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Introduction

Models in Spatial Analysis

Which model and which spatial analysis?

The spatial dimension plays a key role in many aoghenomena. On the one
hand things are unequally distributed through speiating spatial differentiation,
segregation, discontinuities. On the other haneretlis a feedback loop between a
society’s organization and a space’s configuratMast of the time, the modeling of
spatial phenomena and processes requires the catiobirof knowledge and skills
from various fields, some involving the theme ofearch, others originating from
computer science, statistics, physics or mathemafihese latter subjects are
relevant because they provide stimulating methagiodd prospects to theorists
interested in the organization of space and théuéwa of its structures (whether
they be geographers, urban planners, archaeologestelogists, agriculture
scientists, etc.). Besides, they also offer uskftthnical frameworks for formalizing
the thematician’s theoretical models. On the otteard, the latter provide problems
and data that can be used to implement and testlmddsigned by mathematicians,
statisticians and computer scientists. In suchedrthe phrasspatial modelkakes
on different meanings. Even though researcherdfierent fields may agree on a
relatively broad definition of the concept of a “d&’ as ‘a schematic
representation of reality, developed with the gofalinderstanding and explaining
it"!, the referents are significantly different fromessubject to another.

In order to illustrate the diversity of meaningattcome with the word “model”
in a given application, in the following sections will rely for the most part on two
concrete examples. In the first, the goal is to atiad the evolution of the spatial
distribution of the population over a few decades] in the second, of the land use .
From a methodological perspective, each of these dmamples involves dealing
with and modeling “spatial dynamics”. Howevenodeling spatial dynamics can

1 A definition close to that of P. Haggett [HAG 65ead by F. Durand-Dastés in Chapter 1.
Introduction by Lena SANDERS to “Models in Spatialdysis”, ISTE, London, 319p.
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take on several different meanings: it can corfistescribing changes as clearly as
possible, or of finding causality underlying thepéyand speed of the observed
evolution. These two approaches, the former usedescribe and the latter to
explain, should logically complement each other &edconducted one after the
other. In practice, however, the line between the s not always clear, and the
structure of the information itself leads to diffat attitudes in research. If this
structure is complex, the first step can constitite entire work of modeling.
Indeed, the objective is then to provide a simpdifpicture, in the form of a map, for
example, of a complex information obtained fromesal sources. If, on the other
hand, the information is described by a simple wahatively regular structure, such
as in the case of statistical information, thetfistep is short and most of the
modeling work is done in the second. In order tadgtspatial differentials in
population growth, the geographer will build an lex@atory model based on
mechanisms he knows are fundamental, the roleraf tiee effects of competition
for space, urban polarization, the deterring eftdatlistance, etc. In order to study
the evolution of land use, the agriculture sciéntif develop a model involving the
modes and structures of farming, the specializatamd quality of soil.

In any case, the first step consists of identifyting elementary objects that give
the level at which the information has to be cd#idc These objects can be cells or
pixels (image analysis), households or firms (sysver census results), or spatial
entities (morphological or administrative units)hgv studying a settlement system,
the elementary entities can be municipalities gl@gerations. When analyzing the
land use, plots or farms can be used. This ideatiin becomes more complicated
in a dynamic framework, since there can be chaingt® object's semantics (when
a given agglomeration “absorbs” another, for exahpidentifier (a plot can be
divided in two) or its spatial extent (expansion affarm) [CHE 95]. Once the
objects are identified, we have to come up with svaj measuring changes that
make sense in regards to the topic, and which @mgatible with the spatial scale.
Already, throughout this entire process of formatizinformation, we are dealing
with models These are, on the one hand, conceptual modeteatng the meaning
of the chosen indicators, particularly the linkvaeén the phenomenon being studied
(which refers to aheoretical framework) and the set of data obtained from its
measurements (which refers to whatliservablg, given the observation levels that
were chosen. These are, on the other hand, moflelata that are necessary to
organize thematic and geometric information in oreprocess them (relational ,
object-oriented, vector/raster etc.).

