
3 
Designing and implementing complex 
systems with agents 

P. MarcenacO), S. Giroux(2), J.R. Grasso(3) 
( 1) /REM/A, University of La Reunion BP 7151, 97715 StDenis 
Messag. Cedex 9, La Reunion, France. Tel: ( +262) 93-82-84 
Fax: ( +262) 93-82-60 email: marcenac@univ-reunion.fr 
(2) Tele Universite, 1001 Rue Sherbrooke Est, 2eme etage, Montreal, 
Quebec, Canada H2X 3M4. Tel: (+514) 343-6447 Fax: 522-3608 
email: sgiroux@teluq.uquebec.ca 
( 3) LGIT-IRGM, Observatoire de Grenoble, BP 53 X 38041 Grenoble, 
France. Tel: (+33) 76-51-45-17 Fax: 76-51-44-22 
email: grasso@ lgit.observ-gr .fr 

Abstract 
This paper describes an ongoing research in the Geomas project, initially intended to study 
applications of agent technology in complex systems. A complex system can be defined as a 
system in which behavior is bad-understood and designing such systems then requires specific 
considerations, justifying the need of the agent paradigm, when no other solutions could be 
found in an efficient way. The complex system tackled in this paper to illustrate our purposes is 
the prediction of volcano eruptions. Through the presentation of a simulation application for 
volcano phenomena, this paper focus on a software engineering approach to agent modelling in 
simulation. To address such issues, the paper describes an agent architecture through of as 
software engineering models of agents. A structural approach of the designing task is 
introduced by 1. conducting a top-down analysis to look for autonomous agents; 2. identifying 
internal behaviors, interaction processes and evolving facilities of each agent; and 3. looking at 
the emergence of the global behavior. 

The second part of the paper presents some elements of the implementation. ReActalk, an 
agent-oriented platform, has been chosen as a basis shell to develop simulation applications. 
ReActalk is built as successive layers developed upon Smalltalk-80, and supports large 
mechanisms of implementation for both individual agents and global system. It provides a safe 
combination of passive objects (Smalltalk classes) and actors, bringing serious advantages for 
the implementation of agents and societies in simulation applications. 
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1 INTRODUCTION 

As described in (Bond and al, 1991 ), different problems types are tacked successfully with 
MultiAgent Systems. This paper presents interesting results of the Geomas* research project 
held in the University of La Reunion (France). The main issue tackled in the project is the 
design and the implementation of distributed complex systems that will satisfy properties of 
MultiAgent Systems (Marcenac, 1995). The paper describes a paradigm to support the design 
of such systems, and introduces some key issues associated with the representation of software 
components in complex systems. 

More particularly, in order to explore the emergence of complex behaviors and to derive laws 
and predicable macro-behaviors out of micro-behaviors, we are conducting a MultiAgent 
modelling and simulation of the volcano of La Fournaise in La Reunion island, one of the most 
active volcano of the Earth. The aim of the simulation is to observe the global behavior to look 
for the number of eruptions according to their volume. To try to understand the complex 
behavior of the volcano, a computational model with communicating agents is then considered, 
the result of the system being the emergence of a global solution through the study of local 
magma pressures. This MultiAgent modelling helps us to investigate such an approach, 
allowing to integrate partial results in a same frame (Grasso and al, 1995). 

This work particularly focus on modelling real world components through agents, and points 
out what we perceive to be the most important issues in the design of MultiAgent systems for 
simulation of complex systems. To ease the designer's task, a method based on the role of both 
agents and MultiAgent System is proposed. It describes a structural approach of the designing 
task by: 

I. Conducting a top-down analysis to identify autonomous components of the real world to 
be integrated as agents, according to the philosophy of what could (or should) be an agent for 
simulation needs. This part of the work explores the real world by looking for roles played by 
components in the assumed global mechanism. Such components will then become agents if 
satisfying agent's principles (according to Gasser and Hunhs, 1987). 

2. Identifying characteristics and local goals of the agent and clearly separating internal 
behaviors, communication processes and evolving facilities of the agent, which we perceive as 
the most important parts of an agent in complex systems modelling. 

