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Regional scientists and planners, environmental scientists, gecographers and other specialists who routinely deal with matters
spatial, have witnessed a notable increase of interest in their fields in recent years. Importantly fueled by the advent of cheap
computing power, more powerful software and analysis techniques, and a wealth of statistical and remotely scnsed data, a
greater awareness of the importance of the spatial analysis of data has also been evident. At the same time, new developments
in the field of spatial data analysis in general, and spatial statistics in particular, have opened the way to richer and more
meaningful studies of typical as well as new problems that range from environmental to economic and planning issues. In this
context, there is an increased need for empirical studies involving spatial data, and also for further development of statistical

methods to describe and model spatial processes. Such is the topic of the present thesis.

Considering the wide field of spatial analysis, this study is concerned with a very specific aspect therein, namely that of
modeling spatial phenomena often found in regional apalysis and engineering. Regression analysis is the classic statistical
tool employed to empirically estimate models in situations where physical or deterministic formulations of a process are too
expensive to implement or too difficult to define. For some time now, however, it has been known that many spatial
processes are inherently continuous, and that therc are some seemingly unsurpassable limitations in data collection and
coding. Spatial processes such as interaction, exchange and transfer, dispersion, and diffusion, as well as many data handling

limitations, are often directly unobservable, but constitute the cause underlying spatial effects observable from the data. These
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effects include the issues of scale and rezoning, edge effects and the definition of a pattern of interactions. In this thesis we
concentrate on three of the most important and tractable of them, namely spatial association (spatial patterns of similarity or
dissimilarity), spatial heterogeneity (lack of uniformity or structural instability) and spatial nonstationarity (spatial parametric
instability or variation). An important characteristic of these effects is that they invalidate many standard statistical results,
most prominently because they violate crucial independence assumptions. As a direct consequence, ordinary regression

models that ignore them can no longer be considered to be adequate tools when applied to spatial data.

Using empirical case studies, we investigate, in a progressive fashion, the three aforementioned effects, their consequences
for modeling, alternative modeling techniques that explicitly consider theﬁ, and their interpretation. To accomplish this, a
basic spatial econometric framework is adopted for this study, which we proceed to expand in a number of ways to suit our
necessity for models of joint effects, and to address some relevant inferential questions about the models. To better
demonstrate the use of the methods that we introduce, we undertake two relevant empirical examples, one taken from
environmental science, and one from transportation planning. The first case study is concerned with the description and
explanation of the urban heat istand phenomenon, and helps us demonstrate a situation where spatial association is present.
Three subsequent case studies thread on the topic of urban land price determination and modeling in the presence of spatial
effects. All the case studies use Sendai City’s data set, which turns out to be an ideal example, because it can be used, at every
stage, to show the limitations of partial analysis frameworks, in other words those ignoring some, or all, spatial effects. The

case studies also hold empirical relevance, not the least because they deal with important and actual issues in planning.

The structure of the study is as follows: In the first chapter we introduce the rationale of the study and briefly review the
contents of the thesis to provide the reader with a basic overview of the structure of our work. Next, in chapter 2, we start
preparing the ground to begin the study. In this chapter, we discuss some preliminary topics regarding the basic tools that
serve as the starting line for our contribution. In this chapter, for instance, we review the literature and present the existing
methods, models and statistics that have been so far proposed. We basically concentrate on two statistics of spatial association,
and the econometric model of spatial association and heterogeneity. Some of these tools we use, but in general we try to
expand and alter them in later chapters to satisty our need for specialized analytical tools. We also set the scope of the thesis
discussing spatial effects in general, the three effects that we cover here, and others important effects, that nonetheless lay

beyond the scope of the present study for practical reasons.

We start our study proper in chapter 3, addressing the topic of spatial association, defined as a degree of similarity or
dissimilarity among spatially related observations. In this chapter we introduce the basic model of spatial association and
apply it to the problem of the urban heat island in Sendai City. The urban heat island is caused by a heat exchange differential

between the city and the surrounding countryside. As such, it has very distinctive spatial characteristics that, as we show,

— 110 —



induce spatial association issues into the modeling process. We first estimate a regular non-spatial model, and then apply a
Spatially autoregressive specification, that is, a model of association of the objective variable, and show with this example the
consequences of ignoring spatial association and effects in general. Given the number of recent applications of regression to

study the heat island effect, the relevance of this issue in an empirical context is brought into the limelight.

