
41 

Individual-oriented modelling and 
simulation for the analysis of complex 
environmental systems 

R. Gruetzner 
University of Rostock 
Department of Computer Science, 
Albert-Einstein-Str. 21, D-18059 Rostock, Germany 
Te/.:+49(381)498 3369, Fax: +49(381)498 3426 
e-mail: gruet@ injormatik. uni-rostock.de 

Abstract 
Although one ultimate goal may be the understanding of environmental systems as a property of space and time, it 
could well prove more immediately interesting to understand how the behaviour of complex environmental sys
tems emerge from co-operation and interaction of simpler objects of such systems. This paper gives a general 
overview of an individual-oriented modelling and simulation method, of the architecture of simulation system 
software, and of applications in the domain of environmental protection. The individual structure for special appli
cations will be explained in detail. A number of aspects of the knowledge-based decision makers are elaborated 
on: with rule basis, fuzzy basis, and a Bayes equation. A special example of traffic engineering and urban planning 
describes an actual application field. 
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1 INTRODUCTION 

Environmental systems are quite complex: they have many attributes with complex interde
pendencies and rules of interaction which are not always obvious. They are usually non-linear 
and they have non-deterministic dynamics. Models can help understand and better explain envi
ronmental systems and the phenomena associated with them. Computer simulation models 
involve the creation of an artificial system on a computer which displays behaviour close to that 
of the real system. 

This paper treats such systems which can be broken down into independent interacting enti
ties. The basic entities of such models are »individuals« which possess an extendible behav
ioural repertoire. This repertoire includes sensing their local environment, changing the 
environment locally, changing their own state (e.g., position in space and other characteristic 
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values) and learning from the effects of actions on the environment (for example, for the pur
pose of realising optimal behaviour). 

Each of the individuals is characterised by its inherent dynamic behaviour. The dynamic 
behaviour of the entire system results from the dynamics of each of the independent individu
als. Individual-oriented modelling and simulation is an approach which has attained increasing 
importance in recent years in the analysis of environmetal systems (Drogoul, 1992), (Wissel, 
1990). 

An important example is the investigation of time-dependent volume of source traffic on a 
new road in a settlement, with the traffic originating from the people who live in this settlement. 
The individuals of the model represent car drivers living in the settlement and using the new 
road. Initially, the car driver will find very little traffic there. But, after some experience and 
some time, they will encounter queues of vehicles or traffic jams on the new road. Car drivers 
will learn to take another route or to avoid these peak times to reach their destination in the 
shortest possible time. Using this model, simulation experiments may lead to following results: 

- Determination of air pollution and noise levels associated with time-dependent traffic. 
- Determination of time-dependent traffic loads on main roads. 
- Generation of data for decisions in city planning (e.g., as data base for the extension of a 

traffic network, support of public or private transportation, or site selection for a public 
facility). 

The main application fields of individual-oriented approaches are the ecological domain, for 
solution of eco-toxicological questions, and the field of regional and urban planning; Models of 
these application fields demand great amounts of environmental and geographical data, other 
input information, and model parameters. All of these are stored and managed by geographical 
information systems (GIS). 

Classical modelling approaches are based on equations (e.g., on system dynamic methods 
with Lotka-Volterra models). These are characterised by several attributes: 

- Classical models describe features of an average individual. 
- Classical models describe a very simple life cycle of this individual. 
- The density (rather than the number) of individuals, combined with further values for these 

individuals, is a variable of state. 
- Spatial distributed resources and environmental properties are not included directly by the 

model. 
It is commonly held that individual-based models begin where the life cycle or the behaviour of 
an individual is described in more details than in classical models. 

A great number of simulation experiments are necessary to obtain significant statistical 
results. Each of these experiments is realised on the basis of different probability start condi
tions. There are some similarities with observation of a natural systems such as ant colonies or 
schools of fish. The selection of sensitive parameters for such models is an important research 
field today. 

2 STRUCTURE OF INDIVIDUALS 

Individuals are single autonomous objects which model organisms, people, technical objects 
(e.g., cars), or groups of such objects of so-called clones (Lhotka, 1994). A clone is character
ised by members with properties which, though similar (e.g., all persons of a family or of a 
union), will differ from clone to clone. The use of clones reduces the number of individuals 
which must be handled during the simulation process. 
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Figure 1 shows the basic structure of an individual. This structure is slightly modified in our 
implementations by (Ortmann, 1994) and (Laue, 1996). 

