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APOC AND ADE: THEORY AND PRACTICE IN THE DESIGN OF

ARCHITECTURES FOR BEHAVIOR-BASED AGENTS

Abstract

by

Virgil Andronache

In this thesis we present an integrated theoretical and practical approach towards the

development of complex robotic agents. We describe APOC, an architecture framework

intended for the analysis and implementation of complex agent architectures. We then

show how APOC can be used to implement agent architectures in various architectural

design paradigms and how these designs can be analyzed in APOC. Next, we show how

APOC can be used to introduce new elements into architecture design, by creating ar-

chitectures which modify as the agent interacts with its environment. The practical side

of the research is presented next, with a description of the APOC Development Environ-

ment, ADE. We show how ADE functionality is based on the properties of the APOC

framework and present in detail the features ADE presents to the agent designer and ar-

chitecture developer. Examples of these features are shown for illustration. In the last part

of the thesis we focus on work done using APOC and ADE towards the development of

a robotic waiter. Here we discuss the main problems which need to be solved in the de-

velopment of a complex agent and present ADE solutions to these problems. We next

introduce the overall structure of the robowaiter architecture and show in detail some of

the main sub-systems of this architecture. Results of experiments which form the build-

ing blocks for the robowaiter architecture are then presented. The thesis concludes with



Virgil Andronache

a brief discussion of future work using ADE, including the upcoming implementation of

the robowaiter.
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CHAPTER 1

PROLOGUE

This thesis is a description of APOC: a theoretical framework for the design, imple-

mentation, testing, and deployment of agent architectures, and ADE, an agent develop-

ment environment which embodies the precepts outlined by the framework.

The creation of an agent usually requires the designer to answer several questions:

whether higher-level cognitive functions such as planning or case-based reasoning should

be part of the agent, whether the agent should employ a hierarchical architecture, e.g., sub-

sumption [27], or a �at one, e.g., the agent network architecture [67]; for a behavior-based

agent, whether its behavior-arbitration mechanism should be competitive, e.g., bayesian

decision analysis [103], or cooperative, e.g., schema-based [12]; whether the architecture

will run on a single computer, or be distributed over a network. The answer to each ques-

tion depends, among other things, on the complexity of the agent, the available resources,

and the preferences of the designer. Simple agents, for example, can be implemented

equally ef�ciently in competitive and cooperative systems. However, as more complex

agents are created and issues such as attentional mechanisms and modelling of mental

processes are explored, a single arbitration mechanism may not be suitable.

This work is divided in three parts. In the �rst part, we present a theoretical archi-

tecture framework called APOC. We show the generality of the framework by modelling

various behavior-based and cognitive architectures in the APOC formalism and we illus-

trate the use of APOC in analyzing and designing agent architectures. The second part of
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the thesis presents the ADE software tool. ADE implements the theoretical concepts of

APOC and allows the agent developer to create agents in both single- and multi-computer

environments. The third part of the thesis presents theoretical considerations and exper-

imental work towards the development of a complex robotic agent in the context of a

robotic waiter.

The APOC framework provides the tools which allow an agent developer to nav-

igate the �rst three choices presented above. For example, APOC allows the design

of an agent with case-based reasoning, a hierarchical architecture, and a competitive

behavior-arbitration mechanism. APOC also provides for the design of an agent with no

higher-level cognitive functions, a �at architecture, and a cooperative behavior-arbitration

scheme while still providing them with a basic structure on which to base their designs.

APOC provides a common infrastructure within which all design methodologies and ar-

bitration mechanisms can be expressed. By expressing mechanisms as diverse as neural

networks, behavior-based architectures, and cognitive architectures in a uni�ed manner,

the combination of previously incompatible mechanisms becomes possible, opening the

door for the creation of increasingly complex agent architectures. This allows the agent

developer to use each mechanism in those areas where it is best suited. Thus, a sym-

bolic reasoner can be provided with a behavior-based implementation of the behaviors it

reasons about. The reactive nature of behavior-based systems can then provide quick re-

sponse times to environmental changes while the reasoner provides the system with long

term goal-directedness.