In chapter 4, we approach the issue of spatial heterogeneity, which can be roughly defined as the existence of structural
differences in the behavior of the process, meaning that it can be described differently at different locations within the study
area. The switching regression modeling methodology used to model heterogeneity is introduced and expanded to obtain a
specification that involves a spatial autoregressive element and structural parametric instability. Although this is not a
standard form of the model, we derive from the basic framework the expressions (i.e. likelihood function, first and second
order conditions) needed to estimate and test a model of land prices. In this way we effectively incorporate association and
heterogeneity as part of the analysis. Moreover, we show how a local statistic of spatial association can be used to explore the
issue of spatial heterogeneity in the data and to detect different spatial regimes. Taking as a case study land price
determination in Sendai Cily, analysis of the data and preliminary model estimation show that, in addition to spatial
association, the topic of chapter 3, there are strong indications of spatial heterogeneity. In this fashion we investigate the
spatial structure of a city and calculate the implicit price of environmental characteristics, and show empirically how some
measures frequently thought to neutralize spatial effects fail at times. In addition, drawing from the economic theory of
externalities, we provide a justification for the use of a spatially autoregressive model to represent spatial spillovers in the

land market.

In chapter 5 we explore the concept of spatial nonstationarity, defined as complex spatial variation in the description of a
process, extending the example of spatial spillovers initiated in chapter 4. It is noted that the framework used therein is of
limited help when it comes to the study of the geographically detailed characteristics of the model. In this section, we estimate
a spatial econometric model of land prices, applying the technique of Geographically Weighted Regression (GWR), used to
obtain spatially localized estimates of model parameters. The objective is to compare the spatial distribution of spillovers and
other variable parameters to that of public transportation infrastructure provision, in particular rail systems. The case study
shows that considerable parameter variation over space exists, sustaining the hypothesis of spatial nonstationarity. In an
empirical vein, we show that spatial spillover effects are, on average, more favorable where transportation infrastructure
exists, and reveal in a characteristic finding by this method, some interesting aspects relating the structure of the city, as
shown by the rest of the variables’ spatial distribution of the parametric. The existing methodological framework, however,

does not provide the elements to conduct inference and to test the model against misspecification.

To overcome the above limitation, in chapter 6 we present a maximum likelihood-based framework (ML) for estimation and
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inference of a general Geographically Weighted Regression model. The framework generalizes the model of spatial processes,
and covers simple linear models, by now well developed based on an ordinary least squares approach (OLS), as well a5
spatially autoregressive and spatial dependence in error terms models. Additionally, it extends the existing analytica|
formulation to enable statistical inference of the general model, and to test it against several forms of misspecification. In thig
way, any local model can be tested against spatial error autocorrelation and omission of a spatial lag (autoregressive structure),
something that was not possible under the previously available modeling framework. Finally, in this chapter the fundamenta)
relationship between spatial heterogeneity and nonstationarity is explored. We cxemplify these new techniques in ap
application using data from Sendai City’s CBD. The example confirms the correspondence between ML and OLS estimators

and shows how the Tocal models can be diagnosed for the presence of other spatial effects

Finally, in chapter 7 we summarize the study and offer some conclusions and recommendations for further study. It should be
noted that the structure of the thesis reflects the chronological development of the research reported here. More importantly,
we move from a basic modeling technique such as a spatial autoregression, to higher levels of complexity, involving
heterogeneity and nonstationarity in models of joint effects. In this sense, we have taken a progressive approach that also
mimics some recent developments in the field. In effect, the topic of spatial association (autocorrelation) was among the first
to be noticed by spatial analysts, while spatial nonstationarity has very recently been the subject of renewed interest with the

introduction of the Geographically Weighted Regression method.

