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Abstract. The simulation of human behavior in space is an extremely
interesting and paverful research method to advance our understanding o
human spatial cognition and the interadion d human beings with the
environment. Multi-agent systems are an emerging computing paradigm for the
construction d such simulations. During the last two yeas, we have used multi -
agent simulations for three different investigations of spatial and cogritive
questions:

- use of signagein airportsto gude travelersto the gate,

- communicaion with maps,

- linkage between physicd redity and the calastral (legal) system.

In this paper we will report on these dforts. We first discussthe ncept of
multi -agent systems and explain the spedal type of multi-agent system used for
simulation d cognitive and spatial situations. The foll owing threesedions eah
review one of the three simulations we have mnstructed. The last sedion
identifies the similarities in these gproaces and lists questions we hope to
investigate in the future with this method
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1 Introduction

Multi-agent systems are an emerging conceptual paradigm to simulate the interadion
of multiple autonamous agents in an environment [28, 29]. Multi-agent systems have
many applicaions; our interest is in their use to buld computational models of
independent cogrizing agents in a spatial environment. In general, a system is cdled
multi-agent if the system contains at least one aent that perceives a smulated
environment throughsome sensors, and its adions influence the environment and are
influenced by the perceived situationin the eavironment (Figure 1). The various types
of multi-agent systems are discussd in Sedion 2
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Fig. 1. Agent in the environment

Computational models are avery powerful tod for the description and modeli zaion
of spatial and cognitive processes. Computational models are often used by scientists
to describe in a sucdnct and ohjedive way the results of their analysis. They can be
applied to predict situations and are therefore useful in engineaing to chedk the
design d new systems. We ae interested in bulding computational models because
they help usto bridge the gap from pure research to applicdions.

Computational models are used in many parts of science they originate in physics,
but are increasingly used in the social and cognitive sciences [7]. Various examples of
computational models for spatial cogrition have been presented in the COSIT
conferences [1, 22]. We have recently bult three @mputational models in three ore
areas of spatial theory, namely wayfinding, communication with maps and red estate
registration systems. From these gplicaions we see a generalized type of “spatial
simulation with multiple cognzing agents’ emerge.

1. Wayfinding is a dasdcd part of spatia theory and there is numerous literature
[14]; different aspeds are explored, very often concentrating onthe process of
leaning a spatial environment. We focused on the dternative situation where
one navigates an urfamiliar environment based onsigns avail able and we were
particularly interested in situations like drports, where the traveler has no
intentions to lean the environment [23, 24].

2. The as®essnent of the quality of maps is an often-discussed question, where
very often considerations of esthetics and personal preferences for certain styles
influence the judgment. We were interested in constructing a situation for
assessng maps based ontheir suitability for a determined task, for example, to
navigate in an unknavn city. To lift the discusdon to a theoreticd level, we
attempted to construct a mmputational model of map making and map use, in
which the suitability of the produced map for a dealy identified task can be
discus=d [9].

3. Property registries, e.g., cadastres in Europe, proted the ownership rights of
people in land. There is a mmplex interadion between surveyors, which map
the properties, the owners, who buyand sell land, and the registry, courts and
sheriffs, which enforce the rules. For applicaion in the Reform Courtries in
Eastern Europe, new cadastral systems are designed and we redized that our
understanding o the interplay between the participantsis not sufficient to gude
our designs [10]. Therefore the cnstruction d a computational model was
started [2].



We foundthat these three @mputational models had a very similar structure and
the design refleded the structure of a multi-agent system: multiple agents ad in an
environment that represents the simulated ‘world’. They eath have a cetain base
knowledge, espedally abou processes, and perceave cetain aspects of the world that
are of importance for the simulated task. They use this information — which is not
necessarily corred — to make dedsions, and to ad or communicate. Other agents can
seetheir adions or ‘hea’ their communication and wse this information together with
their perception o the world to make dedsions for adions.

Spatial and cognitive multi-agent simulations as described here ae rather novel.
Traffic models often use a multi-agent paradigm (for a list of projeds we
www.casa.ucl.acuk/agent.htm) but they typicdly do nd contain models of cognitive
aspeds of human spatial behavior [20, 27]. Most examples of spatial smulations are
based oncdlular automata; agent-based simulations, which include @gritive apeds,
dotypicdly nat include the spatial location and movement of the agentsin space The
approach dscussed here ambines Patial and cogritive apeds.