Once the thematic model has been designed andathergd information has
been organized, it is necessary to formalize thdehim order to validate it, to test
hypotheses and, sometimes, to establish scenaricentuct prospective studies or
to help decision making. Different approaches hemtpossible, each one associated
with a specific set of skills.
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If we choose a geomatics approach, we would devahojpuse the functionalities
of a geographic information system (GIS) in ordercénnect layers of information
related to different aspects of the phenomenongostindied and to find evidence of
possible spatial regularities. We can construat,eikample, requests designed to
pinpoint plots located at a certain distance frofreaway interchange and that have
undergone a specific change in land use. If we shao statistical framework, a
typical method consists of identifying the variablthat have to “be explained”
(dependent variables), quantitative ones (populatjmwth rate, variations in the
number of jobs) or qualitative (changes in land, useanges in the economic
profile), and “explanatory” variables that referttee features of the agglomerations
or land plots and express the hypotheses set otlieithematic model. For the
statistician the discussion will focus on the cleowf astatistical model linear,
loglinear, exponential, etc., depending on theistieal nature of the variables and
on their relations. Facing the same question, rekees trained in mathematics or
physics will develop a dynamic model in the framekvof complex systems (for
example, a non-linear prey-predator model) thatuthes bifurcation properties.
These will be particularly useful if we consideatlthe parameters that characterize
the general environment of the system being studied governed by threshold
effects that may cause a qualitative change irb#tevior of settlement dynamics.
Formalizing the model within the framework of congrusciences will lead to the
use of cellular automata or multi-agent systems @ndbcus on interaction and
emergence properties. Such models work by condusiimulations, and these are
particularly useful when trying to establish théeef that the set of local interactions
has on the evolution of spatial structures at ddrdevel ([WHI 97], [BEN 04],
[POR 04)).

To the thematician, these different approachesesgmt a series of methods that
are useful to formalize and test his thematic moeieth one leading to different and
complementary possibilities. His choice will deperah his abilities, his
collaborations or, better, on the adequacy betweermypotheses on the why and
the how of the change he is interested in and tlupesties of the available
statistical, physical, geomatics or computer mottelsome cases, he may have to
use a series of models: a GIS to create spatiaatals; a statistical model to test
the relevance of the relationship between somehefvariables used, or also to
estimate missing information; a differential eqaatmodel to deal with the overall
evolutions of a certain number of state variabkesgellular automata model to
simulate the local spatial interactions; a multgaigsystem to account for the effects
of a cooperation between several agents. In oodanplement a thematic model, it
thus becomes necessary to string together, to eoapt to integrate models
originating from different fields, and confusionsamurse can occur when the same
word “model” is used without being associated vatbomplement that specifies its
meaning.
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Each of these groups of methods has its specifiargedges and integrates in its
own way the spatial dimension of the phenomenagbsindied. The statistical
approach emphasizes the covariation mechanisntgegitenomena, and space can
be included in the analysis by means, first, of tfyge of statistical individuals
considered (spatial entities, location pairs) awtond, of the variables (distances,
shapes of spacings or types of neighborhoods, Xample). In dynamic models,
space can, in the same way, intervene as a framthdostudied objects (spatial
entities), and also through an interaction terrmnexting the dynamics of the
entities with each other (the distance or the cotimgicost between two entities, for
example). If the cellular automata are used toasgmt geographic space, the very
driving force of the change is spatial, since ahgnge can be determined based on
the neighborhood configuration. Each of these nulogical frameworks can be
used with the goal of describing, exploring or eipihg. The lines that separate
these approaches are not always clear and depengl omohow the researcher
designs his methodological device than on the nistioemselves.

The question can be stated in similar termssfuaitial analysis Depending on
the contexts and the authors, different meaning$aund to this concept in the case
of geography alone. Some give the phrase a stioemgatic meaning: “Formalized
analysis of the configuration and properties of theographic space, as it is
produced and experienced by human societies” [PUM Others emphasize the
spatial aspect of the phenomenon being studiedartbeng, within the features of
spatial entities, what is relevant to their geograppositions, particularly their
relative geographic positions, making it necessary to madkielspatial structure”
[CHA 95]. Others, finally, insist on the methodoiogj aspects, and spatial analysis
refers to the “set of mathematical and statistivethods designed to specify the
nature, the quality, the quantity related to plaged to their relations — all of this
defining space — by studying both attributes amdliaations” [BRU 92], or also, in
a similar approach, a “whole cluster of technigard models which apply formal,
usually quantitative, structures to systems in White prime variables of interest
vary significantly across space” [LON 96]. GIS wsevn the other hand, when they
use the phrase spatial analysis, refer to a seinefionalities, such as superposition
techniques, topological and geometric functiongeripolation techniques, network
analysis, etc.

