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Abstract

The computer simulation d complex phenomena is a
challenging isaue for studying their properties. Seveal
models and techniques have been devdoped in order to
provide useful conceptual and computationd frameworks.

The aim of this paper isto present a simulation model
based on the Reaction-Diffusion Machine (RDM) and to
discuss its implementation by a system based on muilti-
agent and Objed Oriented paadigms. The demical
extraction d substancesin washing plenomena cccurring
in percolation processes has been considered as reference
apgication.

1. Introduction

Many fundamental  structures and  dynamicd
behaviours in physics, chemistry and hiology are
described in terms of readion-diffusion models or
metaphors that are roated in the work of Alan Turing [7].
Applicaions of this model range from pattern formation
or epidemic spreads to natura seledion through
ewmlogicd systems and the percolation systems. Readion
refers to phenomena where two or more entities (agents)
bewmme in contad and modify their state in consequence
of this fad. Diffusion implies the eistence of a space
where the involved agents are situated and can move.
While readion is univocdly interpreted, diffusion takes
different meanings in different disciplines. Spedficaly,
in the disciplines which consider biotic agents, diffusionis
interpreted as movement of agents in a given space for
example, in animal population dynamics [5], agents move
to concentrate together or to scater acwrding to
behavioural patterns and mutual interadions. As sich,
readion and diffusion describe the behaviour of agentsin
terms of changes of state and pasition, respedively;
however, they are not enoughto describe that some fador,
posshbly independent of the involved agents, can influence
the way in which they perform both readion and dffusion
behaviours. This influence ca be catured by the notion
of field as used in physics. There ae fields whose sources
are outside the cnsidered space for example, the hed,
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light, gravity; and fields that are originated by some
agents locaed in the space for example, the anisson of
ad hoc substances in the cae of anima spedes (like
pheromone in ants) or the hea and light generated by a
lamp. Both kinds of fields are dharaderised by spedfic
distribution laws that determine fields values at ead point
in the space moreover, agents are charaderised by their
cgpahility of being sensitive to those fields at different
degreesin relation to their current state.

The readion diffusion maciine model allows for the
simulation of complex systems in which entities read
locdly with ead other and with the environment, and the
global system behaviour emerges from the loca behaviour
of the @mpaosing entities. In the readion-diffusion
machine (RDM) [1] the oontrol is fully distributed. The
agent behaviour is determined by a locd ‘computation'
based on its paosition and sensitivity to fields as well as on
readion and diffusion patterns charaderisingitstype.

The RDM simulation model has arealy been
implemented on a parallel computer [2]. The objedive of
that implementation was to deliver an effedive toal to be
used to colled information on redistic simulations (i.e. to
explicitly represent topdogicd fedures of the smulated
phenomena), which means that it was designed to process
thousands, or even millions, of data to represent a
significant portion of the red experiment. The model
proved to be acorate axd effedive, and the tod
demonstrates to scde over the simulation size The
simulation time resulted in dired inverse relation to the
number of processors.

This paper describes the development of an agent-
based implementation that conforms more acarately to
the distributed nature of the model and, in addition,
provides a portable simulation tod with minimum loss of
performance.

The objed-oriented paradigms is suitable for agent
implementations snceit models the world by independent
entities, the objeds, that are aitonomous and
communicate with ead other by means of messages.
Moreover, available objed-oriented platforms allow
objeds to be aitonomous, and to be distributed over a
computer network. These properties fadlit ate the task of
developing agent systems [8]. Literature reports successul



stories about agent-based systems for scientific computing
[4]. Anyway, the use of objed-oriented platforms for
scientific smulation is gill questionable, sincethe wsts of
the infrastructure to suppat the exeaution of an objed-
oriented system could be too costly in term of
performance One of our goalsisto evaluate this asped by
benchmarking the paralel implementation and the
distributed, objed-oriented implementation of the
simulator.