3. Identifying the global goal of the whole system, and giving it the role of the society of 
agents. The society of agents represents the whole system and expresses the emergence of the 
global behavior. 

This methodology involves two complementary studies: first, designing the whole system by 
looking for the emergence of a global watching behavior, and second, designing each agent, by 
identifying characteristics to be represented, and internal mechanisms required to describe local 
behaviors of the agent (Leman and al, 1994 ). 

A first prototype, Geomas-VI, has been developed with ReActalk, an agent -oriented platform 
enriched to develop simulation applications (Giroux and Senteni, 1991). ReActalk is built as 
successive layers developed upon Smalltalk-80 and supports large mechanisms of 
implementation for both individual agents and global system. Geomas V l was built to validate 
the designing process and the agent architecture, and for that, low degree of complexity was 
introduced. We choose to represent sample materials, such as homogeneous rocks and magma 
feeders, with very sample physical laws to validate the approach. 

However, this paper is going further. It keeps a formal view of the way to build such systems 
and proposes an agent model and architecture for simulation applications. We consider an agent 

* Acronym for Geophysics and multiagent systems. 
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model as the description of the concept of agent (internal behaviors, communication processes 
and evolving facilities), and an agent architecture as the organization of the society and the 
understanding of the emergence to explain and formalise the sequence of actions that will 
achieve the desired goal. This approach leads to a richer semantic in the description of agents, 
and in a more general way, in the description of the whole system. It allows a better software 
incrementality, leading to an evolutionary design process of distributed agent systems, 
consisting of a stepwise development and increment driven. 

This paper is divided into two main sections. Section 2 is the core of the paper, and discusses 
of: . 

I. How to design agents and MultiAgent Systems intended to simulate complex natural 
phenomena, and to derive the emergence of a global behavior from local interactions? 

2. How to formalize these concepts in an agent model and architecture? 

Section 3 presents some elements of the implementation. Modelling complex systems needs 
specific requirements, such as modelling the system with a variable size for instance. 
Programming these features can be done in ReActalk in several ways. As, from a software 
engineering point of view, the project aims at providing a better incrementality through reusable 
components, it is common to isolate those which seem to be standard in simulation applications. 

Finally, section 4 draws up a report of interesting results and points out future researches. 

2 DESIGNING A COMPLEX SYSTEM WITH AGENTS 

This section presents conceptual considerations of distributed systems for simulation. It begins 
by briefly presenting the domain and justifying the agent approach. How such systems could be 
designed is then investigated. Finally, to tackle this task, an agent-model is proposed. 

2.1 Agents and volcano modelling 

The volcano is characterized by a very complex structure, which does not follow global 
physical laws. However, it is driven by three main properties: I. non predicable property, a 
small external perturbation could generate a large-scale phenomena; 2. small external 
perturbations driven; and 3. scale in variance, describing the repetition of watching behaviors 
during time (Grasso and Bachelery, 1995). 

So the global and watching behavior of the volcano is completely determinist, because it is 
submitted to a well-determined law (third property), but at the same time, is driven by a non 
predicable behavior. The combination of these two properties defines a complex and chaotic 
real world. The volcano is then considered as a global system in which underlying dynamically 
processes are distributed. 

Object-oriented techniques do not provide satisfactory results when modelling such complex 
worlds. One of the main reasons of this failure is that considering a complex system as a unique 
entity, and eruptions as the results of the execution, does not allow to describe enough 
semantics to provide satisfying results. In this kind of centralized program, intrinsic 
mechanisms could not be deeply taken into account, leading to an insufficient description of the 
real world. To better understand how does a complex system work, the approach is to consider 
the program behavior as the result of a set of interactions between smaller and independent 
agents. 

The global behavior of the system is then based on matching the post-conditions of two kinds 
of local actions: first, reactive actions, in response to external solicitations, and second internal 
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actions, in response to the evolving of the real world component during time. So, the global 
behavior is evolving during time to take into account internal or external perturbations, and do 
not have to wait for any global result to do so. It appears then that any computational model 
could not provide any satisfactory results without autonomous facilities, justifying the need of 
agents. 