FIGURE 1 Individual structure (Hayes-Roth, 1995). 

Using sensors and effectors, an individual interacts with its environment. Signals received by a 
sensor are analysed to produce a reaction executed by effectors. Through these actions an indi
vidual can change its environment, communicate with other individuals, and alter its position. 

The implementation of sensors and effectors is realised by functions. Sensor functions 
observe the environment for special objects (e.g., food, obstacles, and optimal routes) and other 
individuals. Effector functions, for example, realise movement, communicate with other indi
viduals, and thereby influence the environment. 

Generally, a decision-making system is used to define the next action, depending on the last 
input signal and the individual states. The decision-making system consists of a knowledge 
base and a behaviour scheduler. It analyses the most recent sequences of input and output sig
nals to adapt the knowledge base. The knowledge base represents the individual's experience, 
and the behaviour scheduler supervises a schedule to guarantee survival or optimal develop
ment during lifetime of an individual. The scheduler embodies aims of life. 

In the case of fast reflexes, upcoming action immediately follows from actual sensor informa
tion without knowledge-base activation. 

The question may be asked as to which methods and algorithms are possible for representa
tion of knowledge in individuals. The predominant methods involve rules, neuronal networks, 
the Bayes formula (a probabilistic approach), and fuzzy systems extended by genetic algo-
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rithms to model evolution processes. The selection of a method and the complexity of knowl
edge base depends on the kind of objects and problems to be solved. 

3 ARCHITECTURE OF AN INDIVIDUAL SIMULATOR SYSTEM 

This chapter treats the architecture of a simulator. Individual-oriented simulation belongs to the 
domain of discrete-event simulation. In accordance with the kind of model description and 
event processing, distinction is drawn among four schedule strategies. Because individuals may 
be considered parallel autonomous processes, process-oriented scheduling strategy has been 
used for the implemented simulator. See Figure 2 for the general structure of a simulation sys
tem. Every individual is realised by a process, and the interaction of processes, by process com
munication. 
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FIGURE 2 General structure of a process-oriented simulation 
system. 

The initial state at initiation of a simulation experiment consists of the states of the individuals, 
their location in a geographic space, and the states of the system environment. Computation of 
the following is necessary during a simulation time step: 

- all individual processes; 
- movement of individuals in geographical space; 
- communication of the individuals; 
- dynamic processes of the environment. 

After execution of these calculations, transition to the next time step is accomplished by a co
ordinator. A prototype of this simulator (Figure 3) has been implemented by (Ortmann, 1994) 
and since used in his thesis for a doctorate. 

Simulator run time at workstations for one of the simulation experiments is negligible. At 
present, the simulator has been extended to a distributed simulator using PVM and parallel 
computers, or a network of workstations. By means of a distributed simulator, suitable clusters 
of individuals are distributed in such a way that the interdependence of individuals among dif
ferent clusters is slight. The effect is the capability of keeping communication minimal. 
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The implemented simulation system uses a description language called ORTIMDL for individ
ual-oriented models (Ortmann, 1997). ORnMDL is particularly suited for biological and eco
logical system descriptions. 
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FIGURE 3 Structure of an individual-oriented simulation 
system. 

4 APPLICATION FIELDS AND EXAMPLES 

The main application fields in environmental research are: ecology, biology, traffic, regional 
and urban planning. This approach is also well suited for investigation of combined problems 
entailing ecological, economic, and sociological aspects (Castelfranchi, 1992). It represents a 
wide field of future research. The following summarises chief application fields. 

a) Ecology and biology 
Organisms (animals, cells, and microbes) are especially amenable to modelling as individuals 
and to investigation of their dynamic behaviour in living space. Individual-oriented modelling 
and simulation are used in cases entailing considerable significance of the relation and interac
tion between individuals, with spatial heterogeneity of living space. This method may likewise 
be effectively used to investigate extinction, survival problems of populations, colonisation 
problems, and other fields. Further suitable application of this method includes treatment of the 
effects of toxic substances on populations. 