As reference gplicaion, we wnsider the chemicd
extradion of substances in washing phenomena occurring
in percolation proceses. This kind of phenomena ae
usually modelled and ssimulated by numericd approades.
Moreover, cdlular automata gproaches have been
developed [3]. A comparison between RDM and cdlular
automata has been discussed in [1].

The next sedion presents the readion diffusion
madine. Sedion 3 describes the chemicd problem that
we aopted as reference cae study for our developments.
Sedion 4 discusses the concepts behind the agent system
we ae designing to simulate the chemicad phenomenon.
Sedion 5 outlines the objed-oriented design of the
simulation tod. Finaly, sedion 6 concludes the papers
with a description of the ongoing adivities.

2. Thereaction diffusion machine mode

The Readion-Diffusion Machine model [1] is defined
by a space a set of sites with an adjacency relation
among them, a set of reactive agents populating the space
and an interaction mechansm among agents.

Their type distinguishes agents. The type of an agent
spedfies the values of some parameters that govern its
behaviour in gven states. These parameters are: a field
senditivity function telli ng in which states the related entity
is @engble to which fields in acordance with a vedor of
threshads, one value for ead fiedd. A fidd is
charaderised by its st of values and distribution function
and by functions to compose and compare field values,
sensitivity values and thresholds. Notice that ead agent
can be source of, and sensitive to, different fields at the
same time. The perceived fields can be generated by
agents. An agent is charaderised by its type, current state
and pasition. A general law states that eath site contains
at most one ayent (non-copenetrability law).

The dynamic part of the model is described in terms of
rule schemes that define the transitions between
configurations (as in standard transition systems). There
are four main rule schemes are based on both state and
position of the involved agents:

« Field dffusion rules define when a field is generated
(i.e., if an agent of a spedfic type, in a spedfic state, and
is a source of afield, then the field propagates acarding
to itsdistribution function and initial value).

* Trigger rules define how afield effeds the state of an
agent (i.e., if an agent is engitive to a field in relation to
its state, threshold and sensitivity function, then the agent
changesits date acording to a predefined state transition
function).

* Transport rules define how afield effeds the position
of an agent (i.e., if an agent is ensitive to a spedfic field -
as for trigger rules - then it changes its locaion acording
to a predefined site transition function).

* Reaction rules define the synchronous gate change
of agents constituting a vicinity, that is, they are dl
pairwise ajacent (i.e., if agents constituting a vicinity
posess pedfic types and spedfic states, then they
change their state acording to a predefined state
transition function).

3. Thechemical extraction processes

The goplication problem that has been used to test the
RDM model concerns chemicd readions and the
movement of fluid perticles in a porous medium. The
applicaion field is the pesticide percolation through soil
(the goplicaion has been developed in collaboration with
the International Centre for Pesticide Safety).

Within the general framework of the problem of
pesticides pallution in the soil, we focused our attention
on the problem of pesticide's leading to ground water
caused by water percolation through the soil. When
applied to crops, pesticides are asorbed by soil. Then,
when water flows through the soil (percolates) because of
rain or floods, pesticides can be released into it. Water
containing pesticides readhed the groundwater layer
because of gravity, and, since groundwater is usually the
source of common tap water, it is graightforward to
understand the pdlution danger deriving from the
excessve use of pesticides [6]. The anount of pesticide
released changes acording to the dhemicd properties of
the pesticide itself and the physicd and morphologicd
properties of the soil .

The etradion process of soluble substances
(pesticides) from the percolation bed (soil) can be divided
into two main phases: washing and diffusion. Washing
corresponds to the readion that takes placebetween water
flowing into the percolation bed and the surfaceof the soil
particles. This phenomenon causes the release of pesticide
from the soil to the water. Diffusion is charaderised by
the uniform sprealing into the water of the demicds
washed from the percolation bed.