2. 2 How to design agents 

The method proposed is based on a top-down approach. In such a way, the real world is cut in 
tiny and independent pieces, each one playing a role for the application. At a first glance, the 
method looks like object-oriented methods such as (Coad and Yourdon, 1991), but the designer 
has to take care of the autonomy of software components, and the 'taskability', i.e. at what 
level of complexity the activity to be performed by an agent could be described. 

Internal behaviors describing the autonomous life and interactions are modelled at the same 
time, and are encapsulated together in autonomous agents. Many works have been based on 
this approach, leading to reactive agents (Brooks, 1989), (Demazeau, 1993), (Drogoul and al, 
1991). Recent works have defined hybrid architectures of agents (Woolridge and Jennings, 
1994), (Muller and al, 1995). Our method of conceptual design of autonomous agents follows 
this idea, except that, because of the complexity of the real world considered, cognitive agents 
are described, including more sophisticated protocols. It adopts an external perspective from 
which to look at agent contents, which relates to L. Gasser's ideas (Gasser, 1990), where 
agents organisation is treated as aggregated local components. 

The whole approach consists first in analyzing the real world to identify autonomous 
components of the real world to be integrated as agents, then designing each agent separately by 
looking at internal behaviors, communication processes and evolving facilities and finally 
designing the whole system. The whole system is then viewed as a society of agents and is 
responsible of the emergence of a global behavior. 

Illustration of the method in the case of the volcano complex system 
The first step of the work aims at determining what the simulation should provide in output by 
identifying the role of the whole system, and what are the roles played by any software 
components in the system . 

• Role of the simulation application: Let remind the aim of our simulation: to observe the 
global behavior to look for the number of eruptions according to their volume. The role of the 
corresponding MultiAgent System is then to get knowledge on eruptions which could appear. 
Inputs of the system consist in magma injections controlled by local components (agents) and 
outputs consist in measuring the amount of magma ejected from an eruption . 

• Looking at agents in terms of roles played by real world components: The internal structure 
of the Piton de Ia Fournaise is complex and bad-known, but all researches made during the 
fifteen past years are converging: the volcano is a network of magma feeders. Elements 
composing the network are often called 'magma lens', as the network itself is called 'surface 
tank'. Magma feeders (lens) are inter-connected in a continuous or temporally way, and are 
separated by a matrix of rocks coming from previous eruptions. However, one can note that 
magma arrivals are selectively produced; this would reinforce the independent nature of the 
surface tank, because it works lost of the time in autonomous regulation. 

So, lens could be considered as isolated with their own behavior: according to their size, their 
shape, the magma, and collecting rocks properties, they will react to internal or external 
perturbations. Internal perturbations are due to magma crystallization inside the lens causing 
overpressures, and external ones are due to overpressures coming from anywhere else in the 
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volcano. From this analysis, both lens and rocks are playing a defined role in eruption 
mechanisms, and have then to be modelled as agents in the system. 

2. 3 The agent model 

The Geomas system includes planner-based agents, each one representing a role. An agent is 
bearing semantics on what it has to do for the whole global system. However, the design, 
implementation and assessment of MultiAgent Systems for simulation raise many specific 
issues. More particularly, in simulation environments, three main properties should be studied 
for each agent: interaction, behavior and evolving . 

• Interaction is a basis mechanism when working with agents, it allows to consider a global 
result as emerging from exchanges between agents. As it is the case in many domains, each 
agent in a complex system models a natural component of the real world. This agent is assumed 
to evolve in a specific environment and play a role in its surroundings. So modelling 
interactions in the system is fundamental for simulation purposes . 

• The behavior part of an agent includes what the agent is supposed to do during his life. The 
behavior can be internal, by working by his own (i.e. without any external solicitations) or 
external (i.e. when receiving external solicitations). This behavior describes the agent 
autonomy. In complex systems, each component is assumed to be independent, and could work 
without external solicitations (see the case of a lens for instance) . 

