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ABSTRACT

This thesis explores a new way of visualizing spatial autocorrelation in a GIS
environment. It explores some relationships between spatial autocorrelation models,
spatial interaction models and weighted Vororoi diagrams. Since the weighted Voronoi
diagram is equivalent to a form of spatial interaction models, any GIS with the ability to
generate a gravity model can be utilized to perform this new technique of exploratory
spatial data analysis. This thesis demonstrates how the cross product form of spatial
autocorrelation models like the Geary and the Moran statistics is equivalent to the form of
a multiplicatively weighted distance utilized in the definition of weighted Voronoi
diagrams. A transformation of the multiplicatively weighted distance into a representation
of the Geary or the Moran statistic can be used to generate different weighted Yoronoi
diagrams. Since such a representation incorporates the spatial variation of data points and
the spatial variation of the attribute values assigned to the data points, it provides a more
appropriate visual representation than do existing representations that only operate on the
spatial distribution of the data points. Data sets with a known degree of spatial
autocorrelation are created with a simultaneous autoregressive model. The behaviour of
the visual representations of the Geary and the Moran statistics for spatial autocorrelation

varying from a high positive to a high negative degree is examined.
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distances of which from two given points is a fixed number; the locus of
the apexes of all triangles on a given base the other two sides of which are
in a fixed proportion. It is a circle the diametral points of which on the
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1. Introduction

1.1 Spatial Analysis and GIS

The developments in information and computer sciences have changed the face of
many disciplines. The introduction of specially developed computer hard- and soft-ware
for geography and geographical analysis modified the area of spatial data analysis (SDA).
The automatization of calculations and the ability to graphically display spatial data and its
properties with the help of desktop computers and workstations made SDA more
accessible. In particular, the introduction of Geographical Information Systems (GIS)
created a boom in this field. A current issue in geography is to generate a stronger link
between SDA and GIS. Openshaw (1990) expresses the view that SDA technology in GIS
today is extremely limited and he identifies a "need for developing more relevant and
appropriate spatial analysis technology for inclusion in tomorrow's GIS". This need is
currently being addressed as indicated by the many articles, workshops, research

initiatives and specialized conferences focusing on the issue.

Half of the research initiatives of the US National Center for Geographic
Information and Analysis, INCGIA, Santa Barbara, Buffalo, Maine) concentrated on

topics related to the integration of GIS and SDA ( Table 1).



Table 1: US NCGIA research initiatives 1987-92

1987 1* Accuracy of Spatial Databases
2 Language of Spatial Relations
3 Multiple Representations

Use and Value of Geographic Information
in Decision Making

5 Architectures of Very Large GIS Databases
6* Spatial Decision Support Systems
1988 T* Visualization of Spatial Data Quality
8 Expert Systems for Cartographic Design
9 Institutions Sharing Spatial Information
10* Temporal Relations in GIS
11* Space-Time Statistical Models in GIS
12* Remote Sensing and GIS
Source: NCGIA,; adapted from Openshaw (1990)

* topic related to the integration of GIS and SDA

At a workshop on Spatial Analysis for GIS organized by R. Haining, Department
of Geography, Sheffield, UK, Goodchild et al. (1992), defined SDA as "a set of
techniques devised to support a spatial perspective on data”. By utilizing the locations and
the attributes of objects and combining them in an analysis, SDA is distinct from other
forms of analysis that focus only on the attribute values of objects. The incorporation of
SDA in GIS will enhance the abilitics of GIS to a higher degree and allow more efficient
data storage and retrieval for SDA. A main improvement is clearly the enhancement in the
area of visualization for the evaluation of models and for preliminary and exploratory data
analysis, where the data can be viewed in its arrangement in the geographical space. The
potential role of GIS in the context of SDA is often compared to the invention of the

microscope and telescope to science (Goodchild et al., 1992).



Researchers in the field of SDA and GIS (Anselin and Getis 1991; Goodchild et al.
1992) agree that there is a strong need for the improvement of GIS abilities to incorporate
more spatial statistical techniques to the spatial analysis capabilities. The GIS community
seems to agree that GIS is currently not used to its full potential and realizes that there is

room for improvement. Openshaw describes the situation as follows:

"Such Systems are basically concerned with describing the Earth's
surface rather than anaiyzing it. Or if you prefer, traditional 19th-
century geography reinvented and clothed in 20th-century digital

technology." (Openshaw 1987, p.431)