Again, there can be some confusion between theimasicsuch as geographers,
who see spatial analysis as a conceptual frameimnaskich the effects of position,
neighborhood and co-occurrence play a key role étpihg to make clear the
interactions between space and society, associgitbdelementary spatial models
referring to gravity, potential, diffusion and tbet tools of spatial statistics (for
example, spatial autocorrelation, variogram), an8 Gsers for whom the phrase
spatial analysis sometimes means the same thitigeagometric and superposition
functionalities of GISs.
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Thus, a computer scientist and a thematician dshate the same meaning for
the phrase “models in spatial analysis”. We wilt discuss in detail in this book the
differences in points of view, but instead we aiflopt the following statement. The
idea is to describe the approaches concernedtiéthaticmodeling, and to give an
idea of the diversity of the methodological choicesde in practice by those whose
object of study is strongly rooted in space. Anydeling requires geographic
information to be formalized, but the emphasis does rest explicitly on this
question, but rather on how the hypotheses are diwed. The goal is to
understand, explain and simulate spatial orgamimafi special localizations, the
emergence or the end of certain phenomena in nddaations, and the types of
interactions between different places.

Geographic information plays a central role inddlthe studies detailed in this
book, even if there are few explicit reference$i&s. Despite going unnoticed in
these modeling studies, they have nonethelessoagsimplicit presence and are
essential tools in some processing steps. Centaitias analysis methods useful for
developing a thematic spatial model exist in th&,Gir can easily be internalized,
while others are used in completely independentswayare coupled. Geographers
have produced remarkable advances this last deicadeupling and integrating
tools of sptial analysis, simulation models and GMNAG 06]).

Each chapter in this book shows the relationshipwéen a conceptual
framework of spatial analysis and a set of metrards models. The frameworks are
related to the questions of localizations and adtons in space, of geographic
scales and levels of observation, of spatial dypamBome authors favor the
contribution of a group of methods originating frastatistics, mathematics, and
computer science, while others base their presentabn theories deeply rooted in
geography or economics. All of them attach a kepdrtance to the connection
between the thematic meaning of their studies ardptoperties of the tools they
have chosen. Space is present both as an objéet ebfective being to describe,
understand and predict localizations, spatial gaméitions and their evolution — and
as a part of the explanation — the objective b&ngssess the effects of location and
neighborhood on these localizations, configuratiemg changes.

Two central and recurring concepts. spatial interactions, levels of observation

Every chapter in this book deals with situationserehspace plays a key role,
sometimes as a passive frame but most often astare dunction. On the other
hand, the various chapters are very diverse ingarthe phenomena being studied
(for example, water runoff, localization of pubBervices, population mobility), of
the analysis tools (for example, multivariate asslydifferential equations, multi-
agent systems), of spatial scales (from a squarecdkll to the national level) and
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time scales (from a minute to a century). This bthals illustrates the diversity of
questions and practices in spatial analysis mogeBeyond this diversity, there are
recurring concepts that are unavoidable in any@agr in terms of spatial analysis.
These concepts are spatial interactions and levels.

Modeling spatial interactions

The concept of spatial interactions is used in nabsipters, and is in fact at the
core of the spatial analysis approach. When thatilmes have been characterized,
when the intensity and the types of spatial difféiegions have been determined,
and when the similarities and contrasts have beenght to light, the next task
consists of finding the relationship between th&esgures of spatial organization
and the exchanges these locations maintain amartgather, as well as the mutual
influences they have on each other. These infleacel exchanges originate from
the disparities of space; in fact A. Franc usesphease “interactions driven by
spatial organization” (Chapter 9). The other waynu, these interactions, in turn,
contribute to producing disparities. Thus, spatéractions reflect relations of
complementarity and/or competition between thetiooa and act as a driving force
in the transformation and the dynamics of spatjateans. The interaction between
these locations can either be the object of rekatwelf (when trying to explain why
some flows are more or less significant betweenagerpairs of locations), or
represent a constraint (movement from one locatmranother is viewed as a
constraint on achieving a task for a given agemtilso constitute the explanatory
element of a dynamic (the start of or an increasa phenomenon in a location
brought about by exchanges with other locations).