The main goal of the simulation of the percolation
process is to oltain the flow rate of the peticide in
different condition (e.g., granulometric distribution of the
particles compasing the ground). The simulation model
based on RDM has been creaed in a multi-readive agent



perspedive, where the aitire extradion process is
modell ed in terms of a complex coll edive phenomenon.

4. The RDM agent-based model for the
simulation

The spaceis modelled as a regular two-dimensional
grid. Two types of agents are introduced: S-Agents
(representing soil particles) and W-Agents (representing
single portions of water). S-Agents are motionless and
sited on sites. W-Agents are mobile and can move on free
sites on the grid. Moreover, they move reading to an
external field (gravity). S-Agents can interad only with
W-Agents. W-Agents can interad either with other W-
Agents or with S-Agents (asymmetric interadion
behaviour)

Both the types of agents (W and S) possess a tank of
particles whose cgadty is defined by saturation constant.
Each tank is divided into as many compartments as the
number of the ajacencies of ead agent on its ste (four in
the case of the regular grid). Each compartment contains a
portion of the quantity of particles that can be exchanged
only with the ajacent compartment of an adjacent agent.

From the standpaint of the interaction among agents, S-
Agents can only give particles to W-Agents (equili brium
law), and W-Agents can absorb or give particles from and
to ather W-Agents and only absorb particles from S
Agents (same law).

The behaviour sets of rules determining the dynamics
of the entire multi -agent system are:

Reaction Rules: Recognition of fredtaken sites in the
surrounding of radius 1 and interadion among agents (S
Agents/W-Agents, W-AgentsW-Agents) to exchange
particles acoording to an “equili brium law” .

Balance Rules: The total quantity of the particles of the
4 compartments of ead agent's tank is uniformly
redistributed.

Movement Rules: W-Agents can move only to south,
east or west freesites.

5. The Object-Oriented multi-agent system

The RDM simulation model described in the previous
sedions has been implemented on a parallel computer to
be used as tod to colled redistic information on
percolation phenomena. That implementation was written
in C acording to the MPI model over a Cray computer
with up to 128 pocesors. The maor goa of that
development was performance maximization, sincethat is
a aucia property of any effedive simulation tool. The
experiment was siccessul since the simulation time
resulted in dired inverse relation to the number of
processors.

The purpose of the multi-agent implementation is to
model the redity more acerately and provide aportable
simulation tod with littl e loss of performance For these
ressons, we doose to develop the new prototype diredly
in the Java programming languege and platform, instead
of on spedalized patforms for agent systems. Java is
objed oriented, which means that entities can be modeled
by objeds to cegpture their properties in a singe
component. Java is multithreaded, which means that eadh
objed can have an aswociated thread. Therefore, it is
suitable for developing autonomous components. Java
ensures portability, sinceit runs on a virtual madine that
is largely avalable over the magjority of systems.
Moreover, Java is network enabled, which means that
objeds and classes can be transferred over a cmputer
network. All these peauli arities make Java aperfed tod to
develop agents g/stems.

The Java simulation todl is composed of objeds to
model the environment and the two types of agents
described above.

Passve objeds that implement the grid and control the
simulation exeaution model the ewvironment. A matrix
that hosts the agents implements the simplest grid. Each
agent is aware of its pasition on the grid and, therefore,
can access its adjacent elements. Communicaion can
occur diredly between two agents. The movement is
implemented by the transfer of an agent from the arrent
position to a next position in the matrix. A more
sophisticaed grid layout is implemented by a set of
objeds, named sites. They are mnneded acording to the
topdogy of the percolation bed. The state of every site
holds information about the gravity externa field, the
adjacent sites and the hosted agent, if any. A site can
answer messages about its gate information.

The former solution should be more dficient, sincethe
infrastructure is kept at the minimum, but it has the
drawbadk of being feasible only in a single-processor
simulation. The latter forms a network of hosting objeds
that can be distributed over a set of processors. Moreover,
this olution fits better the physicd model since the gent
can find locdly -by asking the host site- information about
the ewvironment. In the former solution, instead, the
agents nedl to hold information on their pasition and the
gravity field. We dedded to implement both the solutions
to compare them with ead other and with the C
implementations.