Clearly, GIS is a new technology with a high potential for SDA, which is up to
now mainly used for simple forms of analysis like, for example, the overlay of different
map layers and as a sophisticated data storage and retrieval system for spatially referenced
data. GIS is often utilized as a tool for computer cartography and as such, stays below its
capabilities. Anselin and Getis (1991) exclude only two commercially available GIS from
these kinds of GIS systems. IDRISI, a spatial analysis system developed at Clark
University, and SPANS, an advanced spatial analysis system by Tydac. The new version of
ARC/INFO 6, by ESRI, shows improvement in its ability to perform more sophisticated
SDA. There are also projects underway to generate a link between ARC/INFO and a
statistics package. Goodchild et al. (1992) describe the reality of commercially available

GIS today as:

"A database containing a discrete representation of geographical
reality in the form of static two-dimensional geometrical objects and
associated attributes, with a functionality largely limited to primitive
geometrical operations to create new objects or to compute
relationships between objects, and to simple query and summary
descriptions."(Goodchild et al., 1992, p.408)



They further point out, that the GIS market is driven by the needs of governmental
agencies and big companies for GIS modules for data management and storage. The
academic and scientific need for analytical tools in a GIS to enhance the data analysis
capabilities are commercially not lucrative for big GIS vendors. Analytical tools for GIS
have been mainly created in the academic world to fulfill its own needs. GRASS, a GIS
developed by the US Army Corps of Engineers, gives a good example of this. Because of
its public domain status and the free availability of the source code, it is widely distributed
in the academic world. Many scientists created customized modules to perform different
types of analysis and linked them to the GRASS system. Another example of this is
IDRISI. It consists mainly of independent modules, created by different researchers, that
are linked via a joined data structure and menu system. A different approach, from the
SDA side, is SPACESTAT. It is a system of SDA modules written in GAUSS and
provided with mapping capabilities, that was developed by Luc Anselin (1990) and is
available from the NCGIA (S-92-1). Possible other ways of increasing the analytical
abilities in GIS could be the linkage to already existing statistics packages. Openshaw
(1990) rejects this and proposes a different course of action:

"Attention needs to be focused on defining a small set of generic
spatial analysis functions that can be built-in as standard GIS
operations and, also, define another set of analysis tools that would

seek to provide new analytical functions which are only possible
within a GIS environment." (Openshaw, 1990, p.155)

This thesis makes use of theoretically already existing analytical capabilities in a
GIS, modifying them and providing an appropriate interpretatior. in a SDA context, and

thus, follows an approach favored by Openshaw and others.



1.2 Visualizing Spatial Autocorrelation

SDA can theoretically be divided into exploratory data analysis (EDA) and
confirmatory data analysis (CDA). Two classes of statistical methods can be utilized in

EDA, dealing with the initial exploration, sampling, assessment and rectification of spatial

data.

Fig. 1: Spatial data analysis.
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EDA can further be divided into two classes. The first class operates on locational
data only. It is concerned with the analysis of the spatial distribution of the objects.
Examples are point pattern analysis or nearest neighbour analysis. The second class
operates on locational and attribute data of objects at the same time. Its focus is on the
spatial variation of attribute values.

The visualization technique described in this thesis is part of the group of
descriptive statistics in EDA that operate on the spatial variation of the data and can be
used as a preliminary analysis of the spatial autocorrelation structure in a point data set. It
is an example of an intuitive technique for exploring data in a spatial context. Goodchild et
al. (1992, p.411) assume that, "the key to integrating GIS and SDA may lie in an
emphasis, at [east initially, on the more intuitive, exploratory techniques in the SDA tool

kit".

The investigation of the organization and structuring of phenomena in space is one
of the central themes in geography (Morrili, 1983). Tobler's First Law of Gecgraphy
(Tobler, 1970 p.236; 1979) states that, "everything is related to everything else, but near
things are more related than distant things”, thus it is not appropriate to analyze spatial
data in the same way as data without a spatial component is treated. A visual
representation of the interdependencies between the objects in a data set helps in the
identification of the structure in a spatial data set. It can enhance the understanding of the
spatial autocorrelation in the sample structure better than an overall index for the complete
data set. For example the preliminary identification of different autocorrelative structures
in a study area can lead to the identification of possible subsets for further analysis in
separated subareas.

An interpretation of weighted Voronoi diagrams as a form of a spatial
autocorrelation measurement can be used as an improvement of the preliminary

descriptive statistics for spatial data. The technique described in this thesis allows a visual
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representation of spatial autocorrelation measurements by utilizing the concept of
multiplicatively weighted Voronoi diagrams. It also explores the link between the concepts
of spatial association, spatial interaction and spatial autocorrelation. Many GIS have the
ability to generate gravity models and thus can be utilized to generate the visualization
technique described here. Spatial interaction models can function, under certain conditions
described in the following chapters, as a substitute for the construction of multiplicatively
weighted Voronci diagrams. With an appropriate interpretation nethod they can be used
to identify spatial autocorrelation structures in data sets. This visualization technique is an
example of the successful integration of SDA in a GIS, by modifying and utilizing one of
many GIS already existent capabilities and providing a new interpretation for its results.