In this paper we will i ntroducein the next sedion the amncept of multi-agent theory
and describe the particulars of the multi-agent systems we have built. Sedions 3, 4,
and 5then review the models built to demonstrate to the reader what can be adieved
with such methods. In Sedion 6 we generalize what we have leaned from the three
models built and in the @mncluding sedion we present areas of research in spatial
theory where we exped to buld computational models based onmulti-agent systems.

2 Overview over Multi-agent Systems

Multi-agent theory is a young scientific field withou common paradigms. Diff erent
people from different fields have different understandings about agents [3, 8, 19, 25,
28]. This ®dion gves a short introduction to multi-agent theory and introduces the
concepts and cefinitions we foundappli cable for our work.

2.1 Definition of a Multi-agent System

Adapting the definition o Ferber [8, p.11], the term ‘multi-agent system’ refersto a
system consisting o the foll owing perts:

» Theenvironment E consisting d the foll owing elements:
- A set of objects O. Objeds can be perceived, creaed, destroyed and modified by
agents.
- A set of agents A. Agents are asubset of objeds (A [J O) cgpable of performing
adions - the adive entities of the system.
- A set of locations L determining the possble position d the objeds (from the
set O) in space
* Anasembly of relations Rwhich link oijeds and also agentsto eat ather.
» A set of operations Op enabling the posshility for agents to perceve, manipulate,
crede, destroy oljedsof O, in particular representing the agents adions.
» A set of operators U with the task of representing the gplicaion o the operations
from Op and the readions of the world to this attempt of modificaion. The
operators from U are cal ed the laws of the universe.



2.2 What isan Agent?

Acocording to the heterogeneity of the field there is no common agreement abou a
definition o the term agent. We regard an agent as "anything that can be viewed as
perceiving its environment through sensors and acting upon that environment through
effectors’ [25, p.31]. Agents are situated in some environment and capable of auto-
nomous adion [29]. Autonamy and the embedding into the environment are the two
key properties of agents.

Our approach uses agents interading in a multi-agent model as the basic concept
for the description and representation o a domain. We use the term ‘agent’ as design
model [13], i.e., we do nd focus on the technicd methods, e.g., on representation and
ressoning medianisms. The agent-based model will be expressed in a forma com-
putational language. The language must be expresshle and understandable enoughto
allow a sophisticated representation d the ayent framework.

The aent shoud be ale to ad autonamously in its environment. Autonamous
agents have oontrol over their adions and internal state, i.e., the ayent can ad based
on its own knowledge and perception. A system ladks autonamy if its behavior is
completely determined by its built-in knowvledge so that it does not need to perceve
its environment to dedde aou itsadivities[25, p.35].

2.3 The Environment

Common to al environments is that they provide percepts to the agent and that the
agent performs adions in them. Multi-agent theory regards the environment as an
integral part of the framework. In general, two classes of environments can be
distingushed: artificial and red environments [25, p.36]. Agents that are computer
programs and exist in artificial software environments are cdl ed software agents.

The general rules governing the behavior of the environment are determined and
represented by the laws of the universe U. In particular, the rules of the universe
define the readion d the environment to the ations of the ggents.

Objeds in the environment are locaed at some position in space(from the set of
locaions L). In the simplest case the environment consists of at least one ggent in the
set of objeds O. The environment changes in time from one state to another. The
readion d the eavironment to the agent’s adions changes the aurrent world state.

2.4 Agent Architectures

The main criteria distingushing architedures is the question d how much internal
representation of the world the ggents sroud have. Readive systems have lessor no
internal representations, whereas g/stems constructed acarding to the deliberative
approach have only symbalic representations. An agent constructed after the readive
approach puely reads to its current percepts following condtion-adion rules. Delib-
erative achitedures follow the dasscd Al approac (the Sense-Plan-Act paradigm
[11]) that decompases the mntrol system of an agent into three éements: the sensing
system, the planning system, and the exeaution system. The agent plans its adions
based onits percepts and knavledge. The antrol flow between the three @mporents
is unidiredional from the sensor to the dfedor. The agent architedure presented in
this sibsedion follows the Sense-Plan-Act paradigm.