(Wolff, 1995) and (Diichting, 1990) elaborate on examples of individual-oriented investiga
tions to estimate the effects of environmental changes. A biological system consisting of four 
different and interacting populations (eurytemora affines, phytoplankton, cilliates, and zoo
plankton) is analysed by (Ortmann, 1997). The static knowledge base of eurytemora affines 
objects is implemented by rules (if-then-else statements); the other populations are modelled by 
the compartment approach, i.e., the classical modelling concept. This implementation requires 
a special interface concept to facilitate communication between the different parts: individuals 
and compartments. 
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b) Regional and urban planning 
Classic modelling methods in these planning domains (e.g., the often-llsed system dynamics 
approach (Grebe, 1996)) do not allow the consideration of spatial relations, which are often 
important for planning processes with environmental effects. Decisions implemented in 
regional and urban planning always affect the environment in space and time, as well as human 
beings. 

Decisions may, for example, involve the erection of a power plant, a bridge or other tran~port 
facilities, a leisure park, or a settlement, at some given location. All such facilities impair the 
environment by pollution of air, water, or soil, and introduce noise emission. They additionally 
produce traffic to a greater or lesser degree. Optimal selection of location is therefore an impor
tant task. Via a complex string of problems, the changed or damaged environment issues feed
back to the objects and human beings which had originally occasioned the impairment to the 
environment. 

People living in the affected region, for example, do not tolerate such negative feedback and 
attempt to change their permanent places of residence. Because not all the inhabitants can actu
ally move, however, changes in the social structure of the affected region may be expected (e.g., 
in rising crime rates). If such people change their residences, they may also alter their routes of 
travel to work, resulting in longer or shorter commuting. This in tum affects the traffic load. 

c) Traffic 
Individual-oriented modelling and simulation of traffic systems, as well as micro-level traffic 
simulation, represent an approach for analysis of the effects of car-driver behaviour on traffic 
flow and on the resulting pollution. The simulator represented in Section 3 here has been used, 
for example, to analyse traffic on motorways (freeways) to investigate the causes of traffic jams 
(Ortmann, 1994). It is likewise applied to simulate traffic at intersections without traffic lights, 
on a basis of three different driver personalities (daring, normal, and cautious). Investigators 
have used a fuzzy rule-based system as knowledge base for car drivers (Laue, 1996). Results of 
these simulation experiments could represent a starting point for follow-up investigations of the 
relationships among driver behaviour, throughput at intersections, and pollution emission. 

Most earlier investigations were based on the four-stage transport model (traffic generation, 
distribution, modal splitting, and assignment) to acquire data on traffic flow and control. By 
now, problems of traffic-produced environmental pollution have advanced to the fore. A simple 
example of an individual-oriented traffic generation model follows. 

d) Example 
The problem type concerned here involves estimation of additional traffic flow occasioned by 
the inhabitants of a planned suburban housing scheme near the city of Rostock, in north-east 
Germany. Data on expected additional traffic flow are essential for arriving at exact decisions 
on road construction and traffic engineering, under consideration of environmental aspects. For 
determination of traffic volume and its time-dependent distribution, an individual-oriented 
approach has been applied in a traffic-generation model. The calculated data represent the 
source traffic (traffic leaving the settlement) and the return traffic (return of the inhabitants). 
Source and return traffic are defined as car flow crossing the borders of the settlement. Traffic 
flow inside the suburban housing scheme has not been considered, and the flow created by trade 
and industry has been deemed negligible. 
Each of the cars is assigned to a main group of persons characterised by a significant set of 
activities that defines the times at which cars are used. The study subdivides the population 
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operating cars according to driver classification: workers (k), employees (e), shop assistants 
and keepers (s), young people such as students and trainees U), and non-employed persons (n). 

ue {k,e,s,y,n}, ie {1,2,3,4} 
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FIGURE 4 Daily plan of activity and definition of variables. 

The cars are modelled as individuals characterised by the type of person and by a daily plan of 
activities of this individual. The plan of activity contains all traffic-relevant activities and 
related times for a specific individual. Figure 4 depicts a scheme for a daily schedule. The 
investigation was initially conducted only on the basis of weekdays, without considering learn
ing effects of car-driver individuals. The current phase of investigations includes a knowledge 
base. Neglect of learning effects signifies that the times for the first-time cycle of an activity 
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FIGURE 5 Source traffic flow and return traffic flow of 2000 car 
individuals. 

plan (tqul• tact01 , th, tr01 ) remain unchanged from day to day. The first time cycle contains 
times which are related to a main job. Changes are allowed only for non-working persons. 
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The time values for tqui• tactui• tji, and tdisui are defined by probability distributions (given by 
tables), based on general statistical investigations. Figure 5 depicts the total source and return 
traffic flow on the basis of 2000 car individuals. 
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