The outcome is an enhancement in the analytical capabilities of the GIS environment.

Visualization of spatial autocorrelation in point data sets has up to now been done
by generating the normal planar Voronoi diagrams for the set of data points and then

creating a choropleth map displaying the attribute values of the spatial objects in different

classes (Goodchild, 1986, p.18). For a set of n distinct points P ={p,,..., p,} in R? (two-
dimensional space) the location of each point p; is defined by x, = (x, 15X, 2) (Boots,
1993). The interval-ratio scale value at data site p; is denoted with w;. In this thesis w;is a
single attribute but it could also be a vector combining different attributes at data site p;. A
way to identify a measure of spatial association between all data points is accomplished by
defining the Voronoi diagram of P, as a point to area interpolation. The resulting areal
pattern displays the connectivity between the regions. It is now possible to generate a
choropleth map to display the attribute values w;. An example for this technique is
displayed in Figures 2 and 3, for the case of a positive spatial autocorrelation, and in

Figures 4 and 5, for negative spatial autocorrelation (Fig. 2 to 5; Boots, 1993),

e
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This technique does not incorporate the interactions between attribute values into
the generated areas. The spatial component is only based on the location of the data points
in the study area. The influences of the attribute values attached to the data points are not
incorporated in the assignment of the areas representing them. Regardless of their attribute
values, all data points are treated as equal. The spatial associations for the two data sets
displayed in Fig. 3. and Fig. 5. are the same, even though the data set have opposing

degrees of spatial autocorrelation (Boots, 1993).

This study proposes a different way of incorporating the locations and the attribute
values of the spatial objects into the assignment of the areal representation by means of the
weighted Voronoi diagram. It thereby exceeds the limitation of the formerly used method,

and maintains the ability to display the attribute values of the data points in a choropleth

map.



Fig. 2. Regular triangular grid with positive spatial autocorrelation.
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Fig. 4. Regular triangular grid with negative spatial autocorrelation.
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1.3 Organization and Limitations of the Study

This thesis can be divided into two conceptual parts. The first part contains the
technical aspects of the project, the incorporation of a SDA technique into a GIS
environment. It includes the creation of a GIS module for the generation of
muitiplicatively weighted Voronoi diagrams, that allows for a modification of the attribute
values assigned to the data points, so that they might be interpreted in a spatial
autocorrelation context. This program then has to be interfaced with a GIS packzage. The
GIS chosen was IDRISI Version 4.0, from Clark University, Worcester, Massachusetts,
USA. The reasoning behind this decision was the relatively easily accessible data structure
of IDRIS], its wide distribution in the academic world, its accessibility and low price. A
FORTRAN771 program, based on an algorithm by Gambini (1965), was developed and
linked to the IDRISI Version 4 module structure. The implemented modifications allow
changes to the attribute values of the data points in a way that they represent a form of
weights for the spatial association in the data set. These weights can be altered to
represent 2 Moran or a Geary spatial autocorrelation statistic as will be demonstrated in
Chapter 3.

The program has two forms of data input. The first is in the form of an ASCIJ2
table, consisting of an identification number for the data point, the X- and Y-coordinates
and an attribute value for the data point. The second possibility for data input is the
utilization of vector point and attribute values files in the IDRISI file structure. In the first
case the program generates all files needed for the IDRISI structure so that a further
analysis of the data set utilizing the other IDRISI modules is possible. As with all

interpolation programs, the calculation time needed by this program increases dramatically

!The program is written in standard FORTRAN77 and was compilzd with a MicrosofR FORTRAN 5.0
compiler.
2American Standard Code for Information Interchange.
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for an increase in the number of points and the precision of the calculation. An alternative
method for the generation of weighted Voronoi Diagrams can be found in any GIS with
the ability to generate a gravity mode! and a way to modify the attribute values of the data
points. The second, more substantial part of the study, is the description of the theoretical
background of the proposed technique and the development of a valid interpretation

method.

This study is limited to give a first insight into a new way of EDA. It is aimed to
give a qualitative visual impression of the Moran and Geary statistics for spatial
autocorrelation. This first approach is limited to a relatively small sample size of 49 points
arranged in a regular triangular grid. As will be demonstrated spatial autocorrelation
measurements in a cross-product form, spatial interaction modeis and weighted Voronoi
diagrams can all be expressed in a similar form. Thus, the proposed technique allows for
the identification of the underlying structure of spatial autocorrelation in a point data set,
its different magnitudes and directions, by visualizing weighted Voronoi Diagrams. This
visual analysis is aimed to enhance the EDA functions in a GIS environment. The
identification of autocorrelated structures in a data set prevents possible inappropriate
conclusions about the data structure, that might lead to a misuse of spatial analysis
techniques.