The interadion between the ayents and the environment defines the dynamics of
the multi-agent system. Thisinteradionis determined by the dedsion making process
of the ggent abou the adionsto perform (operations from the set Op) and the readion
of the environment to these ations (operations from the set U). The structure of the
dedsion making process provides the foundation o the agent architedure. It can be
divided into two comporents: the perception subprocessand the dedsion subprocess
An agent can be described by a function perceive and afunction decision:

perceive.E — P

The function perceive represents the perception process of the aent. It maps the
environment to a set of percepts. The redizaion o the function decision representing
the dedsion making processof the ayent depends on the seleded architedure. Agent
architedures can be distingushed acwording to the implementation o the decision
function. Here we distinguish two classes of agent architedures:

- readive gyentsand
- agentswith interna state

To alow higher-level internal capabilities of the aents, such as planning, goal
direaded behavior and colledion d experiences, an interna representation o the
world isnecessry and nd posshle withou internal state.

A purely readive gyent is charaderized by the fad that it diredly maps inpu to
output, i.e., percepts to adions. The function decision of the readive aent is a
function d the following type:

decision: P - A
It transforms a set of percepts P into an adion A.
For agents with internal state the dedsion function has a more awmplex form. It

includes the built-in knowledge, i.e., the former experiences of the aent, into the
dedsion making process

decision: P' x| - A

The decision function maps a set of percepts and the airrent internal state | of the
agent into an adion A. The dedsion function consists of two steps. The first step (the
function updStateP) upcdetes the internal state of the agent based onits percepts; the
secondstep (function act) seleds an adion based onthe updated internal state.

updStateP: P' x| |
act: | - A

The function runEnv represents the readion o the environment to the aents
adions.

runEnv:ExA - E

It maps the environment E and a set of adions performed bythe ajentsto anew state
of the eavironment. This mapping function redizes the changes on oljeds (including
agents) caused bythe ayents’ adions; other changesin dyremic environments are dso
possble.



2.5 Cognitive, Spatial Multi-agent Systems

With ou approach we nstruct software agents that ad in artificial environments.
These environments are intended to represent parts of the red world we ae interested
in, i.e., for the smulation d cognitive, spatial processs.

Mark et al. [16] present a hypatheticd information flow model for spatial and
geographicd cognition, which consists of four stages: aajuisition d geographicd
knowledge, mental representation o geographicd knowledge, knowledge use, and
communicaion o geographicd information. Within ou approach we focus on all
four of them: the ayents perceive their environments, form beliefs abou the environ-
ment, use these beliefs to dedde uponadions, and communicate with other agents.
Agents with internal state ae necessary to provide sufficient cgpabilities for the
representation d cogritive processs. The function decision provides a general defi-
nition d cognitive processes describing these processes as a mapping from percepts
and internal world representations of the gent (the internal state) to adivities the
agent performsin its environment.

An explicit representation d spaceis provided by the set of locaions L. Agents can
change the locaion d objeds in spaae by their adions. The function runEnv repre-
sents readions of the environment to the agents’ modifications. It defines the general
rules for change in the environment (the laws of the universe U). A cogritive spatial
multi-agent system defines a qualitative notion d time represented by the change of
the system from one world state to the next (i.e., a time discrete simulation). The
transitionisredized bythe operation runEnv.

3 Example 1: Navigation in an Airport

Many people find it difficult to navigate through uriamiliar buildings becaise they
are not provided with adequate wayfinding information such as obtained from signs.
Agent-based simulation d wayfinding tasks helps to determine where people face
wayfinding dfficulties, why they facethem, and how wayfinding information and
environments have to be changed to avoid such dfficulties.

In this reseach we ae trying to find the minimum set of comporents an agent-
based process model for wayfinding reeds to include for simulating succes<ul
navigation. Furthermore, we ae interested in the minimum amourt of information,
i.e.,, knowledge in the world, necessary for a amgnizing agent to perform goal-based
wayfinding tasks in an urfamili ar environment.

3.1 The Situation

Wayfinding in an airport represents a spedal case of moving through a building.
Passengers at an airport have to find their way from ched-in courters to gates, from
gates to the baggage daim areg and between gates. They are often in a hurry and
canna afford to get lost. Thiscan be adifficult task, becaise many airports are poaly
designed, have poa signage, and are aowded. Also, many passengers are unfamili ar
with the particular space ad fast motion, which pus them in stressul situations.
Things become even worse in emergency cases such as fire acidents. Making way-
finding easier for passengers at an arport requires designing airport space ad



providing wayfinding information (e.g., signs) in such a way that it fadlitates
people’ s exeaution d tasks.

