize realistic situations. Moreover, once simulators become acces-
sible to humans via the Internet, multi-agent simulations allow humans to
join experiments with software agents. We call it participatory simulation.

Multi-agent simulations can be applied to various areas, and they are
currently being used to simulate social systems like traffic, urban planning,
and politics. The evacuation simulation taken for instance in this thesis
is another direction[Hareesh 00, Ishida 02a]. When simulating social phe-
nomenon in any detail, we need to describe various social interactions in-
cluding verbal and nonverval communication. For experts who work in the
application domain (hereafter scenario writers), writing a scenario to con-
trol a group of agents is not easy, because most are not computing profes-
sionals. As the agents’ functions and environments become more complex
(imagine a large number of human-like agents in a three-dimensional vir-
tual space), the difficulty of writing scenarios causes a serious problem. In
order to remove this problem and to help scenario writers with multi-agent
simulations, we set up the following three research objectives.

Develop scenario description languages

We need a general purpose scenario description language to describe
social interaction between humans and agents that employs the vo-
cabulary used in the application domain. We also need to provide a
domain dependent language to capture the patterns of interaction ob-
served in the application domain.

Establish a scenario description process

Unlike computer programming, no specification is given in advance
for a scenario description. We need to establish a process for scenario
development that determines vocabulary, describes scenarios, extracts
interaction patterns, and integrates real world observations with vir-
tual world simulations.

Validate technologies using real-world problems
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We need to validate the scenario description languages and scenario
description process by examining how well the scenario-based simu-
lation accurately reproduces real life situations.

This chapter will first explain what a multi-agent simulation is, and then
clarify the application domain of our approach. Next, we will discuss the
scenario description languages Q and IPC and the four-step process for sce-
nario description. Finally, we will validate our approach in an evacuation
domain by comparing the results of our simulation with those of the real-
world experiment conducted by Sugiman in 1988[Sugiman 88].

3.2 Multi-Agent Simulation

Multi-agent simulations can be roughly divided into two groups based on
the granularity of the agent model; a) multi-agent simulation with a simple
internal model (hereafter referred to as Fine-Grain) and b) multi-agent sim-
ulation with a complex internal model (hereafter referred as Coarse-Grain).

Fine-Grain: Analytic approach

This type of simulation is used in the analysis of complex social sys-
tems. Here, the KISS principle (Keep It Simple, Stupid) is often
applied[Axelrod 97]. The KISS principle states that agent model-
ing should be simple even though the observed phenomenon is com-
plex, and that complexity should be a result of the simulation. Hence,
agents are expressed using a simple computational model that incor-
porates limited parameters. This approach is mainly used in the anal-
ysis of the relationship between the macro properties of the entire
system and the micro properties of the agents constituting the system
[Epstein 96].

Coarse-Grain: Synthetic approach

This type of simulation is used for the reproduction of reality-in situ-
ations. Agent models reflecting the real world are created to make the
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simulation as realistic as possible[Hanks 93]. This approach is used
in an early stage of system development (examples include robots and
plants)[Bradshaw 01, Vincent 01, Kitano 97], in the examination of
strategies for decision making [Clancey 01, Sycara 03], in education
or training, and so on.

While the latter requires a scenario to describe the interaction between
agents and humans, the former does not since it uses a simple agent model.
This research focuses on the latter, and assumes running simulations that
focus on virtual experiences like evacuation drills.

3.3 Scenario Description Language

The existing research of control of agents in multi-agent systems has fo-
cused on modeling an agent’s internal mechanism to realize coordina-
tion between agents. For example, STEAM, study of reasoning how
to coordinate with other agents based on a general-purpose teamwork
model, and TAEMS, study of task scheduling by multi-agent systems
[Decker 93, Tambe 97].

On the other hand, we focus not on an agent’s internal mechanism, but
on interaction between an agent and its environment. Our proposed scenario
description language is a language to naturally describe the interaction con-
sisting of action on its environment and observation of it. That is, we try to
control agents by requesting them not how to coordinate but what to do.

3.3.1 Scenario Description Language Q

Q is an interaction design language that describes how an agent should be-
have and interact with its environment involving humans and other agents.
For details see [Ishida 02b]. The salient features of Q’s language function-
ality are summarized as follows.

Cues and Actions
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An event that triggers interaction is called a cue. Cues are used to
request agents to observe their environment. No cue is permitted to
have any side effect. Cues keep on waiting for the event specified
until the observation is completed successfully. Comparable to cues,
actions are used to request agents to change their environment. Ex-
amples of a cue and an action are shown in Figure 3.1. The following
description requests an agent to reply “Hi” if it hears “Hello” from
Hanako.

� �
(?hear "Hello" :from Hanako)
(!say "Hi" :to Hanako)
� �

Figure 3.1: Cues and Actions

Scenarios

Guarded commands are introduced for the situation wherein we need
to observe multiple cues simultaneously. A guarded command com-
bines cues and actions. After one of the cues becomes true, the cor-

� �
(defscenario conversation (&pattern ($x #f))
(greeting ((?hear "Hello." :from $x)

(!say "Hi." :to $x)
(go asking))

((?hear "Good-bye" :from $x)
(!say "See you tomorrow." :to $x)
(go walking)))

(asking ((?hear "Hello." :from $x)
(!say "What’s the matter?" :to $x)))

(walking ...))
� �

Figure 3.2: Scenarios
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responding action is performed. A scenario is used for describing
state transitions, where each state is defined as a guarded command.
Scenarios can be called from other scenarios. An example of a sce-
nario is shown in Figure 3.2. In the following description, a scenario
consists of three state. At the initial state, an agent replies “Hi” if it
hears “Hello” from someone and, at the next state, it replies “What’s
the matter?” if it hears “Hello” again. In this way, an agent can do
diverse actions depending on states even when it observes the same
event.

Agents and Avatars

Agents, avatars and a crowd of agents can be defined. An agent is
defined by a scenario that specifies what the agent is to do. Even
if a crowd of agents executes the same scenario, the agents exhibit
different actions as they interact with their local environment (includ-
ing other agents and humans). Avatars controlled by humans do not
require any scenario. However, avatars can have scenarios if it is nec-
essary to constrain their behavior. Examples are shown in Figure 3.3.
In the following description, agent Ken is assigned the “conversation”
scenario described in Figure 3.2.

� �
(defagent Ken :scenario conversation)
(defavatar Hanako)
� �

Figure 3.3: Definition of Agents and Avatars

By introducing cues and actions, we can fluently describe the interac-
tion between agents and their environment. We can also describe agents’
behaviors according to their states by allowing the description of state tran-
sition. Q is currently implemented on the top of Scheme� so its language
specifications are easy to extend.

�Scheme is a dialect of the Lisp programming language invented by Guy Lewis Steele
Jr. and Gerald Jay Sussman.
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3.3.2 Interaction Pattern Card

Various agent interactions can be described using the Q language, but sce-
nario writers may not be familiar with the syntax of Scheme, a mother lan-
guage of Q. Furthermore, since Q is a general-purpose language, it exhibits
too much freedom when writing scenarios for specific domains. To scenario
writers, ease of use is often more important in a language than its scope of
coverage. To support scenario description, we developed Interaction Pat-
tern Card (IPC). Note that IPC is not merely a user interface for Q, it is a
language to express interaction patterns.

The ”card grammar” of IPC describes the fundamental syntax and se-
mantics of cards. The ”card grammar” consists of state transitions expressed
as columns, and cues (sensing) and actions expressed as rows. Labels like
row name and column name are of great importance, since they indicate
states and cues/actions respectively.

Figure 3.4 shows the translation process from IPC to Q scenario. For
translating an interaction pattern card into a Q scenario, one can assign se-
mantics to the structure of the card in the form of a macro definition. The
assignment of semantics is described as the definition of an interaction pat-

CSV->Q
Macro 

Repository

IPC
Translator

Definition of 
Interaction

Pattern Card

Interaction
Pattern

Card (IPC)

Q
Scenario

EXCEL

CSV

Figure 3.4: IPC/Q Translation Process
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tern card (IPC definition), and then sent to the IPC translator, which gener-
ates Q. The card is filled using Excel and sent to It PC translator as data in
CSV format. The IPC translator generates a Q scenario from the IPC card
by expanding the macros based on the IPC definition given in advance.

To define a card, scenario writers must extract an interaction pattern
from each domain. If several already written scenarios are available, it is not
too difficult to extract an interaction pattern from the scenarios. Once the
card is defined, the scenario writers can use IPC to write scenarios without
needing to be aware of the details of the Q language.

The introduction of IPC not only provides a simple means of writing
scenarios, but also facilitates dialogs between scenario writers and agent
system developers. As a result, IPC becomes an interface to promote clear
understanding of a simulation from both two sides.

3.4 Scenario Description Process

3.4.1 Overview of Process

In order to run a successful multi-agent simulation, scenario writers must
provide appropriate scenarios to agents. A scenario, however, differs from
a program in that no explicit specification is given in advance. Hence, the
process for describing software cannot be applied to scenario description. It
is necessary to create a process that models agents at an appropriate level of
abstraction by observing the real world. We propose the following four-step
process for creating scenarios.

Step1: Defining a Vocabulary

A scenario writer and an agent system developer agree upon cues and
actions as the interface between them. Note that cues and actions are
not provided a priori but are defined for each application domain.

Step2: Describing Scenarios
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The scenario writer describes scenarios using the Q language, while
the agent system developer implements cues and actions.

Step3: Extracting Interaction Patterns

Patterns of interaction are extracted from several already written sce-
narios, and are used to define interaction pattern cards. The scenario
writers describe scenarios by using the cards, and use their experience
to improve the definition of the cards.

Step4: Integrating Real and Virtual Experiments

The scenario writer conducts experiments in both real and virtual en-
vironments. The scenario writer utilizes the knowledge obtained from
the experiment in the real world to refine the original scenarios. Real
experiments also benefit from simulations. Examining the outcome of
virtual experiments can improve the design of the real experiments.