This technique should be used in connection with other preliminary SDA
techniques like box plots or the detection of outliers in the data set (Haining 1990,
Chapter 6). It can not replace thorough investigation of the data, its distribution in values
and in space, but it will enhance the understanding of the predominant spatial structure in

a geographical data set.
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1.4 Outline

In the second part of the thesis an introduction to the concepts of spatial
autocorrelation, spatial interaction models and Voronoi diagrams is provided. Chapter 3
examines the relationships among the three fields and introduces the theoretical
background behind the new proposed technique. The main focus in that section is on the
exploration of the cross-product form of most spatial autocorrelation measurements
(especially Geary's ¢ and Moran's I statistics) and the multiplicatively weighted form of the
planar Voronoi diagram, Chapter 4 describes the simulation of autocorrelated data sets
with a simultaneous autoregressive method. Chapter 5 discusses the results of the
visualization for autoregressive structures ranging from positive to negative spatial

autocorrelation.
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2. Concepts

2.1 Spatial Autocorrelation

2.1.1 Introduction

Spatial autocorrelation is a measure of the spatial variation of attribute values in a
spatial data set. It describes whether there is an interdependency in the spatial arrangement
of attribute values of objects or if the realizations are independent of their locations in the
geographical space. It identifies if the resulting pattern of the realizations is random, or
whether there is a clustering of values with similar magnitude or a clustering of values

with opposing magnitude.

The concept of spatial autecorrelation is an important and active field of
geographical research. Odland (1988) identifies spatial autocorrelation as "the central
theme that unifies geography as a discipline and distinguishes it from other fields of study".
Goodchild (1986, p.3) defines spatial autocorrelation as the "degree to which objects or
activities at some place on the earth surface are similar to other objects located nearby"

Spatial autocorrelation can either be defined as positive, if spatially close entities
are positively related {attraction), and negative if spatially close entities have a reverse
relation (repulsion). The absence of spatial autocorrelation implies the spatial
independence of the data. The first case, of positive spatial autocorrelation, is the most

often found in spatial data sets (Goodchild, 1986). This fact supports Tobler's first law of

geography.
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Spatial autocorrelation in a data set can lead to complex problems in geographical
analysis. Haining (1980) describes problems that can be encountered in an analysis due to
spatial autocorrelation. As an example of the impact of spatial autocoirelation in
techniques that utilize correlation matrices, he states (p.24) that " ...all statistical
procedures such as factor analysis and principal component, that use correlation matrices
must be subject to the same inaccuracy and problem of interpretation.". He describes
consequences arising out of positive spatial autocorrelation in a regression analysis as
(p.25) "The estimate of residual variance will be too small, so that the squared correlation
coefficient (R?) is inflated".

Anselin and Getis (1991) focus on two other problems related to spatial
autocorrelation. The first is the expectation that the relations between observations that
are near to each other, are stronger than that between observations further apart. The
second, and in their view more difficult to handle, is that because of size and configuration
of the spatial units the relationships between the variables are due as much to the nature of
the units as to the nature of the variables itself.

Out of these problems originates the need to test for the absence or presence of
spatial autocorrelation and to quantify its degree of interaction between the attribute
values of objects in a data set due to their relative locations. The importance of spatial
autocorrelation in a data set, due to the analytical difficuities implied, show clearly the
need for spatial descriptive statistics quantifying the degree of autocorrelation in the data
The next section introduces the most common ways to test for spatial autocorrelation and

to how to quantify its degree.
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2.1.2 Spatial Autocorrelation Statistics

The area of spatial analysis that investigates the phenomenon of spatial
autocorrelation is an active field of geographical research. New ways of describing and
quantifying the degree of spatial autocorrelation in data sets are presently examined (Getis
1991, Getis and Ord 1992, [the introduction of the G statistic]; Boots 1993). Odland

(1988, p.9) summarizes the role of spatial autocorrelation statistics:

Autocorreliation statistics are basic descriptive statistics for any data
that are ordered in a sequence because they provide basic information
about ordering of the data that is not available from other descriptive
statistics such as the mean and variance.