3.2 The Computational Model

The wayfinding model (Figure 2) integrates the agent's cogrtive schema ad
perceptua structures within a Sense-Plan-Act approach [11]. It focuses on external
knowledge to explain adions of the agent performing wayfinding tasks. We use the
concepts of information and affordances to describe the kinds of knowledge agents
derive from the world by means of visua perception. Affordances [12] are
possbiliti es for adion with reference to the agent. Information (such asfrom signs) is
necessry for the agent to dedde uponwhich aff ordances to utili ze The environment
provides percepts (i.e., aff ordances from cognizing agents and norcognizing oljeds)
to the ayent; the ayent deddes uponand performs adions in the environment, which
in turn provides new percepts; and so on The interna cogritive schema [17] guides
the agent’s processes of perception, dedsion, and adion duing the wayfinding task.
Information abou the task and gal, and a minimum of wayfinding strategies and
commonsense knowledge ae necessry for the aggent to perform the task. The task
description dreds visua perception in such a way that the agent samples only task-
relevant information and affordances (therefore only a subset of all affordances
present in the environment). The wayfinding model concentrates on the adual
information reads during wayfinding and daes not focus on leaning a spatial
environment. Its fundamental tenet is that al information must be presented at ead
dedsion pant as“knowledge in the world” [1§].

Affordances & Perceive Affordances &
Informat\om’ Information
Cognizing Non-
Agents Cognizing
Objects

Fig. 2. Processmodel for wayfinding

3.3 Assessment of the Wayfinding Simulation

The formal spedficaions of the agent-based wayfinding simulation allow us to
analyze the wayfinding process of an agent in an airport. Let us asume that the
agent’ stask isto find its way from the chedk-in courter to a gate. We want to know if
the ayent is able to read its goal based onthe information and aff ordances offered at
different viewpoaints (i.e., knowledge in the world), and if not, where aad why the
agent faces wayfinding dfficulties, and what can be dore to avoid them.



If the agent has readed its goal, then the mmplete history of the agent gives
information abou all perceptions, dedsions, and adions of the aent during the
performance of the wayfinding task. If the agent gets duck at a dedsion pant, then
the simulation helts and the missng peceof information is determined. Furthermore,
it is posdble that the agent is caught in aloop, in which case the dedsion pant where
the aent has been misinformed (e.g., a sign panting in the wrong dredion) is
shown. Based on the results of the simulation the signage in the drport can be
changed to fadlit ate the performance of wayfinding tasks.

Asthisis asimulation, it can be used for the assesanent of airport designs before
they are built and can be used any time the layout of pathsin an airport is changed.

4 Example2: Making and Using M aps

We discussthe simplest situation o map making and map use, applied to a dty stree
network. The map produced shoud serve to assst people navigating in the dty.

The reseach questions are: How to measure the quality of a map? How can the
semantics of the map signs be defined?

4.1 The Situation

Surveyors explore the eavironment, measure position d points of interest and collea
other information o interest. The information colleded is then represented in a map,
drawn to scde and with appropriate signs. Map users aaquire acopy d amap, read it
and wse it to determine the shortest path to their destination.

A complex red situation is smplified in various diredions. only the stred
intersedions are of interest, users navigate between stred intersedions. At ead stred
intersedion, the points to which the roads lead are recgrizable. The stred network is
finite (and small).
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Fig. 3. An agent producing a map and anather agent using the map for navigation



4.2 The Computational Model

There ae two types of agents. surveyors and map users. The surveyor starts at an
arbitrary stree intersedion and moves along the streds, taking nde of which pants
are mnreded, urtil it has explored al conredions. For ead intersedion pant, the
position is measured and the wordinates recmrded — we assume here that surveyors
cary some kind d GPSrecaver and read coordinates off this device It isimportant
to ndice that the knowledge the surveyors colled is not necessrily acarate and
complete — the surveying equipment may be faulty, observations may be in error and
the exploration may be incomplete. The surveyor agent’s knowledge of the world is
not a one-to-one wpy d the description d the environment.