This process gradually advances development from the initial step while
each step gives the previous step its feedback. Fixedness of vocabularies
for application scenarios in the early stages makes parallel work between
scenario writers and system developers more efficient.

The feature of our proposed scenario description process is to extract
interaction patterns as a step of entire simulation process. While the existing
processes focus only on simulating, defining IPC enables us to reuse the
patterns of interactions and reduces a burden to describe scenarios in the
same domain. That is, we can share interaction patterns with application
experts in the same domain.

The following subsections provide details of each step using our exper-
iments on the evacuation domain introduced in section 2.3.

3.4.2 Step1: Defining a Vocabulary

In the first step, cues and actions in the given domain are defined as follows
through a dialog between a scenario writer and an agent system developer.
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1. The appropriate level of abstraction of cues and actions depends on
two independent factors: the level of agent autonomy, and the degree
of preciseness required by the scenario writer. The selection of cues
and actions depends on the application. For example, an agent that
introduces Web pages needs to have cues and actions for conversa-
tion rather than those for physical gestures. On the other hand, in an
evacuation simulation, physical gestures are more important than con-
versation. These vocabularies are decided with relatively little effort
because they are examined based on the existing models.

2. Defined cues and actions are classified according to functions. The
actions that return after completion are commonly called synchronous
actions. Asynchronous actions, however, allow other actions to be
executed in parallel. Note that asynchronous actions classified into
the same group are not executed concurrently.

3. The determined cues and actions form an interface between the sce-
nario writer and the agent system developer. The scenario writer can
describe a scenario without knowing the details about of agent system
implementation. That is, if multiple agent systems have the same cues
and actions, the same scenario can be used in all systems.

After studying Sugiman’s experiment, we developed a vocabulary suit-
able for evacuation simulations based on Sugiman’s papers; Table 3.1 sum-
marizes the cues and actions. Actions with an asterisk can be used as both
synchronous and asynchronous actions.

Cues and actions roughly fall into three groups: motion, conversation,
and others. With regard to action, motion can be subdivided into move-
ment, rotation, gesture, and appearance. By employing asynchronous ac-
tions, multiple actions can be concurrently executed. Actions within the
same group cannot, however, be executed concurrently.

Once the vocabulary is determined, the agent system developer imple-
ments cues and actions. Two simulators were used in our evacuation sim-
ulation; one for two-dimensional space and the other for three-dimensional
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Table 3.1: Sample Cues and Actions for Evacuation Simulation.
Cue Action

Motion ?position Movement !walk*
(get location and orie- (walk along a route)
ntation) !approach*
?observe (approach to other
(observe gestures and agents)
actions) !block*
?see (block other agents)
(see objects) Rotation !turn*

(turn a body)
!face*
(turn a head)

Gesture !point*
(point objects)
!behave*
(perform some gesture)

Appearance !appear
(show up)
!disappear
(erase itself)

Conver- ?hear !speak*
sation (hear voice) (speak by voice)

?receive !send*
(receive text messages) (send text messages)
?answer !ask*
(receive an answer (ask questions)
to questions)

Others ?finish !change
(finish asynchronous (change agent’s image)
actions) !finish
?input (stop asynchronous actions)
(key input by users) !output

(output logs)
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space. These two different simulators can use the same scenario, since they
share the same cues and actions. The two-dimensional simulator is shown
in Figure3.5.

We use FreeWalk as the platform for the three-dimensional simulation
[Nakanishi 99]. It enables agents to interact with nonverbal cues; for ex-
ample, gestures like pointing at something can be used. An example of a
FreeWalk screen is shown in Figure 3.6.

Figure 3.5: 2-D Evacuation Simulation
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Figure 3.6: 3-D Evacuation Simulation

One big difference between the two-dimensional and three-dimensional
simulators is that the latter allows humans to project their avatars into the
virtual space. Namely, three-dimensional simulators provide people with
a vicarious experiential learning environment wherein evacuation or other
emergency drills can be experienced.

3.4.3 Step2: Describing Scenarios

In the second step, scenario writers examine the scenarios required for the
simulation by analyzing various pieces of information, and describe agents’
scenarios as shown below:

1. From prior knowledge and documents, the scenario writer examines
what kind of agents with what roles are needed in the simulation.
Once the roles are determined, the scenario writer extracts rules and
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state transitions according to the role to construct each scenario using
the agreed cues and actions. If cues and actions are incomplete, the
scenario writer discusses the omissions with the agent system devel-
oper, and modifies the definition of cues and actions as appropriate.

2. Extracted rules are assigned to sets of concurrently applicable rules.
As states are assigned to these sets, the scenario begins to take form.
Since scenarios can call other scenarios, we can extract the shared part
of the scenario from several scenarios and independently describe it
to avoid redundancy.

3. A scenario for each role is assigned to the agent taking that role.

With regards to the evacuation simulation, we reviewed the technical
papers written by Sugiman, and designed scenarios for three roles, which
are a scenario for leaders employing the ”Follow-me method”, a scenario
for leaders employing the ”Follow-direction method”, and a scenario for
evacuees. Table 3.2 and Table 3.3 shows a list of all the rules forming each
scenario.

These extracted rules use cues and actions shown in Table 3.1. For ex-
ample, the scenario of the leader agent employing the ”Follow-me method”
is displayed on the Figure 3.8. The contents of the scenario are as follows.

Initially, the leader waits for Exit A to open. When Exit A is open, he
puts on a cap to distinguish himself from other evacuees. If he spots any
evacuee in front of him, he approaches the evacuee. If he cannot spot any
evacuee, he looks around to see if there is any and approaches the nearest
evacuee. Once he approaches an evacuee, he instructs the evacuee to escape
by saying, ”follow me” and passes point Y on the way to Exit B. If the
evacuee falls behind during the guided evacuation, the leader stops and waits
for the evacuee to catch up. Once the evacuee catches up, the leader resumes
his movement toward the exit. If the evacuee arrives at Exit B, he leaves the
room and the guided evacuation terminates.

In this figure, cues and actions start with ”?” and ”!” respectively. To
represent asynchronous actions, we use the notation ”!!.”

����



Table 3.2: Rules for Guidance Scenarios

Agent Rule
When Exit A is opened, the leader puts his cap on.
If the leader is standing near the wrong exit, he proceeds
to that exit.
If he arrives at the wrong exit, he prevents other evacuees
from escaping through that exit.
When the leader sees someone and is in the left room, he
indicates the direction of point Y with a loud voice.

Leader (FD) When the leader sees someone and is in the right room,
he indicates the direction of Exit B with a loud voice.
When the leader spots someone heading towards the
wrong exit, he shouts out a warning.
When the leader finds that all the evacuees around him
are correctly evacuating, he joins them.
When the leader finds an evacuee who is not moving, he
directly encourages him to move to the exit.
When Exit A is opened, the leader puts his cap on.
When the leader spots an evacuee in front of him at the
beginning of the evacuation, he walks up to him.
If the leader cannot spot any evacuee, he looks around.
When the leader approaches the nearest evacuee, he in-
structs the evacuee to escape by saying, ”follow me.”

Leader (FM) After instructing the evacuee, the leader passes point Y
and proceeds to Exit B.
When the leader notices that the evacuees following him
are falling behind, he waits for them to catch up.
When the leader sees that the evacuees have caught up,
he resumes heading toward the evacuation point (Exit B).
When the leader finds that all evacuees following him are
around Exit B, he stops guiding.
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Table 3.3: Rules for Evacuation Scenarios

Agent Rule
When Exit A is opened, the leader looks at the exit.
If the evacuee sees an exit near him, he heads toward it.
If the evacuee hears the leader shouting out the direction, he
looks at the leader.
If the evacuee hears the leader instructing him to follow
him, he follows the leader.
If the evacuee sees where the leader is pointing at, he goes
in the direction indicated by the leader.

Evacuee If the evacuee sees that the leader is walking, he follows the
leader.
If the evacuee is separated from the leader, he looks around.
If each evacuee sees leaders indicate a direction within a
fixed distance, he follows their directions.
If each evacuee hears any shouting of directions from sev-
eral leaders simultaneously, he ignores their directions.
An evacuee moves toward the nearest group of evacuees.
An evacuee does not move until the crowd around him
moves.
An evacuee follows the people around him.

3.4.4 Step3: Extracting Interaction Patterns

In the third step, we extract interaction patterns specific to the intended ap-
plication domain from the accumulated scenarios as shown below:

1. We seek a common scenario structure from several scenarios. A com-
mon scenario structure is defined as a control structure for common
state transition or states that use common cues and actions.

2. Based on the scenario structure that has been discovered, we deter-
mine the card structure following the IPC ”card grammar.” Once the
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card structure is determined, rows and columns are labeled to support
our understanding of the card structure.

3. Finally, we assign semantics to the card structure in the form of macro
definitions, which are used to generate Q scenarios by the IPC trans-
lator. The scenario writer describes a scenario using the card in Excel,
and translates it into a Q scenario using the translator. IPC reduces the
scenario writer’s burden in using the Q language, and improves the
productivity of scenario writing. Moreover, the scenario writer can
utilize the experience describing scenarios with IPC to further modify
interaction pattern cards. Once the card is defined, it triggers a dialog
between the scenario writer and agent system developer to exchange
ideas on modeling agents.

Let us try to generate an interaction pattern card for the leader agents
that employ the ”Follow-me method” and the ”Follow-direction method.”
Four structures were discovered from already written scenarios; they are
”initiate guidance,” ”determine a guidance method,” ”repeat guidance,” and
”terminate guidance.”

Next, we arrange and order these structures to form a card. In order
to show the scenario writer what can be filled in and where, the rows and
columns are labeled. Figure 3.7 shows the IPC labeled for evacuation do-
main. This IPC has four labels indicating each state;“Initiate Guidance,”
“Guidance [Condition],” “Guidance [Repeat],” and “Terminate Guidance,”
and also five labels indicating each cue and action; “Object of Observation,”
“State,” “Guiding Actions,” “Evacuee’s position/direction,” and “My posi-
tion/direction.”