In general the test for spatial autocorrelation assumes spatial independence in the
data set {null hypothesis; H,). The alternative hypothesis (H,) is that there is an
interdependence of the attribute values in a data set due to their spatial locations. The
most common measures in geographical analysis are Moran's I and Geary's ¢, different
forms of a general cross product statistic. Ways to define, test for and calculate spatial
autocorrelation statistics are described in: Cliff and Ord (1973; 1981), Goodchild (1986),
Griffith (1987), Odland (1988), Haining (1990), Getis (1991) and Getis and Ord (1992).

The Join Count Statistic

The join-count statistic describes the simplest case of a spatial autocorrelation test
for nominal data in a binary classification scheme of black and white cells. Positive spatial
autocorrelation is given if cells of the same kind cluster together on the map. The numbers
of BB and WW joins are large relative to the number of BW joins. Respectively, negative
spatial autocorrelation is given if the map displays an alternation of cells with different

values. The number of BB and WW join is, in this case, small relative to the number of
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BW joins. Figure 6 displays clustered, random and alternating patterns for a binary

classification scheme of black and white cells.

Fig. 6. Clustered, random and alternating patterns.

.;y '

Black White
Joins Joins Joins
BB 13 BB 5 BB 0
WW 13 WW 6 wWW 0
BW 5 BW 20 BW 31

Let
y, =1 iftheith countyis B
= if the ith county is W
8, = if i and j are contiguous and i = j
= otherwise .

Observed count of joins:
_1
BB _—2—2(2)5'7 i y}'
1 2
WW =A-(BB+BW)

where A = %Z 6; . thetotal number of joins in the county system

fori=j, and

Z(:) =Z>; '
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This statistic can be generalized from the binary to an unordered k-colour (k > 2)
situation (Dacey, 1965). Another form of generalization can be performed by modifying
the proximity matrix to alconnectivity or contiguity matrix H= {hu } It is now possible to
define the connectivity or contiguity on different scales. A first lag situation defines only
the links of immediate neighbours as 1 and all other links as 0.

h, =1 for iand j contiguous

=0 otherwise .

In a second lag situation the links between the immediate neighbours, one cell

apart, are assigned A, =0, and only the links to objects two cells apart are assigned

h; = 1. The form of the connectivity reflects the structure of interdependence in the data

set that is assumed in the alternative hypothesis.

The Geary Index: ¢

Geary's c is a spatial autocorrelation statistic for ordinal and interval scale data. It
can be defined as the sum of squared differences between pairs of data values as a measure
of covariance (Odland, 1988, p.11).

There are two models for the null hypothesis (H,) for the Geary and the Moran
statistics. The first is the assumption of normality (N), that the {w,} are the result of n
independent drawings from a normally distributed population. The second is the
assumption of randomization (R). It states, that whatever the underlying distribution of the
population, the observed value of the Geary (c) or Moran (J) statistic has to be considered
relative to the set of all possible n! values that ¢ or I could take on, if the {w;}were

repeatedly randomly permuted around the county system (Cliff and Ord, 1981, p.14).
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Geary's ¢ is asymptotically normally distributed for » approaching infinity (Cliff

and Ord, 1981) and can be calculated as

for (i # j) (2.1.1)

where 7= number of observations
H= th,} , denoting the spatial connectivity

z, =(w, -W)
.

n

w=

For a clustered situation, the sum of the squared differences over all contiguous
pairs would be small relative to a random pattern. This case describes positive spatial
autocorrelation. Negative spatial autocorrelation is described by an alternating pattern

where the sum of the squared differences over all contiguous pairs would be large relative

to a random pattern.

The expected value for ¢ under the two assumptions is defined as:
Ey(c) = Ez(c) =1

where N = under normalisation
R = under randomization .

19

o e s b bt ik Bt 0



The variance of ¢ under the two assumptions is defined as:

Var (c)=[(231+52)(n—1)_4,,2]
! 2(:1-*-1)1-12

[(n-l)sl {x -3n+3—(n—l)bz}%(n-l)sz{nz +3n-6-(n2 -n+2)b2}H2{n2 -3=(n=1)%b, }]

\Y/ =
g <) n(n-2)% H2

XA
(Z2)
&:%meﬂ@f

S, =3(h +h)

andh, =3 h,
J

where b, =

Interpretation of Geary's c:
- Positive spatial autocorrelation is defined for the case that ¢ < E(¢) =1 .

- Negative spatial autocorrelation is given when c is bigger than 1 (c - E(c)= l) :

- if ¢ equals the expected value the entities are independent and not spatially

autocorrelated.

The Moran Index: I

Moran's I is a second measure for spatial autocorrelation for ordinal and interval

scale data. It can be defined as a spatial autocovariation standardized by two terms.
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NraE
5 _Z_H__’__’_ (2.1.2)

1= 3
H zz

All symbols as defined in equation (2.1.1).