• Finally, the last property which should be carefully studied, is the agent capability to evolve 
during time. Each real world component is subject to modifications. These modifications affect 
both data and behaviors of the agent, and depend on what was made by the agent during his 
life. 

Matching the model: example 
For the volcano simulation, two agents, lens and rock, are designed in such a way: 

• Lens: one of the main issue in designing a lens is to model a running fluid flow (magma 
injection for instance). Indeed, if a volume of magma V has to be transferred to a lens, this one 
can not be programmed to receive the total amount in one time, because it could not be able to 
compute its back pressure again and to adjust its behavior during the fluid flow. So the input 
volume to transfer will be discretized in multiple !!.Vs. Performing then a low volume item !!.V 
at one time results in a dynamic updating of the local pressure and perhaps a different reaction to 
the next !!. V to perform. From a programming point of view, !!. V s represent time units required 
to compute again the internal pressure of a lens between two arrivals, i.e. execute the 
appropriate method in the agent lens . 

• Rock: the behavior of a rock agent is expressed by its resistance to magma pressures. The 
interaction consists in propagating pressures to his neighboring components, and the evolving 
is linked with the internal change of structure when magma penetrates, breaking the structure of 
the rock. To balance this behavior, the value of the resistance can be randomly chosen between 
two given limits. 

2.4 The agent architecture and the emergence of a global behavior 

The agent architecture describes how agents are organized to form a society. In Geomas, the 
society is organized as an ecosystem, driving all agents to satisfy the desired role and provide 
an external behavior. The architecture of the ecosystem includes: 

• The role of the whole system, expressed through the external behavior, and driven by input 
and output parameters . 

• Knowledge about the structure of agents composing the system (such an organization is 
represented in Geomas with a network, where agents correspond to nodes and interaction 
possibilities to edges. The number of agents determining the network size is a global parameter. 
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• A filtering process, which is responsible of localising which agent will be involved to be 
consistent with the current goal of the ecosystem. 

Matching the architecture: example 
The role of the MultiAgent system implementing the volcano simulation is to provide a global 
behavior allowing to count the number of eruptions according to their volume. Inputs of the 
system constitute magma injections controlled by local components (agents), while outputs 
measure the amount of magma ejected from an eruption: 

• Example of input parameter: The choice of the injection mode of each lens for a simulation is 
a global parameter of the system. The injection mode can be continuous or discrete. In 
continuous mode, magma could be injected in a lens even if the network is not stable. In 
discrete mode, the network has to be stabilized before a new injection will be applied again . 

• Example of output parameter: Two ways to collect eruptions could be envisaged when an 
injection is applied as input in a lens: counting the amount of ejected magma together for all 
eruptions, or counting one eruption and the magma amount ejected each time an eruption 
appears . 

. Knowledge about structure: the number of agents determining the size of the network sets 
the number of lens and rocks for a specific simulation. In addition, the network can be chosen 
in a loaded initial state or unloaded. When loaded, each initial pressure of a lens will be 
initialized by a value which is just under the resistance of the rock, which signifies that the 
volcano is in a critical state. The simulation will then quickly provide eruptions. 

Another parameter which constitutes a very interesting feature, is the number of connections 
between agents . It addresses the way to design a real world as a three dimensional network. 
When the simulation begins to run, each agent composing the society (rocks and lens) 
establishes his accointances (neighbors) to be able to communicate with other agents in an 
asynchronous way. This parameter determines what we call the degree of communication of the 
agents in the system. As connections are determining the ability of an agent to communicate, a 
part of the communication protocol is then defined by setting this parameter. So the number of 
connections describes the influence an agent could apply on another and defines a spatial and 
geometric disposition of agents in the universe. A sample heuristic to implement the degree of 
communication is to consider a 'corona' in the plan, as illustrated in Figure 1: 

r-- - - r- r--
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I (~C I D 2nd degree 

I J D 3rd degree 

I I 
Figure 1 Implementation of a degree of communication. 

Finally, note that modelling the volcano as a Cartesian plan wrongly induces a plane view of 
the edifice. However, it is then possible to abstract this projection, by increasing the degree of 
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communication. This point of view allows a modelling of the real world in three dimensions 
(30), by considering 30 connections in a network, as shown in Figure 2: 

Figure 2 30 structure of the edifice. 