Finally, we assign arranged card structures to the semantics of the card.
Figure 3.7 shows the IPC of a leader agent composed in this fashion. In the
IPC in Figure 3.7, each row is assigned the semantics as follows.

Initiate Guidance If a leader observes that an object filled in “Object of
Observation” column becomes the state written in “State” column, it
performs actions in order indicated in “Guiding Actions” column.
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Figure 3.7: An Interaction Pattern Card (Excel Interface)

Guidance (Condition) If an evacuee is at the position shown in “Evac-
uee’s position/direction” column and the leader stands on the position
shown in “My position/direction” column, the leader performs actions
in order indicated in “Guiding Actions” column.

Guidance (Repeat) If an evacuee is at the position shown in “Evacuee’s
position/direction” column and the leader stands on the position
shown in “My position/direction” column, the leader performs actions
filled in “Guiding Actions” column sequentially. The leader repeat-
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� �
(defscenario Follow-Me-Method ()

(let ((target ’()))
(waiting

((?observe :name Exit A :state Open)
(!change :image Putting-on-a-Cap)))
(set! target (Choose-Closest-Evacuee))
(!approach :to target)
(!speak :to target :sentence "Follow me")
(!!walk :route (list Point-Y Exit-B))
(go scene2)))

(guiding
((?position :name target

:distance_range ’(3.0 10.0) :from me)
(!finish :action ‘‘walk’’)
(!!turn :to target)
(go guiding))

((?position :name target
:distance_range ’(0.0 1.5) :from me)

(guard
((?position :name me :at Left-of-Room)
(!!walk :route (list Point-Y Exit-B))
(go guiding))
((?position :name me :at Right-of-Room)
(!!walk :route (list Exit-B))
(go guiding))))

((?position :name target :at Exit-B)
(go evacuating)))

(evacuating
(#t

(!walk :route (list Outside))))))
� �

Figure 3.8: Q Scenario Corresponding to IPC in Figure 3.7
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edly executes this rule until it reads the “Terminate Repeat” tag.

Terminate Guidance The leader performs a sequence of actions filled in
“Guiding Actions” column sequentially.

The blanks in the IPC shown in the figure were filled to describe the
scenario of a leader agent employing the ”Follow-me method.” This IPC is
equivalent in meaning to the scenario given in Figure 3.8. By generating an
IPC that focuses on the domain of evacuation, we could provide a simple
means of writing scenarios.

3.4.5 Step4: Integrating Real and Virtual Experiments

In the last step, we attempt to refine the scenario by comparing the results
of real and virtual experiments. We do this because observing real-world
experiments is vital to correctly modeling agents and to write suitable sce-
narios:

1. We run a simulation based on the scenario constructed using prior
knowledge and documents, and compare it to the result of a real-world
experiment. If any disparity is found, the result of the real-world ex-
periment is analyzed. In order to eliminate the disparity, new rules
obtained in the analysis are inserted into the scenario.

2. The simulation is then run again using the modified scenario. Again
we compare the result of the simulation with the result of the real-
world experiment. We verify which specific rule most influences the
result of the real-world experiment. By repeating this cycle, the sce-
nario is effectively refined to produce simulation results that reflect
the real-world experiments.

3. By changing the values of the parameters in the scenario, we can as-
sess an environment not constructed in the real world, and simulate
that environment.
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In practice, we first ran an evacuation simulation using scenarios that
were constructed using prior knowledge and documents. The simulation re-
sults yielded by the preliminary scenarios deviated significantly from those
of the experiment. We analyzed each evacuation video recorded by Sug-
iman and found some other interesting behavior[Milgram 69]. The evac-
uees’ acceptance of the leader’s guidance can be overruled if many of the
surrounding evacuees move in a different direction, or the leader’s instruc-
tions are overlaid by those of another leader. Moreover, the distance over
which a leader can exert influence is not great, particularly if the room is
dark or filled with smoke. Therefore, we added five rules to the evacuees’
scenario. Table 3.3 shows the five additional rules.

We conducted the evacuation simulation again using the modified sce-
nario, the results of which are shown in Figure 3.9. This simulation exhib-
ited a similar difference between the simulated ”Follow-me method” and
”Follow-direction method” as that seen in the real world experiment. These
differences are as follows:

� In conditions when four leaders were present, the time required for
every evacuee to escape in the “Follow-me method” condition was
shorter than in the “Follow-direction method” condition. The differ-
ence was about 10 seconds the same as results of real experiments.

� In conditions when two leaders were present, “Follow-me method”
fails to guide every evacuee to the correct exit, while “Follow-
direction method” took amount of time required in the middle of
“Follow-me method” and “Follow-direction method” with four lead-
ers.

To sum up, the simulation showed the same results as real experiments
that the leader-to-evacuee ratio reversed the superiority of one method to the
other when evacuation time was concerned. This result confirms that the
five additional rules are strong factors in the real-world experiment. Fur-
thermore, since the simulation results closely parallel those recorded in the
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controlled experiment and the scenario incorporates the results of the exper-
iment, we could conclude that the agents were reasonably modeled.

Once an appropriate model is acquired, it becomes possible to simu-
late an experiment that has not conducted in the real world. For example,
Sugiman’s experiment used only two and four leaders, but we can vary the
number of leader agents in the simulation to more clearly show the relation
between the number of leaders and the time required to complete the evacu-
ation. Moreover, we can also examine the most effective evacuation method
by combining the ”Follow-me method” and the ”Follow-direction method”
in various ratios.

3.5 Summary

Describing the social interactions between agents and humans is essential if
we are to conduct large-scale multi-agent simulations. With the assumption
that experts in a given application domain (they are often not computing
professionals) actually write scenarios for simulations, we tackled the fol-
lowing three problems.

Develop scenario description languages

We developed the scenario description language Q which allows sce-
nario writers to easily describe interactions between agents and hu-
mans. We also developed IPC (Interaction Pattern Card), which pro-
vides a card interface to describe interaction patterns extracted from
each application domain.

Establish a scenario description process

We proposed the four-step process that consists of 1) defining a vo-
cabulary, 2) describing scenarios, 3) extracting interaction patterns
and 4) integrating real and virtual experiments. This process triggers
dialogue and facilitates cooperation between computer professionals
and application designers.

����



Validate technologies using real-world problems

We obtained a result close to the one obtained in a real fire drill exper-
iment, by using the scenario description languages and the description
process that we developed.

In this chapter, our research has used only software agents, but we
ran a user-participating simulation using a three-dimensional virtual space,
FreeWalk[Nakanishi 99], as shown in the next chapter. By conducting sim-
ulations where agents and humans coexist, we can allow humans to vicar-
iously experience disaster situations close to reality, making it possible to
collect experience that would be difficult to obtain in the real world. More-
over, user-participating simulations contribute to validating new protocols
such as new evacuation method, and refining agent models such as evacuee
agents. Through cooperatively developing interaction scenarios by appli-
cation and computing professionals, we can increase the effectiveness of
multi-agent simulation in domains like crisis management.
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Chapter 4

Protocol Refinement Process
Using Participatory Simulation

4.1 Introduction

In the previous chapter, we have dealt with the problem of how to design
interaction protocols between simulated-users and socially embedded sys-
tems on multi-agent simulation. To solve the problem, we have developed
a scenario description language to describe the interaction that employs the
vocabulary used in the application domain. This language enables applica-
tion experts to describe the interaction without knowing the details about of
agent system implementation. Results of the simulation using the descrip-
tion can estimate how the interaction protocol of the systems would work
in society. However, even when the effectiveness of interaction protocols
is confirmed by simulated-users, the problem of whether it is effective for
real-users still remains. In this chapter, we introduce participatory simula-
tion, where autonomous agents and human-controlled avatars coexist, as a
solution to the problem.

Participatory simulation is a form of multi-agent simulation and real-
ized by replacing some of the simulated users by human-controlled avatars.
The simulation is performed in virtual space, and the avatars are controlled
by the humans sitting in front of their desktop computers. Although par-
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ticipants are given their protocols in advance by instructing them what
the expected behavior is, the results of the simulation are often different
from those of multi-agent simulation consisting of only scenario-controlled
agents. This is because humans not only follow the given protocols, but also
autonomously make decisions on what to do the next based on their local
information of environment. In order to refine interaction protocols, it is
necessary to modify both of user’s internal models and interaction protocols
while considering the difference between their results.

However, the problem that agents can not behave completely au-
tonomously occurs because the existing agent architecture makes interac-
tion protocols control every interaction. Therefore, our goal is to realize
agent’s decision making separate from its given protocols. As an approach
to this goal, we try to add agent’s internal model to make decisions on next
action based on its local information of environment as well as the protocols.
In order to accomplish the goal and to refine interaction protocols through
multi-agent simulation, we address the following two research issues.

Realization of autonomy under social constraints

In order to go on agent architecture that separates decision making
from interpretation of given protocols, social constraints, we need a
behavior control function to coordinate actions; proactive actions and
actions prescribed in the given protocols. It has to reproduce social
behavior and selfish behavior of agents.

Establishment of protocol design process

Various types of interactions occur in the real world because hu-
mans behave completely autonomously even under social constraints.
Therefore, the existing validation by formal description of protocols,
such as finite state machine and Petri Nets, is not sufficient. Iteration
of simulation including participants as well as agents is necessary to
check whether the refined protocols are valid.

This chapter will first explain what participatory simulation is. Next,
we will discuss the agent architecture that separates decision making from
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interpretation of given protocols. Then, we propose protocol refinement
process using participatory simulation and multi-agent simulation based on
the designed agent architecture. Finally, we will validate our approach in an
evacuation domain by improving an evacuation method proposed by Sugi-
man in 1988[Sugiman 88].

4.2 Participatory Simulation Approach

A participatory simulation is a multiagent simulation in which humans con-
trol some of the agents. The humans observe the virtual space from the
view of their agents, and operate their agents by using controllers such as
keyboards in front of desktop PCs. The coexistence in virtual space of au-
tonomous agents and agents controlled by humans can realize indirect in-
teractions between agents and humans (Figure 4.1).