This represents essentially a Pearson correlation coefficient combined with a spatial
connectivity or corntiguity matrix as a measure of the spatial connectivity for the set of
regions. In the situation of positive spatial autocorrelation, denoted by a spatial clustering
of similar attribute values in the data set, the cross-product z, z, will be positive. For an
alternating pattern the cross-product will be negative. In the Moran statistic i and j are
indirectly compared through the mean. In the Geary statistic i and j are being directly
compared. Cliff and Ord (1981) state that the model is asymptotically normally distributed

for an increasing number of observations.

The expected value for I:

where £, (1) = expected value of I under normalisation

Eg (1) = expected value of I under randomization.

The expected value E(I) approaches zero for n approaching infinity. The variance

of I under the assumptions of normalization and randomization is defined as:

(n*S, - nS, +3H?)
H(n® -1)- 4

Var, (1) =

[n{(n2 -3n+3)S, -nS, +3H2}—-b2 {(n2 —n)$, - 2nS, +6H2}]

VarR(1)= (Il'—l)st _#2 )

All symbols as defined for the variance for c.
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Interpretation of I:

- Positive spatial autocorrelation is defined for the case that [ > £ (7). Which

means that the neighbouring values are similar.

- Negattve spatial autocorrelation is defined by 7 < £ (I). The neighboring values

are dissimilar and the relation between the spatial entities is inverse.

-if I=E(I), the entities are spatially independent, random and uncorrelated.

The spatial autocorrelation equals zero.

Goodchild (1986) states that for a small sample size Geary's ¢ is the more
appropriate measure of spatial independence because a value of zero for the Moran
statistic is not equivalent with spatial independence. Both scales have no fixed extreme
points. The asymmetrical behaviour of the Geary statistic can make the interpretation of

the results more complicated than in the case of the Moran statistic.

The General Cross-Product Statistic

The previously described spatial autocorrelation statistics are special cases of a

more general form, the cross-product statistic. It can be defined by:
r=2.60, (2.1.3)

a measure of spatial proximity of locations i and j

where C,J

G

, = ameasure of the proximity of i and j in terms of variate values .
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The problem of measuring spatial autocorrelation can be described as the
comparison of the two matrices C = {CU} and G = {G,-j } In both the Geary and the

Moran statistics, C, =4, . For Geary's ¢, the G, = (w, —-W, )2 and for the Moran's I, the

G, =(w, - W)(w - W). The measure for the spatial proximity C is not limited to a binary :

form where the connection to a natural neighbour is denoted a one and all other
connections zero. The inverse of the Euclidean distance between the data points or other

measures of proximity, like the Manhattan metric or a measurement for the cognitive

perception of space could be utilized.

Other methods to determine spatial autocorrelation are:
Getis' new G statistic (Getis, 1991; 1992), for the detection of localized changes in the
autocorrelation structure; the semi-variance; variograms (a plot of the semi-variance
against the lag or distance), correlograms (the autocorrelation at different spatial lags
plotted against the lag). Detailed descriptions of these techniques can be found in: CIiff

and Ord, 1981; Davis 1986; and Odland, 1988.

2.2 Spatial Interaction Models

N7

Spatial interaction models or gravity models are more commonly used in
geography than weighted Voronoi diagrams. A short definition of their properties will be
given in this section.

In a geographical context, gravity models are mainty used in market area analysis,
the cstimation of migration movements and the forecasting of traffic. They describe the

attraction of places in the geographical space and have their analogy in physics, where

AGa RN -
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they are used to describe the interaction of the forces between objects.

The Newtonian Model (Newton's Law of Universal Gravitation, 1687):

- GMM,
d,

where I = the force with which mass one, M, pulis mass two, M,
G = gravitational constant (6.67259E-11 Nm?kg?)

d,, = the distance between the two masses M, and M, .

Haggett et al.(1977, p.30ff) trace the first use of the Newtonian model in the
social sciences to the English demographer E.G.Ravenstein in the 1880s. Ravenstein
cbserved the trend that workers in England and Wales migrate towards larger cities and
that the volume of this migration decreased with increasing distance between the source
and the destination areas. He translated this observation into a gravitational context
replacing the masses with the populations of the source and destination places and the

gravitational constant G with a constant &, that is used to calibrate the model.

The general form of a gravity model, as used in the context of this study, can be

defined as a set of three vectors

T =1(,b,s) (2.2.1)

i7"y

where T, = the amount of interaction between i and j
due to the relative influence exerted by i on j
o, = vector of origin attributes
b, = vector of destination attributes

s, = vector of segregation attributes..
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The attraction between two places can be identified by

T, = q,a;d;” (a;,a; > 0) (2.2.2)

where a, = attractiveness of point i

a, = attractiveness of point j

d, = distance between i and

a = distance exponent .