Once the environment is completely explored, the surveyor produces a map at
some scde, which is represented as the list of commands necessary to draw a plotter:
for eath stree segment, aline is drawn, and for eac nodk, the label is positioned at
the correspondng locaion. We excluded the trandation o this ‘abstrad structure’ of
the map into a raster image of a map to avoid the difficult problem of raster inter-
pretation in the map-using agent. For testing ou assumption that this represents a
map, we have @nstructed a very simple program, which takes such a simulated map
and adually draws the rrespondng image on a screen! Again, the map-making
processis not necessarily a crred representation o the surveyor’s knowledge and in
consequence of the limitations of the surveyor’s knowledge, not necessarily a corred
representation d the environment.

A map user picks up a mpy d the map, reals the lines and noaks of the map and
buil ds a mental database of knowledge of the environment. Again, the map reaingis
not perfed and can introduce new errors into the representation the ayent forms of the
situation d the environment — adding further to the erors committed by the surveyor
in exploring, measuring and mapping. Map users cannad measure mordinates, but
they real the length of stred segments of the map and wse this for the determination
of the shortest path.

The map user then makes a dedsion abou the optima path from its current
locdion to its destination, using the knowledge aquired from the map (shortest path
is #leded for simplicity — other criteriafor the path seledionwould be possble). The
map user then moves ac@rdingto its plan alongthe stree network to its destination.

4.3 Assessment of Map Quality

In this smulation, the quality of the map produced can be &sessed by olserving the
effediveness of the movement of the map user: if the map is effedive, it finds its
destination onthe shortest path; the longer the path it travels, compared to the adual
shortest path, the lesseffedive the map is.

The representation  the environment must not have cmmissons or omissons,
which affed the cdculation d the shortest path; the distances represented in the map
must correspondto redity (close emoughto na affed the dedsion onshortest path),
etc. Each o the different errorsthat can occur from observing the environment, in the
surveyor's mental representation, in the transformation to the map and from the map
to the map user’'s mental representation can affed the dfediveness of the map
communicaion. Each effed can be simulated separately or in conjunction with athers
in the model. We ae aurrently using asimilar model to gain a handle onthe e@namic
value of quality inamap [15].



4.4 Definition of Map Semantics

The semantics of the map signs are defined here as corresponcence between redity
and map representation — this is the mnventional Tarski semantics. In this model the
conredion between environment (redity) and representation (map) is established
from observation and map drawing completed with the cnnedion between repre-
sentation (map) and environment (redity) through the use of the information
represented.

One can clealy seethat the road clasdficdion the surveyor employs and the road
classficaion d the map user must correspond If the surveyor explores the streg
network with an (ordinary) car, then roads that are dosed to car traffic will not be
included. The resulting map is then lesseffedive for amap user who travels on foot
or using a bicycle. The semantics of the road clasdficdion is therefore grounded in
the adual physicd or legal classficaion o aroad with resped to travel onfoat, ona
bicycle or with a ca. This clasdfication is ‘redity tested’ by surveyor and map user
when they travel alongaroad segment.

5 Example 3: Property Registration to Secure Land Owner ship

We discussthe structure of redity in a calastre & part of socia redity in general. We
investigate the embedding o a calastral system into its environment. The philo-
sophicd foundition o the analysis is Seale's theory of ingtitutional redity [26]. He
describes how the physicd and socia part of redity are linked and haw institutional
concepts are based on plenomena existingin physicd redity.

The reseach questions we pose ae the following: Is it possble to construct a
computational model of (social) redity in a calastre? Does Seal€'s theory give the
appropriate theoreticd framework for this task?

5.1 The Situation

The foundition for efficient cadastral systems is the understanding o the redity,
which the system shoud corredly represent. It is not sufficient to investigate only the
cadastral registry with its content and input and ouput operations. The registration
processin the calastral registry cgptures only a part of redity. The cmplexity of
phenomena involved makes it necessary to widen the scope to the more general view
of redity in a calastre that comprises the calastral registry aswell as people adingin
the red world. This all ows representing a more cmprehensive view of the calastral
domain. It allows the discusdon d the information system cadastre enbedded into its
environment.

We regard redity in a calastre & a part of social redity, which is highly deter-
mined by ingtitutional concepts. Seal€e’s theory gives the theoreticd badkgroundto
represent redity as consisting d physicd phenomena and generaly accepted
institutional status assgned to physicd phenomena (e.g., human beings and the status
‘owner of aparcd’ assgned). Rights and duies are assigned to status and determine
the dynamics of the system. People a¢ acarding to the rights and duies defined by
the legal system. There ae cmplex relationships between ingtitutional concepts and
physicd phenomena. The institutional status defined by the legal system is aways
based onthe physicd situationin redity. For instance, the status ‘ owner of aparcd’ is



always linked to a physicd foundtion, i.e., a human being, a pieceof land and the
physicd posshility to use the pieceof land, which is the content of the ownership
right.