Participatory simulation has been employed as one of approaches to vir-
tual training systems. Virtual training systems for individual tasks, such as
the acquisition of flight techniques, are already in use, and are becoming
popular for teamwork training, such as leadership development[Rickel 99,
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Traum 02]. This is because several of the human participants necessary
to conduct group training can be replaced by software agents. These
agents, however, must offer highly realistic and compelling social interac-
tions with humans because they have to interact with the trainee[Johnson 00,
Cavazza 02].

Therefore, the central issue in virtual training domain is to repro-
duce visually realistic interactions between agents and human-controlled
avatars. Agents that provide realistic interactions have been realized by
adding human-like expressions to agents, such as speech and nonverbal
and emotional behavior[Cassell 00, Marsella 02, Lester 00, Pelachaud 02],
since these are needed for the face-to-face interactions that occur in collab-
orations.

On the other hand, our research goal is to validate designed proto-
cols and acquire participant’s behavior models while observing interac-
tions between agents and human-controlled avatars in multi-agent simula-
tions. Drogoul et al. proposed a methodological process for developing
multiagent-based simulations, and introduced the idea of participatory sim-
ulation [Drogoul 03]. However, they took consideration into refinement of
agents, but not protocols. The final goal of this research is to reflect results
of participatory simulation in system design by refining interaction proto-
cols as well as participant’s behavior models.

4.3 Agent with Social Constraints

In contrast to the existing interaction protocols whose goals are to realize
joint actions by multiple agents, our target protocols are to accomplish indi-
vidual actions. Such a difference of attitudes towards the protocols change
agent architecture.

In the existing agent architecture, the given protocols are embedded so
that the behavior of traditional agents can be strictly controlled by the proto-
cols. To construct such agent architecture, there are two approaches; imple-
menting the protocols as agent’s behavior [Bellifemine 00, Bellifemine 99],
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and deploying a filtering function between each agent and its environment
in order to control interactions [Esteva 04].

On the other hand, agent architecture with social constraints has to re-
alize decision making on whether an agent follows the constraints so that it
can achieve its own goals. Therefore, agent’s decision making needs to be
separated from interpretation of protocols. This architecture enables agents
to deviate from the protocols by dealing with requests from the protocols as
external events like their observation. In the following sections, we discuss
design and implementation of agent architecture with social constraints.

4.3.1 Design of Agent Architecture

In this research, we need agent architecture that enables agents to select
either proactive action or action described in the protocols. Implemented
based on this architecture, agents can autonomously decide to perform next
action according to their local situation. Figure 4.2 shows the agent archi-
tecture with social constraints, which we design.

In this architecture, observations which an agent senses are symbolized
as external events, which are passed into the action selection. At the action

Sensor

Priority
Table

E
nvironm

ent

Social
Constraint

Action
Rules

Action
Selection

Self-
Action

Conflict
Resolution

Plan
Selection

Actuator

Plan
Library

Event 
Symbolization

Protocol

Result

Agent

RequestRequest Ruled-
Action

Interpreter

Internal 
Model

Figure 4.2: Agent Architecture under Social Constraints
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selection, an executable action rule is chosen from a set of action rules de-
pending on the received events. Action declared in an action rule is sent to
the conflict resolution as proactive action the agent wants to perform.

On the other hand, a protocol given to the agent is interpreted by the
interpreter that also sends a request of sensing and acting to the agent. If the
agent observes an event as described by the protocol, the external event is
passed into the interpreter outside the agent as well as action selection within
the agent. Interpreter interprets the given protocol and requests the agent to
perform an action subsequent to the observation. The action prescribed in
the protocol is also sent to conflict resolution.

The conflict resolution chooses only one action from the set of actions
received from both of the action selection and the interpreter, depending
on priorities of the actions. The chosen action is realized by employing
the corresponding plans in the plan library. The effect of executing plans
is given to the environment by its actuators. Information concerning the
chosen action is kept in conflict resolution until the action is completed.
This is used to compare priorities between the ongoing action and the new
received action. If the priority of the new received action is higher than
one of the ongoing action, the agent stops the ongoing action and starts to
execute the new action instead of it.

In this way, the agent’s behavior depends on a set of action rules leading
proactive action, a table of priorities between actions used at conflict resolu-
tion, and a plan library storing how to realize the agent’s action. Therefore,
we define these three components as agent’s internal model. Especially, a
table of priorities between actions is the most important component to de-
termine the agent’s personality; social or selfish. If the proactive action is
superior to the action prescribed in the protocol, it means a selfish agent. On
the contrary, if these priorities are reversed, it means a social agent.

4.3.2 Implementation of Agent Architecture

To implement agent architecture with social constraints, we employ scenario
description language Q and production system for description of a protocol
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and construction of decision making, respectively. This implementation is
shown in Figure 4.3.

In this implementation, three components indicating agent’s internal
model, a set of action rules, a table of priorities, and a plan library, are repre-
sented as prioritized production rules. All the rules are stored in production
memory (PM). However, execution of plans depends on an intended action
as well as external events, so it is necessary to add the following condition
into the precondition of plans: “if the corresponding action is intended.” For
example, a plan like “look from side to side and then turn towards the back”
needs the condition: whether or not it intends to search someone. By adding
another condition concerning intention into the precondition of plans, this
implementation controls condition matching in order not to fire unintended
plans. Therefore, when any action is not intended, only the production rules
representing action rules are matched against the stored external events. The
successfully matched rule generates an instantiation to execute the rule, and
then it is passed into the conflict resolution.

On the other hand, a Q scenario, a protocol, is interpreted by Q inter-
preter. The interpreter sends a request to the agent according to the given
Q scenario. The request is passed into the agent through the message han-
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dler which transforms the request message to a working memory element in
order to store it in the working memory (WM). Prepared in the PM, the pro-
duction rule denoting “a requested action is intended to perform” can make
an instantiation of the rule and send it to the conflict resolution.

Finally, the conflict resolution selects the action whose priority is high-
est. Thus, if the above production rule “a requested action is intended to
perform” is superior to other production rules representing action rules, the
agent socially behaves complying with the given protocol. Conversely, if
production rules corresponding to action rules are superior to the above
action rule to follow the request, the agent selfishly behaves ignoring the
request.

However, although such priorities enable an agent to resolve a conflict
between concurrently applicable rules, it is impossible to control instanti-
ations generated while executing another instantiation. For example, this
architecture cannot avoid executing action whose priority is lower than on-
going action. Therefore, we need to design the production rules considering
data dependency between the rules. Especially, we focus on intention, be-
cause every plan execution depends on generated intention. We have to
consider the case where the intention to do action whose priority is lower
than ongoing action is generated, and the reverse case.

In the former case, we add a new condition; “if there is no intention
generated by the more-prioritized rules in WM”, into the precondition of
the less-prioritized rules. Because intention to perform action is kept in
WM until the action is completed, the new condition blocks generating in-
stantiation whose action is less prioritized than the ongoing action, while
performing the ongoing action.

In the latter case, the problem that various intentions are in WM occurs.
This state enables every plan to realize these intentions to fire all the time.
Therefore, the production rule that deletes the WME denoting intention,
whose action is less prioritized than others, is necessary.

Figure 4.4 shows the data dependency among production rules which
compose social agents. Circles and squares mean production rules and
WMEs, respectively. Arrow lines represent reference and operation towards
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WMEs. Specifically, an arrow line from a square to a circle represents ref-
erence to the data, while a reverse arrow line represents operation of the
data.

4.4 Protocol Design Process

The existing protocol development process consists of the following five
steps: analysis, formal description, validation, implementation, and con-
formance testing. In this process, correctness of the designed protocol
is assured by checking whether a deadlock exists in the protocol or not,
and whether the protocol can terminate or not [Mazouzi 02, Huget 03a,
Fornara 03]. This process is realized by assuming that every agent com-
plies with interaction protocols and the protocols describe every interaction
between them.

Unlike this, interaction protocols in human society describe only partial
interaction between humans, and humans and systems, and delegate deci-

����



sion making on what to do to humans. This is why participatory simula-
tion where agents and human-controlled avatars coexist is effective to refine
interaction protocols between socially-embedded systems and their users.
However, we have to gather some subjects to conduct participatory simu-
lation, which are high costs. Therefore, we have to explore the efficient
process to introduce participatory simulation into protocol refinement.

4.4.1 Overview of Process

In this subsection, we describe overview of our protocol refinement process
referring to Figure 4.5. The following subsections provide details of each
step using our experiments on the evacuation domain introduced in section
2.3.

Step1: Creating Protocols

1. Extract agent’s action rules from the existing documents and data of
previous experiments, and construct agent’s internal models (M1).

2. Describe the initial protocols (P1) by using existing documents and
experts knowledge.

3. Conduct multi-agent simulation. The system designers check if its
result (R1) satisfies their goal (G). If it does not satisfy the goal, they
repeatedly modify both of the agent’s internal models and the proto-
cols until the result of simulation is closely similar to the goal. In
addition, let S be a simulation function whose arguments are agent’s
internal models and protocols.

Step2: Validating Protocols

1. Replace some of the agents with human-controlled avatars given the
same protocols as in step 1 (P1). This participatory simulation en-
ables us to store log data which are impossible to record in the real
experiments.
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2. Compare the result of the participatory simulation (R2) and the result
in step1 (R1). System designers check if the protocols (P1) are valid
for the real users.

3. Finish this protocol refinement process if R2 is similar to R1. Other-
wise, go to the step 3.

Step3: Modifying Agent Models

1. Modify the agent’s internal models (M3) using log data obtained by
participatory simulation.

2. Conduct multi-agent simulation using the modified agent’s internal
models and the protocols (P1).

3. Compare the result of the multi-agent simulation (R3) and that of the
participatory simulation (R2). System designers verify the modified
agent’s internal models. If they check the verification of the models,
go to step 4. Otherwise, they repeatedly modify the agent’s internal
model until R3 is closely similar to R2.

Step4: Modifying Protocols

1. Modify the protocols (P2) in order to efficiently control a group of
agents based on the agent’s internal model (M3) and satisfy the goal.