The ADE environment provides the tools which allow the user to create architec-

tures in both a single- and multi-computer environment. Coupled with the options given

by APOC, ADE allows the agent designer to implement the �rst agent described above

in a multi-computer system, while the second agent could be implemented in a single-

computer system. ADE implements the theoretical concepts of APOC and is there-
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fore an illustration of the feasibility of the APOC approach. In addition to providing an

implementation of APOC theory, ADE provides a �exible single-computer and multi-

computer environment for agent development. ADE also provides basic graphical tools

and support for user-de�ned extensions. These allow users to de�ne graphical tools which

are targetted towards speci�c components, allowing for easy inspection of those compo-

nents, as well as the modi�cation of their run-time parameters.

I would like to thank the following people for their help with various parts of the work

presented here:

� Dr. Matthias Scheutz. Dr. Scheutz and I have worked together on the develop-
ment of the APOC framework and his NNSIM tool provided the basis of the ADE
GUI. He has also provided the blob and color-detection code for the experiments
described in Chapter 9 and the �gure describing the structure of an APOC compo-
nent.

� Dan Dentinger. Dan has implemented several components of the interface, most
notably the graph tool and the graphical buttons.

� James Kramer. Jim has worked on the the AgeS system, which forms the basis for
the distributed nature of ADE, the registry, and a software tool for robot navigation
which interfaces higher-level route planning with low-level obstacle avoidance. The
tool will be incorporated in the robowaiter architecture, although it was not used in
the experiments presented here.

� Paul Schermerhorn. Paul, Jim, and I have had several fruitful discussions about the
robowaiter project. Some of the ideas presented in Chapter 8 had their beginnings
in those discussions.

� Kyle Wheeler. Kyle wrote code interfacing the robot cameras to an early version of
ADE and started the work on the registry.

� David Anderson, Holden Bonwit, Peter Bui, Patrick Davis. The undergraduate
students have worked or are currently working on robot navigation, GUI improve-
ments, sound recognition, and speech production as part of the effort to complete a
�rst version of the robowaiter by July 2004.

The structure of this thesis is as follows:

1. The APOC framework description. This section provides the theoretical de�nition
for the constituents of the APOC framework and their interactions. The APOC
framework was developed jointly with Dr. Matthias Scheutz. The set-theoretic
description of an APOC component provided in Chapter 3 and the graph describing
an APOC component were developed mainly by Dr. Scheutz following a series of
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discussions in which we de�ned component functionality. Sections of Chapter 3
were published in the AAAI Spring Symposium 2003 [93], FLAIRS 2003 [94] and
Agent Theory to Agent Implementation 2004 [10].

2. Uses of the APOC framework. Chapter 4 is dedicated to descriptions of behavior-
based architectures, design methodologies, and cognitive architectures in terms of
APOC components. Some of these translations have appeared in MAICS 2002 [9]
and FLAIRS 2003 [94] or will appear in AAMAS 2004 [11]. Chapter 5 shows
sample combinations of cooperative and competitive action-selection mechanisms,
as well as applications of APOC to concepts on the fringes of agent design, such
as cellular automata.

3. The ADE development environment. This section provides implementational de-
tails about ADE. The parallels between APOC theoretical constructs and ADE
features are highlighted and additional features of ADE are presented. A detailed
description of ADE including several sections of this chapter, will appear in the
International Journal for Arti�cial Intelligence Tools [8].

4. Uses of ADE. Interfaces to various robots are described and graphical tools which
facilitate the creation of robotic agents are presented in Chapter 7.

5. The requirements for the design and implementation of complex robotic agents.
Complex agent design using APOC and ADE will be discussed in Chapter 8 in the
context of a robotic waiter.