5.2 The Computational Model

In the mmputational model the world is represented as consisting o agents and land
pieces and a messge history (the documentation). Agents communicae by
exchanging messages. Agents have an internal state that comprises three déements.
First the ggent’s internal state represents beliefs abou the status assgned to oljeds
(e.g., this pieceof land is a parcd, this agent is the owner of a particular parcd).
Seoond the internal state of the agent represents the aurrent goals the agent has (e.g.,
an agent can have the goal to sell a parcd.) The third element of the agent’s internal
state ae the duties an agent currently has with resped to its own ingtitutional status
(e.g., the seller of a parcd has the duty to transfer ownership to the buyer by
registering the transfer in the land owvnership register).

The exeaution model of the agent-based model foll ows the achitedure presented
in Sedion 2 We distinguish the world level and the agent level of the exeaution
model. On the aggent level there ae the adivity functions of ead agent representing
the perception, dedsion, adion cycle of the ayents. The world level represents the
readgion d the ewvironment to the gent's adivities (i.e., to the physicd and
communicaion adions of the ayents).

2. perform all 1. send all
physical actions of messages from
World(l..3) all agents all agents to the
receivers

a. update the belief
of the agent based
on his percepts

3. call the activity

function of the b. decision about
agents actions to be
Agent(a..c) performed
c. update the
beliefs of the agent
based on his

actions
Fig. 4. The exeaution model

The simulation consists of two parts that are chasen as case studies for the validation
of themodel. The goal isto show typicd cases of processesin redity of a calastre.
First transfer of ownership ona parcd between two persons will be modeled. The
computational model consists of three gents: the seller, the buyer and the registry
agent representing the work of the calastral registry. Buyer and seller conclude asales



contrad. The seller applies for ownership transfer and the registry agent performs the
transfer by registering the new owner in the land avnership register.

The second part of the simulation describesredity in a calastre in the situation that
conflicts between people occur in the cae of unauthorized land wse. It simulates a
legal adion and a judgment exeaution process The simulation comprises four agents.
One ayent represents the legal owner of a parcd; one ayent represents the unauthor-
ized user of the land. Two other agents represent the wurt resporsible for the
complaint and the sheriff who hes the physicd power of the state to enforce
judgments. The legal owner of a parcd remgrizes that an urauthorized person uses
his parcd (we use an abstrad nation o land wse, which is exclusive). He sues against
the unauthorized user. The judge will pronource ajudgment creding the exeaution
title for the legal owner of the parcd to apply for judgment exeaution. During the
exeaution the sheriff will evict the unauthorized land wse.

5.3 The Representation of Reality in a Cadastre

We have foundthat it is posshle to construct a formal, computational model of a
cadastre based on Seale’ s theory of institutional redity. This result has three apeds.
First, Seale's theory allows computational model construction. Second, Seale's
theory is sufficient and paverful enoughto represent a complex part of redity, a
cadastre. Third, the fad that we succesSully constructed and validated the model
allows the onclusion that a theory of the ingtitutional part of social redity is
sufficient to explain the structure of redity in a calastre.

The extension d the scope from the calastral registry to redity in a calastre was
helpful for the analysis of the calastra domain. We were ale to dscussa broader
variety of isales, becaise dange often occurs outside the scope of the registry but
neverthelesswith strongimpad onthe calastral system.

It was necessry to model social redity in an agent-based framework. The model
construction based on Seal€'s theory was only possble with an appropriate
representation o human intentions and behavior. The agent-based model was the
conceptua framework used for this purpose. We have shown the potential of agent-
based models for the investigation d socia redity.

With agent-based simulation we were ale to validate the model with resped to the
redity it represents. We developed a framework for the simulation o social processes
of redity in the model and tested it by representing two nortrivial cases of processes
from cadastral redity. This framework is extensible to represent more mmprehensive
parts of the legal system.

6 Common Structureof Cognitive Spatial Multi-agent Models

These models have in common that they model space time and the agrition o the
agents.