2. Conduct multi-agent simulation using the modified protocols (P2).

3. Compare the result of multi-agent simulation (R4) and the ideal result
(R1). The system designers verify the modified protocols. If they
check the verification of the modified protocols, go to step 2 again in
order to confirm if the modified protocols are valid for the real users.
Otherwise, they repeatedly modify the protocols until R4 is closely
similar to R1.
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Figure 4.5: Protocol Design Process
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4.4.2 Step1: Creating Protocols

As mentioned in the previous chapter, we succeeded in double-checking
the result of the previous fire-drill experiment by multi-agent simulation
[Murakami 03]. However, the previous simulation employed the simplest
agent’s internal model, which only followed the given protocols. That is,
every interaction was described as interaction protocols. Therefore, we have
to redesign interaction protocols with an appropriate degree of abstraction
so that participants can easily understand them in the next step.

At first, we redescribe interaction protocols the same as those employed
in the real experiments, in the form of finite state machine. In “Follow-me
method” condition, each instruction given a leader and an evacuee in the
real experiments is as follow;

Leader

While turning on emergency light, put his white cap on. After a while,
when the doors to this room are opened, say to an evacuee close to him
“Come with me”, and subsequently move with the evacuee to Exit B.
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Figure 4.6: Follow-Me Method (Leader’s Protocol)
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Figure 4.7: Follow-Me Method (Evacuee’s Protocol)

Evacuee

When the doors to this room are opened, escape from the room while
following direction from leaders with a white cap on.

We try to extract action rules from the above instructions, and construct
finite state machine by assigning each state to concurrently applicable rules.
The generated finite state machines for a leader and an evacuee are shown
in Figure 4.6 and Figure 4.7, respectively.

On the other hand, the difference between the previous protocols and
the redescribed protocols is an agent’s internal model. An agent’s internal
model consists of a set of action rules, which generates intention to perform
a proactive action, and a set of plans, which realize the intention to do an
action. Hence, we have to classify the left rules into two sets; action rules
and plans. The criterion to classify the rules is what purpose the rule is used
for. The rule that realizes the same goal as the given protocol is an action
rule, while the rule that realizes other behavior is a plan. In the case of
an evacuee, the following rules are action rules to realize evacuation; “go to
the exit in his view,” “look for a leader,” and “follow someone close to him.”
These action rules generate intention to perform actions; “go,” “look for,”
and “follow.” The means to realize these actions is a plan. Action rules and
plans in “Follow-me method” condition are shown in Table 4.1. Note that
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Table 4.1: Agent Internal Model during Fire Drills
Roles Rules

(Plan) When the leader goes out from the room, he
checks if the target evacuee also goes out from it.
(Plan) If the target evacuee is out of the room, the leader
goes to the next exit.

Leader(M1) (Plan) If the target evacuee is within the room, the leader
walks slowly so that he/she can catch up with him.
(Plan) If the target evacuee goes out from the room, the
leader picks up the pace and moves towards the next exit.
(Action rule) The evacuee looks for a leader or an exit.
(Action rule) If the evacuee sees the exit open, he goes
to the exit.
(Action rule) If the evacuee sees a leader walk, he fol-
lows him.

Evacuee(M1) (Action rule) If the evacuee sees another evacuee close
to him move, the evacuee follows him.
(Plan) In order to look for a leader or an exit, the evacuee
looks from side to side.
(Plan) If the evacuee observes that someone he follows
goes out from the room, he walks towards the exit.
(Plan) If the evacuee also goes out from the room, he
follows the same target again.

leaders have no action rules since they completely obey their protocol.
Next, we conduct multi-agent simulation with the acquired protocols

and agent’s internal models. By simulating in three-dimensional virtual
space like FreeWalk [Nakanishi 99], it is easy to realize participatory simu-
lation in the next step.

4.4.3 Step2: Validating Protocols

In the second step, we conduct participatory simulation by replacing some
agents with human-controlled avatars. Participatory simulation enables us
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Figure 4.8: Results of the Participatory Simulation

to record various data impossible to collect in the real experiments.
The purpose of participatory simulation is validation of the protocol de-

scribed in the previous step. To accomplish this purpose, we instruct sub-
jects on the evacuation protocol before participatory simulation, and then
check if the result of participatory simulation satisfies the original goal. If
it does not satisfy the goal, we have to modify the agent’s internal model to
more valid one by noting the difference between results of simulations.

In fact, we conducted participatory simulation by replacing twelve evac-
uee agents with subject-controlled avatars and instructing the subjects on the
evacuation protocol. The other eight agents including four leaders and four
evacuees were still the agents having been used in the previous step. We
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collected the results in the four leader “Follow-me method” condition and
the four leader “Follow-direction method” condition, respectively.

In consequence, only the result of participatory simulation in the four
leader “Follow-me method” condition was different from the result of
multi-agent simulation. Figure 4.8 shows the situation reproduced on two-
dimensional simulator. As shown in the figure, the circled evacuee avatar
looked around it in the early stage, and after emergence of congestion, it
walked towards the wrong exit in order to avoid the congestion.

The above result implies that there is another agent’s internal model
other than the model constructed so far. In the next step, we try to extract
the new internal model from log data obtained by participatory simulation.

4.4.4 Step3: Modifying Agent Models

In third step, we modify the agent’s internal model using log data obtained
by participatory simulation. Specifically, we refine the internal model of the
avatar taking unpredictable behavior, by interviewing with the subject while
showing him his captured screen, acquiring an internal model by machine
learning, and reproducing the situation in participatory simulation by log
data. Validity of the modified internal model is checked by comparing the
result of multi-agent simulation with the modified agent model and one of
participatory simulation. Modifying the agent model is repeated until the
result of participatory simulation is reproduced by multi-agent simulation
with the modified agent model.

In participatory simulation, we actually captured two subject’s screens
on videotape and then interviewed with them while showing the movie to
them. Figure 4.9 shows the interview with the subject. Showing the movie
enables the subjects to easily remember what they focused on at each situ-
ation, and how they operated their avatars. At the interview, we asked the
subjects three questions;“what did you focus on?” “what did you want to
do?” and “what did you do?” Table 4.2 classifies the acquired rules into
action rules and plans depending on the same criterion as in step 1.

However, it costs us high to interview in such a style, and so it is unreal-
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Subject

Interviewer

Figure 4.9: Interviews with Subjects

Table 4.2: Evacuee’s Internal Model Acquired from the Participatory Sim-
ulation

Roles Rules
(Action rule) If the evacuee sees the people around him
walk, it also walks towards the same direction.
(Action rule) If the evacuee sees congestion in the direc-
tion of his movement, he looks for another exit.

Evacuee(M3) (Plan) In order to look for a leader or an exit, the evacuee
turns towards the back.
(Plan) In order to look for a leader or an exit, the evacuee
turns on the same direction as the people around him.

istic to interview with every subject. Therefore, we also propose the method
that can support acquirement of agent models by applying a kind of machine
learning [Murakami 05]. See also chapter 5 for the details.
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4.4.5 Step4: Modifying Protocols

In the fourth step, we modify the protocols in order to accomplish system
designer’s goal that the protocols can control the modified agent model cor-
rectly. Specifically, modifying the protocols is repeated until the result of
multi-agent simulation consisting of the agent models acquired in the previ-
ous step satisfies the system designer’s goal.

In fact, we modified “Follow-me method” protocol by adding new state
with the following transition rules; “if the leader finds an evacuee walk to-
wards the reverse direction, he tells the evacuee to come with him.” The
correctness of this protocol was checked if the simulation satisfied the goal
that every evacuee goes out from the correct exit. The modified protocol is
shown in Figure 4.10.

Finally, we will conduct participatory simulation using the refined pro-
tocols in order to validate the protocols.
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Figure 4.10: Modified Follow-Me Method (Leader’s Protocol)

����



4.5 Summary

In designing interaction protocols between socially-embedded systems and
their users, we can examine the more realistic behavior of the system by
participatory simulation, where agents and human-controlled avatars coex-
ist, as well as multi-agent simulation, where only agents exist. The objective
of this research is to employ participatory simulation in order to reflect sub-
jects’ feedback in protocol design. To accomplish this goal, we address the
following issues.

Realization of autonomy under social constraints

Unlike multi-agent simulation, subjects controlling avatars are so au-
tonomous that they sometimes violate the given protocols depending
on their situation if they justify the violation. This kind of autonomy
is also important to examine an appropriate degree of abstraction of
the protocols. Therefore, we developed agent architecture separating
decision making from interpretation of the given protocols by using
scenario description language Q and a production system. Consid-
ering priorities of production rules and data dependency between the
rules, we can realize social agents strictly complying with the given
protocols and selfish agents sometimes violating the protocols.

Establishment of protocol design process

Although participatory simulation is very effective to validate proto-
cols, it costs us to conduct it because of the fact that it needs several
subjects. Therefore, we proposed the protocol refinement process that
can not only validate the protocols but also acquire the models of par-
ticipants for protocol refinement. This process defines criteria of ver-
ification and validation for agent models and protocols so that any
system designers can reflect subjects’ feedback in protocol design re-
gardless of their ability. In fact, we applied our proposed method to
improving evacuation guidance protocols and validated its usefulness.
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The proposed protocol refinement process focuses on development of
protocols based on careful consideration of the subjects’ decision making.
This methodology differs from the existing methodologies [Zambonelli 03,
Wook 00, Kendall 00, Caire 01, Padgham 02, Juan 02], which design multi-
agent systems from their goals in a top-down style. Our methodology is
a middle way that designs protocols in top-down style while constructing
agent models by participatory simulation in bottom-up style.
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Chapter 5

User Modeling by Participatory
Simulation

5.1 Introduction

In the previous chapter, we have presented the protocol refinement process
to design more effective protocols by using participatory simulation where
human-controlled avatars and scenario-controlled agents coexist. To more
appropriately learn lessons from results of the simulations, we should care-
fully analyze the data. Machine learning can help this analysis, and so we
present a method to acquire human behavior model with one of machine
learning techniques in this chapter.