As a result, spatial interactions take on varicaursnk, operate on several levels,
and their analyses lead to different formalizatidnghe following sections, we will
attempt to express the major aspects of this diyettzat are dealt with throughout
the different chapters.

Exchanges between pairs of locations

In a first set of models, locations have symmetniotes, because each location
has the possibility of being a transmitter andaeinger. When studying interregional
migratory exchanges, for example, each considered aepresents a possible
settling location for migrants from elsewhere aadthe same time, is the departure
location for a certain number of inhabitants wheéhdecided to migrate. The most
common spatial interaction models are designedpoess the intensity of the flows
or exchanges between an original location and dind¢i®n, depending on the
characteristics of these locations (in terms ofadiepe potential and attractiveness
of the destination) and on the deterrent effecth&f distance between the two
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locations. F. Durand-Dastés (Chapter 1) uses theityrmodel, one of the most
common in spatial analysis, to account for whardfers to as the “universals” of
modeling. In more general terms, the author steeshe connection between
interaction and causality, and underlines the ingare of considering spatial
interaction for the choice of a type of systemialization in spatial analysis.

Exchanges between locations can be material or temah they can be
expressed in terms of their quantity (number ofranigs) or their nature (presence
of a connection by air), and they can be describgidg sagittal, chorematic or
matrix models. The combination of all the spatialeractions operating on an
elementary level sometimes leads to the emergencenaplex spatial structures. P.
Frankhauser and D. Pumain analyze the contributfdractals to the study of such
structures (Chapter 10).

Exchanges between locations with different statuses

A certain number of interactions, on the other haar@ dissymmetric from a
semantic perspective, and explicitly involve diffleces in status between the
locations that are considered. Such is the casdiffusion phenomena, in which
one or several places are considered as favoredntitters (of information, an
innovation, a disease) whereas the other placestitiie locations for the receivers,
the adopters, the contaminated. This is also tee @&en considering consumers,
characterized by where they live, searching faraalized service: school, day care
center, hospital, etc. Depending on the problenfferdint formalizations are
possible. The first thing to do is to determinevamat geographic level the starting
place (the location with access to the innovatioraccomodating the population
expressing a potential demand) should be considdreitting, block, city or a
larger area (in practice, an administrative distiitost of the time). Destination
locations can be identified as entities of the sarature, or simply defined by
localized points in the case of a service for edamy/e then have to determine an
adequate model to describe the associated intenactind their consequences on the
organization of space and on its dynamics.

In Chapter 3, D. Peters and |. Thomas present reottelt can be used to
determine the optimal location of public servicaseg the distribution of the
population concerned by these services. Ratheruhiaug the word interaction, they
suggest the concept gpatial adequacyetween the supply and the demand for
these services. Chapter 5, by Th. Saint-Julienudes on the spatial diffusion
phenomena and on how they are formalized, thebeé®y that a certain number of
transformations of space are duectintagioneffects . The phenomenon may be
physical, such as the propagation of a plant oiseade, or social, by means of
imitation behavior, in areas as diverse as innowain agriculture or architecture,
and behaviors in terms of fertility. The most conmformalizations, developed in
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the 1950s, remain valid today on a conceptual Jevigh much broader possibilities
for technical applications.

In Chapter 4, S. Chardonnel shows how the prinsigletime-geographyare
used in order to simulate the impact of a changeuhblic transportation on the
individual possibilities of achieving space-timajéctories. In this case, spatial
interaction is in the form of commutes, for examfi®me - day care center —
workplace - day care center - home”, in accordamitle certain constraints on the
individuals’ schedules and how long they have &y & certain locations. The point
of view is that of the individual subject to coméits in space (reaching a
destination while stopping at certain required stofor example, the day care
center) and in time (observing the opening hourthefday care center and work
hours).

Chapters 3 and 5 illustrate how, faced with theilainproblem of access to a
service, the model depends on the research presjpecine case, the objective is to
optimize the localization of a set of recycling &8, while in the other, the access
to day care acts as a constraint on the home-t&-s@mmutes of individuals. In the
first case, an optimization model is used to previe distribution of recycling
centers that leads to minimize the sum of individtigps. In the second, the
locations of the home and day care centers ar@asétsimulations based on logical
rules, involving schedules and lengths of time,used in order to test the impact of
improvements on public transportation, in termsfréquency, on the range of
individual possibilities.