6. Experimental results. In this section, agent systems developed in ADE are de-
scribed. The characteristics of APOC which aided in the development and testing
of the systems are identi�ed. ADE features used in the systems are described in
the context of agent architecture development. The exception to the above is the
experiment using simulated agents in a virtual world, which was developed by Dr.
Scheutz in SimAgent, following a jointly developed architectural design. The ref-
erence resolution experiment was designed by Dr. Scheutz together with Dr. Eber-
hard from the psychology department. Experiments from Section 9.2 will appear
in AAMAS 2004 [11]. The reference resolution experiment will be presented as as
part of the AAAI Intelligent System demonstration at AAAI 2004.
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CHAPTER 2

INTRODUCTION

Arti�cial intelligence (AI) efforts to design control systems for arti�cial agents are

relying increasingly on research in the �eld of agent architectures. 1 Various architecture

schemes and design methodologies have been proposed, which focused on different as-

pects of agent control. For example, behavior-based architectures, e.g., subsumption and

schema-based, [14,27], started out as control systems for embodied agents and contained

no symbolic representation. At the other end of the spectrum, cognitive architectures

such as SOAR and ACT-R [7,61] provided higher-level cognitive functions, but were not

designed to work with embodied agents.

By nature, cognitive architecture are not targeted towards a particular agent or type

of agent. However, that is not the case with behavior-based architectures, most of which

were developed for particular kinds of agents or targeted at a particular class of tasks. For

example, each Braitenberg vehicle had a speci�c architecture [26], Myrmix was devel-

oped speci�cally as a foraging agent [38] and Xavier as an of�ce delivery robot [96].

Many of these architectures have proven successful in their application domain, as

Myrmix and Xavier illustrate. It would be advantageous if components and principles

which contributed to their success could be reused in other circumstances. An especially

interesting question is whether these principles and components could be utilized in other
1In other related disciplines, e.g., cognitive psychology or philosophy, agent architectures have played

a fundamental role for an even longer time, under the name �functional architecture,� in the analysis of the
organization of control systems of living creatures.
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architectures that do not use the same basic components or design methodology, e.g.,

integrating an ef�cient subsumption-based �go-to-goal� module into a DAMN-based ar-

chitecture [87]. Additionally, as behavior-based agents become increasingly complex and

cognitive architectures move towards use in embodied agents, e.g., ICARUS [63], using

both types of mechanisms in the same architecture becomes almost a necessity. However,

agent developers are faced with several problems in attempting to integrate code from

multiple architectures.

A �rst problem is credit assignment: it may be dif�cult to say what part of an architec-

ture or design accounts for its success. A second arises from the dif�culty of comparing

two different architecture types directly, because their design assumptions and domain

restrictions may vary signi�cantly, e.g., symbolic versus �sub�- or non-symbolic, high-

level versus low-level, serial vs. parallel, software versus robotic agents. A third problem

is that the characteristics which impede direct comparison also hinder the combination of

mechanisms into a unitary architecture. Consequently, it is dif�cult if not impossible not

only to assess the advantages and disadvantages of particular designs and methodologies

but also to utilize them in other designs without a common language or framework in

which architectures could be compared.

Another problem, speci�c to current behavior-based architectures, is that the mech-

anisms used for behavior selection are typically �xed. While it may be possible to

adjust some of the mechanisms’ parameters to make them more adaptive, they cannot

be changed altogether. A subsumption-based architecture [27], for example, cannot be

changed into a schema-based architecture [12] at the level of the architecture. Switching

among different behavior-selection strategies, however, may be desirable or even required

at times, either to increase the system’s performance or to enable the system to achieve

a given task in the �rst place. Looking at biological creatures, it seems that many ani-

mals are capable of modifying their behavior-selection strategies, typically as a result of
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some learning process, which process then generally leads to better performance at the

given task [64]. Furthermore, they seem to be able to switch dynamically among differ-

ent behavior-selection strategies depending on which strategy leads to the best results.

It would seem natural to allow for a dynamic change of behavior-selection strategies in

behavior-based systems as well.

There are, however, three problems with dynamic changes of behavior selection strate-

gies: (1) current behavior-based architectures do not support multiple simultaneous behavior-

selection processes among which the system can switch, (2) it is not clear which behavior-

selection strategies should be included in the design of the system, among which it will

then be able to switch; and (3) there are no universally valid criteria for deciding under

what circumstances it is bene�cial to switch between two con�icting strategies.