Diverse interactions between socially-embedded systems and their users
occur because they are used in a dynamic and open environment. For in-
stance, when using a car navigation system in the real world, some users
follow directions given by a car navigation system, while other users some-
times turn off the route directed by it even when they are located in the
same situation. Modeling such diverse human behavior as agents is critical
for designing interaction protocols between users and systems. As the first
step in developing diverse agents, we set our goal as acquiring diverse user
operation models from the logs of agents controlled by human subjects in
participatory simulations. Models to decide agent behavior can be approx-
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imated by the operation models because the agents in the simulations are
fully operated by the human subjects. In this research, operation models
are defined as sets of prioritized operation rules, which represent how the
subjects operated their agents in the simulations. In order to accomplish our
goal, we address the following two research issues.

Extracting operation models that offer personality

To design interaction protocols adaptable for diverse users, the agent
behavior must exhibit distinct personalities in multi-agent simula-
tions. Our approach is to extract personal operation models from the
subjects’ operation history and the logs of agents who participated in
simulations. This is different from inductive approaches to acquire a
general user model from all subjects’ log data.

Forming consistent operation models

We must combine a wide variety of operation rules to realize the di-
versity of operation models. However, many of these rules will be
inconsistent. When developing a operation model, we have to com-
bine several operation rules while maintaining the consistency of the
model.

In this research, we apply a framework of hypothetical reasoning to ac-
quirement of individual operation models. Hypothetical reasoning is a prac-
tical technique which is employed to diagnose system faults and diseases so
far. It is a reasoning technique which infers that assumptions are true if
observations are explained as logical consequence using the rule “System
faults and causal factors of a disease cause their symptoms” on the assump-
tions. Based on the human decision rule “Human executes the action rule
whose priority is the highest of the applicable rules on each state,” subjects’
behavior is determined by the set of operation rules and their priorities they
have. Therefore, acquirement of each subject’s model is formalized as a
search problem that find the combination of operation rules and their prior-
ities which can explain the observed behavior of a subject consistently, the
same as diagnosis problems.
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Here, the consistency is defined as an operation model includes differ-
ent operation rules whose preconditions are the same, but whose effects are
different. This means an inconsistent behavior that a subject with the model
operates his/her agent in a different way even at the same state. In hypo-
thetical reasoning, we can describe a constraint about such an inconsistent
behavior. By checking whether a chosen operation rule is consistent with an
model acquired by that time, hypothetical reasoning assures that a consistent
operation model is finally acquired.

If we even collect subjects’ behavior and operation rules available for
subjects, application of hypothetical reasoning enables us to acquire diverse
operation models. Although it is possible to deduce the operation rules used
by a subject from his/her observed behavior by using expert knowledge con-
cerning social psychology, the knowledge is difficult to acquire because of
the fact that most knowledge is experimental, informal, and implicit. Fur-
thermore, for the purpose of designing interaction protocols for socially-
embedded systems, we need diverse agent models specific to the service
domain and the service environment in order to reproduce a realistic sim-
ulation. This is why we have to acquire domain-specific knowledge and
the knowledge acquirement become more difficult in this research. There-
fore, we believe that hypothetical reasoning is effective to acquire subjects’
operation model from results of participatory simulations.

This chapter will first clarify what a participatory simulation is and the
modeling process that it permits. Next, we define the technical terms used
in this chapter, and then formalize our target problem by using the terms for
hypothetical reasoning. Finally, we validate our method in the evacuation
domain by developing an operation model of a subject operating an evacuee
agent.

5.2 Overview of Modeling Process

The use of participatory simulations (refer to section 4.2 in details) in the
modeling process brings the following three benefits.
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� It enables us to extract observations of each human subject and their
operation history from the log data.

� It enables us to capture a subject’s screen, which is then shown to
the subject at the interview stage to acquire his/her operation rules
effectively.

� It enables us to employ scenario-controlled agents in order to com-
pensate for the lack of participants.

In this research, we acquire a subject’s operation model, a set of opera-
tion rules, by explaining the subject’s behavior observed in one or more par-
ticipatory simulations. However, the operation rules so gained may exhibit
some incompatibility. Therefore, we hypothesize whether each operation
rule is employed by the target subject, and choose the assumptions that pass
hypothetical reasoning, which offers the consistent selection of hypotheses.
The result of hypothetical reasoning is a set of compatible operation rules
employed by the target subject. We propose the following modeling process
(Figure 5.1).

1. Multi-Agent Simulation

Conduct multi-agent simulation with agents modeled using prior
knowledge, documents, and interviews with experts. Agent models
are validated by comparing results of real experiments and simula-
tion.

2. Participatory Simulation

Conduct participatory simulations with agents controlled by human
subjects and record the log data of them.

3. Symbolizing Observation

Obtain a target subject’s behavior from log data consisting of coordi-
nate values and orientation of his/her agent, and describe the observa-
tions in predicate logic.
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4. Interview with Subjects

Collect operation rules constituting domain knowledge through inter-
views with some of the human subjects.

5. Explanation of Observation with Hypothetical Reasoning

Generate explanations of the target subject’s operation by using the
domain knowledge and the observations.

6. Question and Answer

2. Participatory Simulation

3. Symbolizing Observation 4. Interview with Subjects

5. Explanation of Observation
with Hypothetical Reasoning

6. Question and Answer

1. Multi-Agent Simulation

Agents Modeled 
Using Prior Knowledge

Some Agents Controlled by Subjects 

Screen Capture of 
Subjects’ Screen

Log Data
(Coordinate,

Operation History, etc.)

Action Rules
(Domain Knowledge )

Observation

Explanations of Subject’s Operation

Subject’s Operation Model

7. Constructing Agent Model

Agent’s Behavior Model

Figure 5.1: Modeling Process (This chapter focuses on the area in the dotted
frame)
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Winnow the explanations generated in the previous step by question-
ing the target subject. The hypotheses in the last explanation represent
the subject’s operation model.

7. Constructing Agent Model

Construct an agent model through expert analysis of the winnowed
explanation of the target subject’s behavior.

In this research, we focus on using hypothetical reasoning to acquire the
operation models shown in the dotted frame.

5.3 Formalizing the Problem

In this section, to permit the application of hypothetical reasoning to the ac-
quisition of subject operation models, we formally define the domain knowl-
edge and observations.

5.3.1 Definition of Technical Terms

In this research, we assume that a subject decides his/her next operation
based on the world as observed from the view of his/her agent, and his/her
operation model. The world observed by the subject is indicated by S. S
consists of conjunctions of literals about the world. We describe this piece
of information at time t as St . Time is a discrete value incremented by one as
the world observed by the subject changes. The operation model is a set of
prioritized operation rules �P���. P is a set of operation rules that could be
employed by the subject, and � represents the priorities of the elements of
P. P is a subset of Rules, a set of operation rules obtained through interviews
with subjects. � is a subset of the Cartesian product Rules�Rules. If
each operation rule in Rules is indicated by rulei �0 � i � j � �Rules��,
�rulei� rule j� �� can be described as rulei � rule j.

For applying hypothetical reasoning to the modeling of subjects, we
define an operation selection mechanism and operation rules as domain
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knowledge Σ. Each element of domain knowledge is indicated by σk �0 �
k � �Σ��. We hypothesize which operation rules are employed by the tar-
get subject�rulei � P�, and which rules take priority�rulei � rule j�. A set
of these hypotheses, an inconsistent set of assumptions, is indicated by H .
Moreover, we describe the subject’s behavior from the beginning of the par-
ticipatory simulation, 0, to the end of the simulation, end, as observation G.
The solution h of hypothetical reasoning represents the an operation model
of the subject. In addition, h is a subset of H .

5.3.2 Domain Knowledge

Domain knowledge consists of operation rules obtained through interviews
with subjects, the subjects’ operation selection mechanisms, and constraints
to prevent the inconsistency caused by the inappropriate combination of hy-
potheses.

We describe operation rules as condition-action rules. Subjects oper-
ate their agents following the action part of the rule whose conditions are
satisfied. Example 1 shows a description of operation rules.

Example 1 (Description of operation rules).

rule1 : if Near�x� self��Noop�x��Noop�self� then Initiate�walk�

rule2 : if Near�x� self��Walk�x��Noop�self� then Initiate�walk�

rule3 : if Near�x� self��Noop�x��Noop�self� then Initiate�turn�

Rule1: the subject executing this rule makes his/her agent pass agent x if
both are standing next to each other. Rule2: the subject executing this rule
makes his/her agent follow x if x walks by the standing agent. Rule3: the
subject executing this rule makes his/her agent look around if both are stand-
ing next to each other. In these examples, self indicates the agent controlled
by the target subject.

Next, we define the operation selection mechanism.
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Definition 1 (Operation selection σ1).

��rulei�rulei � P� rulei � max
�
�rule�Applicable�rule�St����

� Do�action�rulei��

A subject employs rulei whose priority is the highest among all opera-
tion rules applicable in St , the world observed by the subject at time t�. As a
result, the subject starts the operation described in the action part of rulei at
time t. Applicable and Do are predicates meaning that the precondition of
a rule is satisfied, and that the subject initiates an operation, respectively. In
addition, function action returns the agent’s action initiated by the subject
when executing the rule which is an argument of the function.

Definition 2 (Continuation of operation σ 2).
A subject can continue his/her current operation. This is represented by

the predicate Continue.

However, if Continue always is true, it is possible to explain whether ev-
ery subject’s operation is Do or Continue. Therefore, we define an operation
a subject takes as either Do or Continue. That is, σ1 and σ2 are exclusive
knowledge.

Finally, we introduce the following constraint to prevent the inconsis-
tency caused by the erroneous combination of hypotheses.

Definition 3 (Constraint: σ3).

�rulei� rule j�rulei� rule j � P� �condition�rulei� � condition�rule j��

� �action�rulei� � action�rule j���

P does not include operation rules whose preconditions are the same but
whose actions are different. Function condition returns the precondition of
the operation rule which is an argument of the function.