The g, and a; in equation (2.2.2) resemble the attribute values w; and w; from

the previous sections. Respectively the potential T; of a centre p, to attract from an

intermediate centre p at the distance d; is defined by (Boots, 1993)

T=ad™. (2.2.3)

The attractiveness of an object in the geographical space can be understood as an
individual weight, or an attribute value, assigned to the location and resembles therefore
the w, used in the spatial autocorrelation context. The distance component with the
Euclidean distance between locations and the exponent o, which is used to calibrate the
model, defines the connectivity between the locations in space and resembles the C used in
equation (2.1.3) for the cross-product statistics for the calcuiation of spatial
autocorrelation. Usually the value of the exponent o is between 1.5 and 2. A high distance
exponent increases the importance of the friction of distance by reducing the expected
level of interaction between centres (Haynes and Fotheringham, 1984). An interpretation
of this in the context of market areas is, that in an undeveloped country the distance
exponent is high, and therefore, distance is a strong hindrance for market activities. In a
developed country the exponent would be low. Due to the sophisticated transportation
system and the good infrastructure, distance is less of a hindrance than in a undeveloped

nation.
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2.3 Voronoi Diagrams

2.3.1 The Ordinary Voronoi Diagram

Voronoi diagrams are a form of spatial tessellations. Based on a set of generator
points, they partition space into a set of non overlapping regions assigned to the generator
points. They can also be seen as a technique for point to area interpolation or to define the
areas of influence of points. The following definitions are limited to the planar Voronoi
diagram. An exhaustive description of the subject can be found in Okabe et al, (1992,
Chapter 2). Definitions of the properties of Voronoi diagram and mathematical proofs,
like the expansion of the concepts to R™, are described there. The terminology and
definitions used in the following sections resemble that of Okabe et al, (1992) and Boots

(1993). The mathematical proofs for the properties described can be found there.

General Concepts

Okabe et al. (1992, p.2) point to the interdisciplinarity of the concept of Voronoi
diagrams or their equivalents and list a variety of disciplines that make use of this form of
spatial tessellation or related concepts like the Delaunay triangulation. The various fields
mentioned are: anthropology, archeology, astronomy, biology, cartography, computational
geometry, crystallography, ecology, forestry, geography, geology, marketing,
metallography, operations research, physics, physiology, statistics and urban and regional
planning. This diversity of scientific disciplines explains the variety of applications and
names associated with the concept. In geography the terms of Voronoi pelygons, Dirichlet

Domains or Thiessen polygons are mainly used.
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Okabe et al., (1992, p.6ff) trace a possible utilization of the concept of Voronoi
diagrams to Descartes and his books “"Le Monde de Mr Descartes, ou le Traité de la
Lunuére”(1644) and to Part IIX of “Principia Philosophiae" (1644), where the disposition
of matter in the solar system is displayed in a Voronoi-like diagram. Boots (1980) also
connects Voronoi diagrams with Descartes. He states that the edges of the Voronoi
diagram are part of the family of Descartes’ Ovals. The works of Dirichlet (1850) and
Voronoi (1908), regarding the distribution of points with integer coordinates that give
minima of the values of a given quadric? form, lead to the connection of their names with
this form of spatial tessellation. For two-dimensional applications in geography and
meteorology the term Thiessen polygons is most widely used. This refers to the work of
Thiessen (1911), utilizing the Voronoi regions as an aid in estimating regional rainfall
averages. An example of a planar ordinary Voronoi diagram for a data set of 8 points is

given in Fig. 7.

Fig. 7. Planar ordinary Voronoi diagram.

3algebraic equation of second degree
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Definitions

A Voronoi diagram represents a spatial tessellation which is defined as the set of

all Voronoi polygons. The polygons describe the dominance regions of a set of points

P={ D; }, where the number of points is 7 (2 < n < «; the generator points) and all points
are distinct (x, = x jfori#j, i,j €I, ={l,...,n}). For an arbitrary point p with

coordinates X = (xl WX, ), the Euclidean distance to pj is defined by

d(p,py=|x=x=/(x - %) +(x,~x,) . (23.1)

The Voronoi polygon of p, contains all locations that are closer or equal distant to

pi than to p,. thus the Voronoi polygon associated with p; is given by

Vip)= {xl Ix— x| < le— xj" forj=i, j eln}. (2.3.2)

The planar ordinary Voronoi diagram of P is defined by

s={¥(p),..V(p)}. (23.3)