The two type of agents, S-agent and W-agent, are
modelled as adive objeds. The state of an agent
represents the tank and its four partitions to define the
amount of pegticide it can cary on. The interadion
between agentsis modelled by message exchanging.

Agents are ative, sincethey have to read, balance ad
move, as described above. Autonomous threads of
exeaution are asciated with adive objeds to let them ad



concurrently. The adivity carried on by a W-agent can be
summarised as foll ows:

(@) it chedks with the ajacent sites whether they host
agents, and, if that is the cae, it reads with the
adjacent agents by isaiing messages;

(b) it balancesitsinternal state;

(c) it moves on the bases of the information about empty
sites next to it, and the locd gravity field;

The dove adivities are repeaed indefinitely. S-agents
differ from W-agents by the fad that they do not perform
adivity (c).

The readion adivity is implemented by a set of
message exchange to let ead of the involved agents know
the number of particles of the aljacent partitions. This
information al ows the agent to define the new number of
particles for ead tank partition, thus smulating the
particles exchange.

The RDM model is g/nchronous, which means that
agents nea to synchronise before reading ead other.
Synchronisation has been modelled by the definition of an
objed, named Synchroniser, which grants ead agent the
permisson of procealing before and after the readion
adivity. The Synchroniser is a shared oljed that ensures
full synchronous behaviour on a single procesor machine.
In a distributed implementation, the full synchronisation
constraint has to be relessed in favour of a locd
synchronisation mechanism that involves clusters of
adjacent agents.

Although it involves a singe aent, diffusion adivity
requires g/nchronisation, since ayents moving may result
in a conflict when two or more ajents dedde to occupy
the same site. To model the dfed of the gravity field -
which is not explicitly modelled, since it is constant in
eadh dte, we ssaume that moving to a South-site is
always granted, whil e there is not a preferred way between
moving to West-sites or East-sites. Therefore, a first-
come-first-served pdicy can be adopted. This palicy can
be eaily implemented by having an agent lock the
involved pation of the grid before performing the
diffusion adivity. In the single processor implementation
this results in a mutual exclusive accssto the grid, while
in the distributed implementation it resultsin alock of the
involved site.

6. Conclusions

The RMD model has been proved effedive for the
class of problems addressed in this paper. This has been
experimentally proved through a parallel implementation
of a cdlular-automatarbased model of this complex
system [2]. A development based on the multi-agent and
objed-oriented paradigms dwould deliver a dean and
flexible platform that can be ealy talored to

acommodate several kinds of simulations to fit spedfic
domain requirements. The implementation is developed in
Java to ensure portability and open the posshility of
different exeaution patterns, ranging from concurrent
exeadtion on a single virtual machine to a truly distributed
exeaution over networked computers.

Preliminary versions of both single-procesor and
multi-procesor implementations are available for testing.
The aurrent adivity is twofold: complete the testing phase
of the two versions and work on the multi-processor
version to release the cnstraints introduced in the other
versions due to the asaumptions of centralised control.
This evolution should deliver a platform in which agents
move and ad fredy, without other synchronisation then
the ones requested by the readion with the vicinity.

Moreover, benchmarks are planned to contrast the
multi -agent implementation in Java of the simulation tod
on retworked workstations with the implementation in C
on a parallel computer. Even if it islikely that the parall el
implementation overtakes the multi-agent implementation,
it will be interesting to evaluate what is the performance
deaease. The mnjedure is that the multi-agent system is
till effedive to run redistic simulation over a number of
data To prove it, we will evaluate whether the gain in
design and implementation quality (in terms of software
engineaing principles) and in simplicity and economy (in
terms of computer avail ahility and costs) compensates the
lossin performance
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