�In this research, we use the simple decision making rule in order to understand how to
acquire an operation model by hypothetical reasoning, but we can also use other decision
making rules as long as they are tautologous.

����



5.3.3 Description of Observation

The number of observations increases every time S changes. We define G
and Gt , observations at time t, as below.

Definition 4 (Observation G).

G� �G0� � � ��Gt � � � ��Gend�

Definition 5 (Observation Gt).

Gt � �St � At�

Observation Gt describes what situation the target subject observes from
his/her agent’s view, and how the subject operates his/her agent. The sub-
ject’s operation at time t is indicated by At . Specifically, At is either the lit-
eral represented by predicate Do, meaning the subject initiates an operation,
or one represented by predicate Continue, meaning the subject continues an
operation.

These observations, in time-series form, are obtained from the log data
of participatory simulations, and are described in predicate logic. Given the
nature of the virtual space used, the log data consists of agent coordinate
values and orientation, and subject’s operation history. For example, we
use observation GT�1 to indicate that the subject’s operation at time T�1
results in John, see Figure 5.2, starting to walk at time T after standing at
time T�1, as below.

Example 2 (Description of observation GT�1).

Near�Mike� John��Near�Paul� John��Far�Tom� John��Noop�Mike�

�Walk�Paul��Walk�Tom��ToLe f t�Paul��ToLe f t�Mike��Forward

�Tom�� InFrontOf �Paul� John�� InFrontOf �Mike� John�� InFrontOf

�Tom� John�� � � ��Noop�John�� Do�walk�
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PaulMike

Tom

Figure 5.2: Agent John’s View at T-1

The predicates constituting the above observation are classified into the
following four types.

Distance

Near�x�y��Far�x�y�: Agent x is [near/far from] agent y.

Positional relation

InFrontO f �x�y��Behind�x�y��OnRightO f �x�y��OnLe f tO f �x�y�:
Agent x [is in front of/behind/on right of/on left of] agent y from the
target subject’s view.

Orientation

Forward�x��Backward�x��ToLe f t�x��ToRight�x�: Agent x faces the
[same/reverse] direction as the agent controlled by the target subject.
Agent x faces to the [left/right] from the target subject’s view.

Action

Noop�x��Walk�x��Turn�x�: Agent x is [standing/walking/turning].
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5.4 Acquisition of Operation Model

In this section, we explain how to acquire operation models through the use
of hypothetical reasoning[Poole 87, Poole 94]. Specifically, we generate an
explanation of G, behavior of the target subject, with Σ, which consists of
operation rules and an operation selection mechanism, and H , whether each
operation rule is executed by the agent and which rule has priority. The
solution h fulfills the following three conditions and is the behavior model
of the agent.

1. h�Σ � G

2. Σ�h is consistent.

3. A subset of h does not fulfill the above conditions.

First, the condition is transformed into h�Σ �G0� � � ��h�Σ �Gt � � � ��h�
Σ�Gend by applying “Rule T”, transitive law of provability, since G consists
of conjunctions of Gt as indicated by definition 4. Additionally, h�Σ � Gt

is transformed into h� Σ� �St� � At by applying the deduction theorem
to the condition since Gt is equivalent to St � At as indicated by defini-
tion 5. For example, the proof of GT�1, the observation shown in Exam-
ple 2, is transformed into hT�2 � Σ� �ST�1� � Do�walk�. This proof is
illustrated by the proof tree in Figure 5.3. Note that we assume Rules to
be �rule1� rule2� rule3�, which are illustrated in Example 1, and hT�2, the
operation model acquired from G0� � �� �GT�2, to be �rule3 � P�. GT�1 is
proved in the following process.

1. According to σ1, the proof of Do�walk� needs to prove
action�rulei� � walk, rulei � P, and rulei � max��rule �

Applicable�rule�ST�1�� to be true.

2. Rule1 and rule2 can satisfy the first condition, action�rulei� � walk,
since their consequents are Initiate�walk�. There are two alternatives
to generate the proof tree.
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Figure 5.3: Proof Tree of hT�2 �Σ��ST�1� � Do�walk�
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3. Substitute rule1 for rulei

(a) Choose the assumption, rule1 � P, from H to prove rule1 � P
true. However, rule3 and rule1 in P are incompatible according
to σ3, and thus we are forced into back-tracking.

4. Substitute rule2 for rulei

(a) Choose the assumption, rule2 � P, from H to prove rule2 � P
true.

(b) Choose the assumptions, rule1 � rule2 and rule3 � rule2, from
H to prove rule2 � max��rule � Applicable�rule�ST�1�� true.

(c) hT�1 � �rule2 � P� rule3 � P� rule1 � rule2� rule3 � rule2� is
acquired.

By repeating the above process until Gend can be explained, we can ac-
quire the operation model of the subject operating John. Algorithm 1 illus-
trates the algorithm used to acquire the operation model.

The goal of function OperationModel is to acquire operation model h
such that h�Σ �G, Σ�h is consistent, and h is a minimal explanation. Con-
sistency means that P does not include rules that have the same precondi-
tions but different consequents. Therefore, we have only to confirm whether
P is consistent by using Algorithm 2 every time P is updated (step18 and
step 19). P is updated by adding an operation rule non-deterministically
chosen by the choose function. If an inconsistency occurs, another rule is
chosen from the remaining rules. If there are no other candidates, the choose
function returns false.

To acquire a minimal explanation, function OperationModel tries to ex-
plain Gt using P acquired by the explanation of Gt�1 (step 13-16). If it fails,
it chooses a new operation rule not in P (step 17-24). If no candidate can
explain Gt , the function restarts the explanation of Gt�1 to acquire another
P.
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1: t /* time */
2: P /* A set of operation rules employed by the target subject

(P� Rules) */
3: � /* Priorities among the elements in P */
4: St /* The world observed by the target subject at time t */
5: At /* The target subject’s operation at time t */
6: if t � 0 then
7: return (�����)
8: end if
9: �P����OperationModel(t�1)

/* If the subject continues the same operation as time t�1 */
10: if At �Continue then
11: return (P��)
12: end if

/* If the subject initiates a new operation at time t */
/* Choose an operation rule from P */

13: if choose p � �rule � Applicable�rule�St��
At � Do�action�rule���	P then

14: Update �
s�t� 
r�r � �rule � Applicable�rule�St��� r � p�

15: return (P��)
16: end if

/* Choose a new operation rule not in P */
17: if choose p � �rule � Applicable�rule�St��

At � Do�action�rule����P then
18: P� P
�p�
19: if Inconsistent?(P) then
20: fail
21: end if
22: Update �

s�t� 
r�r � �rule � Applicable�rule�St��� r � p�
23: return (P��)
24: end if
25: fail

Algorithm 1: OperationModel(t) return (P,�)
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1: if �pi� p j�pi� p j � P� �condition�pi� � condition�p j���
��action�pi� � action�p j��� then

2: return true
3: end if
4: return f alse

Algorithm 2: Inconsistent?(P) return boolean value

5.5 Application to Evacuation Domain

To validate our method, we used it to model a subject operating an evacuee
agent in an evacuation drill.

5.5.1 Evacuation Domain

We used our modeling method to create the evacuee agents needed to de-
velop effective evacuation methods. Specifically, we used a controlled ex-
periment conducted in the real world[Sugiman 88] (See also section 2.3 in
details). The experiment was held in a basement that was roughly ten me-
ters wide and nine meters long; there were three exits, one of which was
not obvious to the evacuees as shown in Figure 2.1. The ground plan of the
basement and the initial position of subjects are also shown in the figure.
Exit C was closed after all evacuees and leaders entered the room. At the
beginning of the evacuation, Exit A and Exit B were opened. Exit A was
visible to all evacuees, while Exit B, the goal of the evacuation, was ini-
tially known only by the leaders. All evacuees were guided to Exit B by the
leaders.

At first, we reproduced the same situation in FreeWalk[Nakanishi 04],
3D virtual space platform. Next, we conducted a participatory simulation
by replacing 12 scenario-controlled agents with agents controlled by human
subjects (Figure 5.4). The remaining agents were controlled by their scenar-
ios described in scenario description language Q[Ishida 02b, Murakami 03].
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Figure 5.4: Participatory Simulation by FreeWalk

5.5.2 Application of Modeling Process

We applied our method to model the subject operating agent 11, circled in
Figure 5.6 and Figure 5.7. The set of operation rules in domain knowledge
consisted of the following 18 operation rules obtained through interviews
with 6 human subjects.

Rule1: If the evacuee sees other escaping evacuees, he looks to the direc-
tion towards which they go.

Rule2: If the evacuee cannot see a leader, he looks for them by looking
around and stepping backward.

Rule3: If the evacuee sees a lot of evacuees, he goes towards the direction
to which they look.

Rule4: If the evacuee cannot see the exit, he looks for it by looking around
and stepping backward.
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Rule5: If the evacuee finds a leader, he approaches to him/her.

Rule6: If the evacuee sees a leader near him, he follows him/her.

Rule7: If the evacuee meets congestion, he goes towards it.

Rule8: If the evacuee finds a leader, he pays attention to him/her.

Rule9: The evacuee moves in the same direction as the leader.

Rule10: The evacuee moves in the same direction as a lot of evacuees.

Rule11: If the evacuee meets congestion ahead of his walk course, it stops.

Rule12: If the evacuee sees another evacuee heading toward the same di-
rection begin to walk again, he steps forward.

Rule13: If the evacuee sees another evacuee heading toward the same di-
rection stop, he also stops.

Rule14: The evacuee follows someone in front of him.

Rule15: If the evacuee encounters congestion, he walks through it.

Rule16: If someone in front of the evacuee walks slowly, he passes
him/her.

Rule17: If the evacuee sees the exit, he goes toward it.

Rule18: The evacuee looks around before going to the exit.