6.1 Space

The environment is gatial, which means that some basic properties of space ad hov
objeds exist in space ae part of the ‘laws of the universe':



1. Agents are locaed: eat agent is located at a determined locdion and can orly
be located at one paoint at the same time.

2. Agents can move from point to pdnt (i.e., we represent their movesin adiscrete
way and abstrad from peopl€’s continuows movements in the red world); such
moves must foll ow an established path and may be further restricted.

3. Land as a resource for use is part of the model; so far, land wse is of a single
type and exclusive, but more sophisticated land wses are possble.

These three points an to cover the esence of space ad spatia dedsions:
movement dedsions require 1 and 2 locaion and all ocaion dedsions are based on 3
Thislinks to and advances into computational models work by Couclelis[4, 5].

6.2 Time

The models are implied temporally based on an algebraic goproach: the fundamental
operation is the alvance of the model in time, which triggers al perception,
communicaion, dedsion, and adion to the environment. The model is esentially a
function that constructs a new state of the ewironment from the arrent state
(represented by the operation runEnv). It is passble to analyze sequences of states to
understand temporal properties of the model. Explicit time can be introduced.

6.3 Cognizing Agents

The gents perceive the environment E and buld a mental representation o what they
have percaved (the internal state 1). This mental representation is then used in the
dedsion function. Both perception operation (function perceive) and dedsion oper-
ation (function decision) are designed to simulate limited aspeds of correspondng
human adivities.

The simulation contains at the same time a omputational model of redity (the
environment E) and a computational model of the mental representation d this
environment in the agent’s mind (in multiple, different instantiations for ead agent:
the internal state 1). These models are dl different; the environment stands for the
‘true redity’ and the models the agents construct are ‘their beliefs' (in the sense of
[6]) upon which they ad. The dea separation between redity and mental repre-
sentationis anovel asped of these mmputational models.

7 Implementation

The three examples have been redized using the functional programming language
Haskell [21]. We seleded simple, but typicd aspeds to develop the concepts and
implemented them with an interest in clarity of expresson. Performance using an
interpreter was aufficient and we have not yet experimented with compiled versions.
The codefor al three examplesis avail able from ftp://ftp.gecinfo.tuwien.acat.

The first example is 13 pages of code; the second example uses 12 peages of code
(including the shortest path algorithm). The third example is omewhat larger and
needs approximately 25 pages of code.

We dedded not to use one of the available multi-agent languages and the
correspondng runtime suppat. We wanted to reduce the anount of assumptions



built in to aminimum and to be cetain to understand all of them. We did na identify
amulti -agent software environment spedficdly respondngto ou neeals, and we were
afraid that the anourt of leaning and adaptation would be larger than what was
necessary to construct the multi-agent control structure.

In the nea future we have the plan to integrate the threeindependently developed
control structuresinto asingle system and make the spatia aspeds of the environment
compatible. Most important is the dfort to improve the structure of the agent’'s
adivities. We want to achieve agenerali zation, which can form the base to buld more
complex computational models.

8 FutureWork

We have developed the multi-agent simulation with very simple models that helped us
to identify the important parts and to isolate different aspeds into separate dasses
(algebras, with operations and axioms). Using the same framework, more complex
models are aurrently uncder way:

» A simulation to establi sh the influence of quality of aroad map for navigation. The
lessquality aroad map has, the more often the cadculated shortest path canna be
foll owed to the end — due to an error in the data set — and an alternative route must
be cdculated. This is in al cases longer than the desired shortest path and will
require more time, which can be trandated into econamic value.

» A simulation to integrate the guidance of travelers with the communicaion o the
necessary information abou business processs. This projed addresses in
particular the questions of users of a pubic transportation retwork, who must be
informed abou the departure locaion o trains, busses, etc., but must aso be
instructed about the ‘business requirements, i.e., aoquiring a ticket, obtaining a
reservation, etc.

» Extend the models to make it possble to oktain information abou the time and
cost of proceses. We ae interested to lean abou the time an operation requires
and hav much it costs. For example, how long das it take to complete atransfer
of ownership in a calastre?How much cost occurs to the previous owner, the new
owner, the registrar, etc.

» Simulations with multi-agent systems can help to explore how technicd systems
and lega requirements interad. We found that spatial, cogntive multi-agent
systems could be used to simulate new technicd systems and explore how humans
can interad with the system, how safeguards could be drcumvented, fraud
possble, etc.
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