Thus, what is needed is an architecture framework which is general enough to al-

low researchers to evaluate and compare different kinds of architectures, but at the same

time is conceptually parsimonious enough to employ only a few intuitive, basic concepts

which can be used to de�ne the concepts used in other architectures. Otherwise the frame-

work may end up as complex as any of the higher, universal programming languages in

which agent architectures are de�ned�obviously, such a framework would be of little

use in agent architecture research. One main goal for such a framework is to achieve

high expressiveness at different levels of abstraction. To our knowledge, no satisfactory

framework is available yet, although certain characteristics pertaining to the concept of an

�architecture framework� appear in various places in the literature. For example, some of

the ideas used in building our framework �nd a certain degree of parallelism in work by

Horswill [50] and Lyons and Arbib [66], e.g., GRL provides a framework for the imple-

mentation of a variety of behavior-based architectures, while the RS model provides an

environment of components with synchronous processes and links which connect com-

ponents via specially provided connection points called �ports.�
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As a step towards the development of a general framework for agent architectures, we

introduce the APOC architecture framework, which attempts to respect the requirements

outlined in the previous paragraph. APOC is not only intended as a theoretical frame-

work, which allows researchers to analyze, evaluate, and compare agent architectures,

but also, complemented by ADE, the APOC development environment, it functions as

a practical tool for the design of complex agents. In particular, APOC/ADE is tailored

towards architectures which allow for speci�cations of architecture modi�cations and re-

source constraints at the architecture level.

As part of this thesis, we use APOC to model several behavior-based and cognitive

architectures as a prelude to direct comparisons among architectures. We then propose a

solution for the �rst problem of dynamic modi�cation of behavior-selection strategies and

show an approach for �nding solutions to the other two. As it is not possible to investigate

the utility of dynamically changing strategies if they cannot be implemented together in

one architecture, we show how APOC can be used to de�ne and study any combination

of behavior-selection mechanisms, e.g., a subsumption-based architecture and a schema-

based one. Speci�cally, we argue for the utility of such a framework, especially for the

study of dynamically changing behavior-selection strategies, and demonstrate that such

dynamic changes can be bene�cial in different tasks using simulated and robotic behavior-

based agents. We conclude the presentation of APOC with an illustration of its use in

modelling various concepts related to agent-design, such as ART learning networks [32].

As we show in the �rst part of the dissertation, APOC is in itself a useful tool for

agent developers. However, in order to be able to implement APOC-based agents, we

need a software tool which puts into practice the �exibility of the APOC framework.

Additionally, for generality, the tool should also support both single- and multi-computer

systems and single- and multi-agent systems.
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2.1 The ADE Software Tool

In recent years, several toolkits and frameworks have been proposed which are in-

tended to support either the design of multi-agent systems, e.g., JADE [22], RETSINA

[102], AGENTBASE [4], ZEUS [76], or the design of agent architectures for single agents,

e.g, SimAgent [99], ARIA/Saphira/Colbert [56�58], Player/Stage [43, 44]. Currently,

there are no systems available that combine and integrate these two realms. To bridge

the gap between multi-agent system frameworks and agent architecture toolkits for single

virtual and robotic agents, we propose the agent architecture development environment

ADE, which provides a homogeneous, user-friendly environment for the development of

architectures for virtual and robotic agents in single and multi-agent settings.

Multi-agent systems typically provide the distributed infrastructure which allows agents

to reside on different hosting computers and move from host to host in a way that is hidden

from the user. For example, JADE [22] provides a communication language, a graphical

user interface for controlling and monitoring agents, and a directory facilitator which pro-

vides services needed to allow agents to contact one another and communicate regardless

of their locations in the system. Furthermore, some of the toolkits also support distributed

agents, i.e., agents residing on multiple hosts at the same time [102]. These systems are

typically implemented as middleware that provides APIs for the agent designer. Yet, be-

cause these systems are intended as a framework in which to develop the multi-agent

system, they provide few, if any, tools required for the development of the architecture of

an agent.

Single-agent systems, on the other hand, focus on support for the development of the

agent’s architecture, typically by providing libraries for common agent functionality, e.g.,

condition-action rule interpreters [98] or basic components of a particular architecture

such as the BDI architecture [36]. They may also provide additional functionality for

running multiple virtual agents, as in SIM-Agent [98] or Swarm [70], or for operating
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