Table 5.1 shows the sets of operation rules chosen from all rules through
explanation of evacuee agent11’s operation history. It is verified that each
set of operation rule can explain the operation history because they are ac-
quired by logical consequence. On the other hand, the validation of them is
checked by comparing them with operation rules obtained by an interview
with the evacuee. In this example, we confirmed that the set of operation
rules obtained by the interview with the subject controlling agent11 is the
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Table 5.1: Operation Rules of Subject Operating Agent 11

P Set of Operation Rules
P1 P� �Rule2, Rule4, Rule9, Rule14, Rule15, Rule17�
P2 P� �Rule2, Rule4, Rule9, Rule14, Rule16, Rule17�
P3 P� �Rule2, Rule4, Rule14, Rule15, Rule17, Rule18�
P4 P� �Rule2, Rule4, Rule14, Rule16, Rule17, Rule18�

same as P1. However, it is unrealistic to validate every acquired model in
this way because it takes about one hour to interview once.

Therefore, we propose the way to winnow acquired operation models in
order to choose valid one from them by a question and answer system. In
the proposed way, we divide the operation rule sets into two groups, and
generate new observation which can be explained by either groups. A valid
operation model is chosen by asking the target subject if the observation is
true for him/her. For example, in the case of Table 5.1, asking the subject
whether he goes towards the exit or looks around him when he sees a leader
go to the exit enables us to select �P1,P2� or �P3,P4�. By repeating such a
process, it is possible to finally winnow a valid operation model from a set
of verifiable operation models obtained by hypothetical reasoning. Note that
additional interviews are needed to collect operation rules enough to explain
every subject’s behavior if we finally acquire no operation model.

Regarding as properties among operation rules in P1, we can acquire
three kinds of relations as shown in Figure 5.5. Arrow lines indicate pri-
ority between operation rules and the direction of the arrow corresponds to
order of priority. In addition, when both Rule1�Rule2 and Rule2�Rule1
are satisfied, they are equal to Rule1�Rule2.

Each explanation generated by three kinds of priorities corresponds to
results of the interview mentioned above. Specifically, we can calculate
the following sets of applicable rules from the target subject’s operation
history in Figure 5.6 and Figure 5.7; �Rule2, Rule14, Rule17�, �Rule4,
Rule9, Rule14�, �Rule2, Rule4�, �Rule2, Rule4, Rule14�, �Rule9, Rule14,
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Figure 5.5: Priorities among Operation Rules in P1
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WalkForwardWalkForward

(t � t2)
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Figure 5.6: Operation History of the Subject Operating Agent11 (former)
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Figure 5.7: Operation History of the Subject Operating Agent11 (latter)
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Rule17�, and �Rule15� are applicable at St1 , St2 , St3 , St4 , St5 , and St6 , re-
spectively. The priorities choose Rule2, Rule9, Rule4, Rule14, Rule17, and
Rule15 from each set of applicable rules. These choices are the same as the
execution order of operation rules obtained by the interview. However, they
may generate not only the correct execution sequence of operation rules but
also other sequences because the priorities shown in Figure 5.5 include a
lot of the same priorities. That is, precision of the execution sequences is
low. Therefore, we need to specify the precondition of each operation rule
in more detail in order to determine only one execution sequence.

5.6 Summary

To render multiagent simulations about socially embedded systems more
realistic, a diversity of simulated-user models must be realized. In this re-
search, we addressed the following two issues in realizing the needed diver-
sity of operation models of users participating in the simulation.

Forming various consistent behavior models

We established a modeling process, based on hypothetical reasoning,
that offers the consistent selection of assumptions. This allows us to
combine operation rules in various ways while avoiding incompati-
bilities.

Extracting behavior models that offer personality

We extracted a personal operation model from log data by generating
explanations of each subject’s operation. This enables us to charac-
terize each subject as combinations of operation rules constituting the
explanation.

In this research, we have confirmed that there are some operation models
that can explain correct execution sequence of operation rules, correspond-
ing to one obtained by the interview, in models generated by our proposed
method. For future works, we have to develop the method to determine only
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one valid operation model from several acquired models. A specified model
is implemented as an agent, and then it is employed to refine interaction
protocols.
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Chapter 6

Conclusion

6.1 Contributions

In developing socially-embedded systems, participatory design is needed in
order to predict systems’ behavior after introduction of them. Participation
of their users in development process enables system designers to specify
actual interactions between the systems and the users, and examine the ex-
pected behavior of the systems in society. In this research, we have proposed
a new method that can realize participatory design at low cost by simulated-
users, and support interaction design based on technological foundations.
In this chapter, we summarize our contributions in accomplishing this ap-
proach as follows.

� Scenario description language for describing interaction between
agents

We developed a general-purpose scenario description language Q to
describe interaction protocols between agents. This enables us system
designers, experts in an application domain, to define the expected be-
havior of the systems and the users by using the vocabularies in the
application domain. The existing languages for multi-agent systems
focus on agent’s internal mechanisms, and so interactions is caused
by agent’s decision making implemented in them. On the other hand,
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Q has no concern with the details of agent’s internal mechanisms, and
is a language to request agents to affect and observe their environ-
ment. It allows us to design interaction protocols and control agents’
behavior while keeping their autonomy in the sense that Q delegates
how to carry out the described requests to the agents. In addition,
we developed IPC that can represent patterns of interactions in table
form and describe interaction protocols by filling in the blanks in IPC
cards. We can reuse interaction patterns by defining IPC and describe
interaction protocols at low cost.

� Process for realizing coordination between system designers and sys-
tem developers

We established new simulation process to enable system designers
and system developers to cooperate with each other in order to realize
multi-agent simulations. In contrast to development process estab-
lished in object-oriented software engineering where model construc-
tion and implementation are connected serially, they are deployed in
parallel. Once vocabularies to describe an interaction protocol are de-
cided, they form an interface between system designers and system
developers. System developers implement the vocabularies accord-
ing to their specifications, while system designers describe interaction
protocols using the vocabularies. Protocol description is independent
of agent implementation, and so we can change interaction protocols
without affecting agent implementation. That is, we can describe var-
ious types of interaction protocols even after starting to implement
agents, and estimate how well the described protocols work through
multi-agent simulation.

� Agent architecture for making decision under social constraints

We proposed new agent architecture with decision making under in-
teraction protocols defined by system designers. Interaction protocol
is a behavioral guideline that leads interactions between agents. By
each agent’s complying with protocols, their coordination is realized.
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However, in participatory simulation, participants often violate the
protocols designed by system designers in advance. This problem is
caused by the fact that the goals accomplished by protocols are dif-
ferent from participants’ goals. Therefore, system designers have to
take consideration into users’ decision making as well as consistency
within interaction protocols, in order to construct more robust interac-
tion protocols. To conduct multi-agent simulation with this purpose,
we developed new agent architecture that can deal with requests de-
scribed in protocols as external events the same as other events in
environment. This architecture enables agents to decide whether they
should comply with the given protocols or not.

� Process for improving interaction protocols

Through this thesis, we focus on the method to design interaction
protocols with considering agent’s autonomy. The existing methods
in protocol engineering are not suitable for designing protocols im-
posed on agents whose goals sometimes conflict with those of proto-
cols since those methods are based on the assumption that there are
joint goals among agents. Therefore, we established the method that
can refine interaction protocols using participatory simulation where
agents and human-controlled agents coexist. In this process, we mod-
ify users’ internal models and the interaction protocols alternatively
in incremental steps until results of participatory simulation come to
an ideal state. Moreover, this process presents two criteria to check
whether modifications of agent’s internal models and protocols are
valid or not.

� Algorithms for acquiring a model of an user participating in simula-
tions

We formalized acquiring participants’ operation model from the log
data obtained by participatory simulation as a search problem and pre-
sented a solution to the problem based on hypothetical reasoning. Al-
though it costs lower to conduct participatory simulation than demon-
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stration experiments in the real world, the number of times to conduct
participatory simulation is limited for the reason that they also need
several human subjects. In addition, we have to acquire not general
operation model but diverse types of models so that we can design in-
teraction protocols effective for socially-embedded systems that pro-
vide a lot of users with their services. Therefore, we can not take in-
ductive approach that can acquire a general model from a lot of data,
but deduce individual operation models by explaining log data with
domain knowledge, a set of given operation rules. However, there can
be incompatible operation rules in the domain knowledge. To avoid
generating an explanation that consists of incompatible rules, we em-
ployed hypothetical reasoning.

6.2 Future Directions

It is expected that the number of socially-embedded systems increases more
and more. That means our behavior will be constrained by several inter-
action protocols given by the system providers and we will have to handle
several protocols. If we interact with more systems, it is a hard task to
handle them. One of the solutions to this problem is introduction of per-
sonal agents that can support users personally. As a result, we believe that
socially-embedded systems will evolve into socially-embedded multi-agent
systems. Therefore, we conclude this thesis with the list of possible future
research issues of protocol design for socially-embedded multi-agent sys-
tems.

� Coordination of several interaction protocols

Improvements of interoperability of information-providing systems
by Web services and developments of semantic Web will enable us to
easily construct a composite socially-embedded system. In this sit-
uation, we need personal agents that can support users directly. The
problem to realize such a personal agent is to develop agent mecha-
nism to resolve conflicts between the given protocols.
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� Deliberate agents under social constraints

In this research, an agent architecture under social constraints is very
simple one that performs actions described in the given interaction
protocol if individual conditions to execute them are satisfied. How-
ever, in the real world, we reason about effects of the cases when we
violate and follow the protocol in order to decide whether to com-
ply with the protocol or not. Especially, what the subsequent actions
are is an important factor to determine whether to obey the protocol.
We need an agent architecture that can consider the potential deontic
action described in the given protocol, for developing personal agent.

� Enforcement of interaction protocols by social pressure

There are various methods to force agents to comply with protocols.
A fine is one of the methods. It is true that a fine is effective to make
personal agents obey their protocols, but it is not effective for users
because they have a choice that they do not use their personal agent.
Therefore, it is necessary not to impose an explicit sanction but to
motivate agents to comply with their given protocols. For example,
if agents are equipped with decision making to cooperate with other
agents based on compliance rate, they are motivated to follow the pro-
tocol as much as possible. We need socially-embedded multi-agent
systems with such social pressure.
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