Contributions by this study are methodological and empirical. In terms of methodology, the basic statistical framework is
adapted and extended to fit the characteristics of the problems studied. In this way, a spatially switching regression, and a
GWR version of the same model are obtained to tackle the problems raised by the particular characteristics of the case studies
at hand. Also, the elements needed to conduct inference and misspecification tests of these models are derived. Moreover, the
basic spatial statistical model that considers spatial association and heterogeneity is expanded, to obtain a general model that
covers as special cases the models of association, heterogeneity and nonstationarity discussed above. In an empirical vein, we
apply these tools to two relevant problems in planning and environmental studies, to show how richer insights can be thus
obtained. At a time when spatial statistics is sometimes perceived as a set of techniques in search of a problem, we show how
some prototypical problems can be analyzed to yield, at the very least, better empirical results. In some cases we even find a
teaser for a conceptual reappraisal of the underlying theory given the new light offered by fresh evidence. This is the case, we
believe, with the interpretation of a spatial autoregressive model as a representation of economic spillovers. Moreover, in
terms of empirical applications, those concerning geographically detailed data and analysis that we present in chapters 5 and 6
are among the first of their kind to be advanced. In this way, we hope to have contributed to demonstrate the value and the

relevance of the proposed techniques in the applied statistical analysis of geographically detailed data.

- 112 —



A S DR DR

ZEMI T — & & RO IR D HEHIBMA R 503, BT — & 085, 37 DIEA S O BRI/ IS
< ZERMMFRATRPAT 2 FHECE U T, HERIEERRY 2B 0 AN E T, (FRINIERES S Q-
7o 2T AWIZEUIIRW T, ZEHRDRICET DB EONISAR 5 F 2. 2SI (spatial association) |
ZEMEE M (spatial heterogeneity) & U CZERIFEESM: (spatial non-stationarity) Z&FH LT, ZN608hE
FHRINCEBET S Z 0L Y|, IEROEIRSINIET DT IUERN BRI ET D FIELHR L,
AL, ZOMFYRBICONWTELED-LOTHY, 2L T7ELY D,

H1EIFRTHY . KON Bl L OB AR TWS,
%2 BT, BEIZE W TR L, KIIZEORRE L LT 5,

93BT, ZEHBEhEE, b s, LT — & TRIOALENZ B U 8PSV E D > T
Wa, TOHEE LTL, BWERBIERDED~OFBEWIRINCER L ACERET VAR L., I
Gfioe—hr7 A 5 FBIGRA~OEMAim LT, BEDZeiiy, 8 olEomEs it Uiz,

A BT, ZSEIREN:, b h, BRI T A— 2 —OABICER U R — s T, 28
MBEE DS AR X HIZHER ST, MBS B CEVRE 7V 4 AV CoemBhe: & R & RN -2
ADETTIWVEREL TD, T LT, IBhoOMifiadni@mi-ds 2 ik b GEROENR i
Toholo, WIHDORENSHETDETAMNLILO THERTE D L &R LT,

5 ETIL, X OICEMPEERIEABIN LBV OMRE T, REIEER ML, BREF T
A= —OWEZ L OEEWEE R L TR REAREMNMERICFET S &0 ) B CEMREM O
(h& bz b, ZEREE, BE, 2 U CEEEELRIT A0, bl MEEARIFOITET
v (GWR: Geographically Weighted Regression) ZBA%E LT3, #i&E &R L AETHOHMTHICAET
WERBEA LI 25, EEEOHRO BB U CROREEN L0 BUVFTOFNKRE WD Ll ZorE
MEH ST,

HewETHE, ULt F DT, — B RAEGRAEE L, tREFELELL TN D, Z0FE
SO LY | BERIRAERETH - 7. REIA 7L o2 R AR B e =R o L ¢
DOMENTIREL IpoTn, BT, ZOEMECHSWT, WWETOMRICEAT 2 2 i L DR LT,

FTEAMREE LD TNE,

LI B3 A AT, BT OFEM e T — & M I8 T, fEsEiERIAC IR Y M EN T E TR
&0, BN F OISR AT EE T DR e T AR BERAIOEL L, £, FofEE
BIOSETFIUREICEST AR RE BB LTI R Ui, 510, EROBEALZBEL T, ZOHE
MR & UTOEMEOIEN . BT ESOMINZEET 2182 R LT,

LT, ARSI (I5) OFUERTE LTHE LR D,

— 113 -