Influence of a location on neighboring locations

Spatial interactions can also be expressed asfluence of a location on
another, without being explicitly embodied in tlerh of a measurable exchange or
flow. Cellular automata are often used to formatize effect of such influences on
local change and simulate the spatial configuratithrat arise at a global level. In
Chapter 8, F. Dureau and C. Weber present a modéarid use change at a pixel
level. The land use is identified based on theyamlof a satellite picture, then the
potential for change in land use is determinecefarh pixel based on land use in the
neighboring pixels, the intensity of the influendecreasing with distance. The
authors used this model to simulate the expandi@omstruction on the outskirts of
Bogota.

H. Mathian and M. Piron (Chapter 2) have also fedusn the formalization of
the consequences of proximity relations. Thesdiogla are the result of similarities
or, on the contrary, of oppositions between thatioois, and the associated spatial
structuralization can be determined from localistias. Such influences can work
according to a logic of location pairs (what happén location A depends on the
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characteristics of location B) or according to gidoof context(what happens in
location A depends on the general characteristicg@ environment where A is
located). The authors show how the statistics ftiemacontributes to describing
and sometimes explaining the result of this infeeesystem on the intensities of the
spatial differentiations. A mathematical formalipat of the same phenomena is
given in Chapter 9, focusing more on the dynamjmeats of the interactions. The
geographic coordinates of the spatial entities rilesd by the model then play the
role of parameters in the space-time system uriddys

Interaction between agents, groups of agents aactivironment

Throughout the previous section, we have focusedspmatial interactions as
interactions betweelocations This phrase, which relies mostly on an aggregate
logic, is used in order to emphasize spatial lgghgt clearly these interactions
between the locatiortake shape most of the time as exchanges betvgegnisavho
live and act in these locations: these are exclahgveen individuals, or between
individuals and groups, or also between individuald firms or institutions.
Chapters 4, 5 and 6 give great importance to iddas and deal with interactions
on this level more explicitly. Thus, E. Holm andSanders examine the interactions
that drive the decision to migrate and which sholle integrated into a
microsimulation model: interactions of the indivdduwith other members of the
household, interactions with the agents comprisiig environment (building,
neighborhood, city), and finally, the relationskijih the locations where he stopped
along his own past trajectory (Chapter 6).

Another form of interaction is modeled by severathars: that which exists
between individuals or groups and the environméwhbst of the time, these
interactions occur in a given space, but they arerplly not described in terms of
spatial interactions. These man-environment or society+eatinteractions are
discussed more explicitly in Chapter 7, where Jh4euil, C. Mullon, E. Perrier and
M. Piron explain the use of multi-agent systemsitaulate spatialized dynamics,
the driving force of change operating mainly thriougteractions between agents.
The entire functional diversity of interactions d®nsidered: solving computer
science problems, simulating negotiation and ccat®r problems between agents,
managing the evolution of artificial worlds compisof agents and resources that
interact.

From the individual to the group, from the pixel to the area, from the element to
the aggregate: the question of the level of observation and modeling

There are two major questions in this field: whatthe adequate level of
observation given the question we wish to answex® Ho we go from one level to
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another, in terms of semantics and methodology®ddfse, no chapter can avoid
facing the first question, and several of them iextpl deal with the second.

Choosing the level of observation

The first step in many research studies consistietdrmining the best level of
observation to choose, given the objective of tively\s How the question is stated
can sometimes lead to an obvious answer: if we wisknow what determines
individuals in their choice of transportation fraheir home to their workplace, we
have to work on the individual level; the same gaben focusing on the behavior
of working parents and how they manage their dglgce-time (see Chapter 4); on
the other hand, if we study how an administrativdirguistic border can act as a
barrier for migrating patterns, an aggregate lévgreferable. Other questions lead
to a large variety of possible choices. Such isctee when trying, in an operational
process, to determine the localization of a pulkevice (see Chapter 3). The
question is to understand, given the distributioape of the population expressing a
need, as well as equity and cost criteria, whatiapaggregate level to choose in
order to reach optimal localization. For other dioes, finally, there can even be
some controversy among researchers as to what ééwdservation and modeling
to choose. In different subjects, there is alsoehatk between the advocates of
modeling on the most basic level and those who estgdeveloping an aggregate
model to describe the dynamics of spatial aggregétee Chapters 6 and 7). In
order to understand the dynamics of water runsiffjuld we track the “drops of
water”, or is it enough to formalize the questionterms of flows? In order to
describe the dynamics of population in a set of inipalities, should we formalize
the migration choices of individuals or attempt nmwdel the intermunicipality
regularities in terms of residential appeal? Thebgm commonly amounts to
choosing between the individual level and the spatggregate level, but it also
arises, sometimes in a more subtle form, when d¢hgoa level of territorial
organization over another (see Chapter 2).