0 Len 

O Rock 

The next section gives some details on the implementation of the system. 

3 SOME ELEMENTS OF THE IMPLEMENTATION 

3.1 Overview 

The whole application described in section 2, Geomas V 1, has been implemented as a 
prototype, using an agent-oriented platform named ReActalk (Giroux and Senteni, 1991 ), 
(Giroux, 1995). ReActalk is an open environment which provides large adaptive mechanisms 
for both individual agent and global system. 

ReActalk proposes a reflective MultiAgent platform. ReActalk is based on Actalk (Briot, 
1989). Actalk is an actor platform for the study of actor paradigms within Smalltalk-80. Indeed, 
Actalk is a minimal actor system (Agha, 1986), built on top of Smalltalk-80, and designed in 
order to provide a framework for the study and the exploration of actor languages. The 
conceptual notion of autonomous agent is then implemented and driven by such actors. When 
an agent is created, a meta-agent is given to it. This meta-agent acts as a private interpreter and 
is itself a society of agents. Seeing the meta-level as an organized society leads to an 
environment in which different mechanisms inherent to the object and actor paradigms can be 
easily used and integrated (asynchronous and synchronous messages passing, behaviors with 
and without dynamically evolving ... ). This environment provides a safe combination of passive 
objects (Smalltalk classes) and actors and represents a serious advantage for the implementation 
of agents and societies in simulation applications. Figure 3 illustrates such a platform as a basis 
tool for the development of agent-oriented simulation applications: 

~ Inheritance Lml.. 

B r '""· """'""' 
L rof'h Cia" llr ln\tancc \JriabiC\ 

Figure 3 ReActalk, as a basis tool to develop agent-oriented simulation applications. 
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The notion of autonomous agent is implemented in the AgentBehavior class. Each agent is 
moving in a global entity representing the society of agents, and forming the ecosystem. An 
ecosystem is responsible of all agents it is composed of, and is associated with I. a structure to 
organize the society; and 2. a structure to dynamically build and manage the society. 

I. Derived from the ecosystem is the organization class which allows to organize the society 
as a graph. A graph is defined by a set of nodes representing the associated agents composing 
the society, and a set of edges, one edge between two agents representing a communicating 
possibility at running step. This graph is built from the location of agents the ones compared 
with the others. So, the agent's position and the neighborhood determine a matrix in which each 
agent has his own collection of neighbors. 

2. To introduce the management of the society, ReActalk proposes a well-adapted structure 
for this kind of modelling: the CartesianPlan class. By making an instance of the CartesianPlan 
class explicit in the organization class, the society of agents is managed in an efficient and 
dynamically way. This instance, named universe, is illustrated in Figure 4: 
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Figure 4 Organization of agents in a cartesian plan within ReActalk. 

In summary, when developing and experimenting with agents, the programmer is connected 
to the ReActalk environment. Each agent will be defined as a ReActalk agent, and each agent is 
a member of an organization described as a graph. 

3.2 Implementing individual agents 

As the first step of the designing, two autonomous components of the real world have been 
identified for the role they are supposed to play in eruptions mechanisms: 'lens' and 'rock'. A 
lens describes an amount of magma exerting pressure on its surroundings, i.e. rocks. It is 
characterized by an internal pressure and an amount of magma. Its behavior is mainly described 
by geophysical laws such as back pressure laws, indicating how to compute, between two 
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arrivals of ll V s, the new value of the pressure. Three back pressures laws are implemented 
(constant, linear and gaussian) and can be switched at each simulation. As internal parameters 
driving eruptions are not well-known, this constitutes an important facility of the system. 

A rock is characterizing a resistance to the pressure of the lens, and its behavior is quite 
sample at the moment: depending of the value of the resistance, a rock could let drain the 
magma across or not. This sample modelling is not realistic when looking for internal structures 
of the volcano. As the aim of the system is to provide a basis for studying eruptions, and the 
link with the geologic structure of the volcano has not yet been identified, the complexity of a 
rock does not matter. However, taking account the dynamic evolving of the rock and modelling 
its complexity are under investigations in Geomas V2. 