Articulating different levels of observation andaeéing

In a certain number of cases, the question is matt whoice to make, but instead
how to simultaneously use several levels in a kdarperspective. Thus, the very
meaning of both the attributes and the questiokedasan vary when covering the
different levels of the geographic scale. The atgttud Chapter 2 give an overview
of the different ways to approach several level®lodervation in the context of a
study. One method can be to compare the distributfca phenomenon with respect
to different segmentations of space, since suabngparison can help determine the
scales of the spatial differentiation being studjefidifferent forms of segregation
for example). It is also possible to compare thpetgf a statistical relation between
two phenomena when changing the level of obsematidis relation can be stable
or instead reveal stark changes. This last capmldematic from a statistical point



Introduction

of view, since the results depend on which leveblagervation is chosen [FOT 91],
but it provides information on how the spatial diffntiations are structured, on the
scales of operation of the different combinatiohfaotors being studied.

A similar question is discussed in Chapter 9 with toncepts of scale transfer
and “perfect aggregation”. The author mentions mrmon practice in research, in
plant ecology for example, consisting of developtnmodel based on data that are
valid on fine scale in order to answer questionsaomuch broader level. He
underlines the gap between the level on which aeinidvalid and the level for
which data is available. This type of approach meguspecific knowledge of the
relationships between scales, both from empirical teoretical perspectives. The
perfect aggregate from a mathematical perspediinglying for example that if the
calculated averages on two sets of elements aral equa given time, they will
remain that way) is rarely observed in practice.eWImodeling the dynamics of a
spatial model, the opposite is often assumed, mgahat spatial differentiations act
as a driving force in the evolution of a systeme Tdcus is on the emergence of new
spatial differentiations and the change from oradesto the other can then no longer
be formalized in a simple way. Computer modelingrtipularly the use of multi-
agent systems, offers a greater flexibility for mging interactions between objects
from different levels, a flexibility that comes #te price, however, of greater
difficulties for validation (see Chapter 7).

The problem of interlocking scales is also at tbeecof the fractal approach.
This method focuses on the mechanisms that leathtibar structures on different
levels of territorial organization. The authorsGifapter 10 present several methods
designed to characterize such structures from age@ point of view and, most
importantly, to locate thresholds in space thatrespond to the change from one
type of structure to another (a useful method fetetmining the lines separating
different types of peri-urban built up areas, fgample). The fractal approach also
usually makes it possible to find the connectiotwieen the behavior of a non-linear
dynamic system and the type of objects produceithisysystem. The different steps
presented in this chapter are therefore also vessful for characterizing and
comparing the structures simulated using dynamidatsowith the spatial structures
that are observed.

Another approach consists of simultaneously foramagj, within a same process,
mechanisms related to different scales. They cantbgrated into one same model,
with for example migration choices formalized ore tlevel of individuals, and
residential appeal formalized on the level of mipdtties (see Chapter 6). It is also
possible to pair up models operating in parallet,éxample, by simulating on one
hand the potential for change in land occupationome cell based on the
neighborhood, and on the other hand the prefereocédividuals for residential
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choice (see Chapter 8). In each case, the diffididé in having to make hypotheses
on the type of the feedback between the two lethelsare considered.

Multi-scale approaches and the modeling of spatigractions thus constitute
the major themes of this book. Although they deitihwifferent topics and objects,
the authors all deal with questions about the aegdion of space and its role in the
dynamics of the phenomena that are studied. Thersity of backgrounds among
the authors and of the ways of approaching thelpnolf space gives an idea of
how broad the field of spatial analysis is, andvehthe advantage in this field of an
interdisciplinary perspective.
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