However, one must keep in mind that lens and rock agents will evolve in a global entity 
representing their society, the ecosystem. As we seen it before, each agent in the ecosystem has 
to know his current position for easier identification, and his neighborhood for knowledge on 
which agents he could communicate with. With that aim, two slots are added, position and 
neighbors, plus one for the membership of the ecosystem. 

Furthermore, these characteristics are not specific to a rock and a lens; and by the 
generalization mechanism, are isolated in an abstracted class, NaturalElement, between the 
AgentBehavior class of ReActalk and application classes. This kind of designing which looks at 
roles and intrinsic properties of an agent and a society of agents, leads to develop an abstracted 
level of reusable components. Figure 5 illustrates such a feature: 

Actalk/ReActalk 

SmallTalk-80 

aturalElement Cia 
~ posouon 1::: neoghbors 

ecosystem 

4 Inheritance Link 

B} oft ware Platforms 

~ Environment 

D Application 

Figure 5 Different Software levels upon Smalltalk-80 to develop simulation applications. 
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3. 3 Implementation of the volcano structure 

To implement the structure of the society, a class named PitonFournaise has been defined. This 
class describes the whole structure of the volcano and allows to observe the global behavior. 

One can note that in the case of the volcano application, the organization of the society is 
static; agents do not change position, nor neighbors. As a graph is a quite-well adapted structure 
in dynamic environments, it is not required in this case. So the PitonFournaise class could also 
be derived directly from the ecosystem class. This point of view bears a performance advantage 
while the system runs with several thousands agents in parallel, but is too restrictive to be used 
anyway. 

3.4 Results 

The resulting product Geomas VI has been tested for six months in our team by geophysical 
researchers. It has been performed more than two hundred simulations by updating input 
parameters in each agent (Lens, Rocks and PitonFournaise). Each simulation has been run on 
Sun Spare Solaris 2, during 8 to 10 hours, with around 7,500 agents working in a parallel way 
(this number has been assumed to be sufficient to match the real world). Around 33000 
eruptions were accounted for each simulation (only 76 are actually registered in real data on the 
Piton de Ia Fournaise!). 

These simulations have pointed out very interesting and promising results. Real data 
registered have been compared with simulation results, and some mechanisms have been 
identified and partially explained. In addition, some of the complex parameters assumed to play 
a role in eruption mechanisms have been identified too. 

4 CONCLUDING REMARKS 

In simulation applications, a MultiAgent approach becomes fundamental when tackling complex 
problems, and when no other solutions could be found in an efficient way. Through the 
presentation of a simulation application to understand volcano behavior, this paper focus on a 
designing methodology for MultiAgent Systems and proposes then an agent architecture 
through of as software engineering models of agents. 

Designing a MultiAgent System for simulation purposes can be done with a structural 
approach, by: 

I . Conducting a top-down analysis to identify autonomous components of the real world to 
be integrated as agent. 

2. Identifying characteristics and local goals of the agent and clearly separating internal 
behaviors, communication processes and evolving facilities of the agent. 

3. Identifying the goal of the whole system, this one expressing the emergence of the global 
behavior. 

Finally, to implement these ideas, a specific tool, ReActalk, has been presented as a basis 
platform for developing simulation applications. Actual works on MultiAgent Systems are 
laying the foundations of new models of computing and interaction, and this kind of precision 
enforces the necessity of a well-adapted software development tool, which contains intrinsic 
properties of the agent-oriented paradigm. ReActalk provides satisfying mechanisms to 
implement a specific level of agents for simulation purposes and easily implement the 
architecture. The software complexity could then easily be increased at each stage, by adding 
more complex protocols as developing more complex software. This approach authorises an 
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incremental development and an evolutionary design process, in which stages consist in 
expanding an operational system. 

The architecture has been studied with the aim of helping software designers to get closer to 
such goals. One of the next step of the project is to add more complexity in Geomas V l, by 
taking account the dynamic evolving of the rock and modelling its complexity. 
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