The set of loci describing equal distance to generator points defines the boundary
of adjacent polygons. This line can also be defined as the Voronoi edge or the bisector
(the perpendicular bisecting line segment joining two adjacent generator points p, and p,

Lfori#j) and is given by

b(p.p)= {xl [Ix = x,| ="x —x,” }, forj=#i. (2.3.4)

If a location is equidistant from three or more generators, the point is called a

Voronoi vertex. The dominance region of a point p; over a point p; can be defined as
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pom(p, p,)={pld(p.p)<dlp,p,) |, forj=i (2.3.5)

The Voronoi polygon associated with p; can alternatively be defined as

vip)= (\Por{p,p,) (2.3.6)

1600 M1}

which is an equivalent representation to the definition in equation (2.3.2).

2.3.2 The Weighted Voronoi Diagram

A more general form of the Voronoi diagram is the weighted Voronoi diagram.
This thesis concentrates on the special case of a multiplicatively weighted Voronoi
diagram (MW-Voronoi diagram), other weighting schemes are described in Okabe et al
(1992, Chapter 3). As indicated by the literature (Boots, 1980; 1993)), this case is the one
to be considered in the attempt to identify the relationship between spatial association,

spatial interaction models and spatial tessellations.

Fig. 8. Planar multiplicatively weighted Voronoi diagram.
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In the MW-Voronoi diagrams each generator point p; is assigned a weight w,. This
weight w; is equal to the attribute value at point p;, as described in the previous sections
An example for a MW-Voronoi diagram for the same 8 points as in the previous Fig. 7 is

given in Fig. 8.

The multiplicatively weighted distance (MW-distance) between two points can

now be defined as

d.(p,p)=w[x=x, w 0. (2.3.7)
where w, = attribute value or weight at point i

x = location vector of p in "

x, = location vector of p, in R™ .

The dominance region of p; over p; for the multiplicatively weighted case is now

described as the set of locations that satisfy the following condition

Dom (p.p,)={7| dolp.p) <, (p.p))}, Gori=)) (2.3.8)

The multiplicatively weighted Voronoi region can be defined as

Vilp) = GDomw(p.-,p,v), (23.9)

The set of all MW-Voronoi regions , V,,(p;), is called the MW-Voronoi diagram
of P with d,,,(p, p,) and weights I = {w,...,w}. Itis given by

8, ={¥ (), .V (p,)}. (2.3.10)
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The dominance region of p; over p; with the MW-distance can alternatively to

equation (2.3.8) be defined with the weighted distance as the set of locations satisfying the

following equation:

Dom,(p,p;)= {xl w' [x-x,]| <w;t fx-x)| } i#j. (23.11)

The bisector for the MW-Voronoi diagram can now be defined as

w

L)

wS

w? w

1

x-—-

X, —xi"} (2.3.12)

bw(p.,p,)={x

for w, =w;;i#].

Iw}
2 _ 2 e
W =W, ;

This is "the locus of 2 point p satisfying the condition that the distance from p to
the fixed points, w} x, / (w2 -w?)-w?x, /(w,2 —w?), is constant" (Boots, 1993, p.6).
This equation describes a circle in R? that "passes through the interior and exterior
division points (denoted by p,,p;,) of E,E with ratio w;w; and its diameter is given by
—p-,,l_p_,j— " (Okabe et al, 1992, p.130). This circle is known as an Apollonius circle (see
Coxeter, 1961 and Boots 1980), that divides %* into two disjoint regions. Apollonius
circles are members of the family of Descartes' ovals. An Apollonius circle can be defined
as the circle consisting of the locus of points of which the ratio of the distances from two
given points is a fixed number.

The MW-Voronoi diagram is reduce.i to the ordinary Voronoi diagram in the case
when all weights w, are the same constant for all i €] . As in the gravity models it is
possible that the dominance region of the lower weighted generator point is completely

entrapped inside the dominance region of the higher weighted generator point. The

dominance region of the lower weighted point can even completely collapse into the
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generator point itself.

Weighted Voronoi diagrams can be generated with a gravity model. Hanjoul et al.
(1984) declare that this fact was first identified by Thuominen (1949), who established
that if the distance exponent function in a spatial interaction or gravity model equals one,
the resulting area defines an Apollonius circle relative to points p; and p,. The link between
Apollonius circles and their usage for the generation of weighted Voronoi diagrams was
proved by Boots (1980). He confirmed that a gravity model with a distance exponent of
one is equivalent to a MW-Voronoi diagram. Both, the MW-Voronoi diagram and the
gravity model with a distance exponent of one, can be expressed as Apollonius' circles or
as Descartes' ovals.

Furthermore it was identified by Boots (1980) that equation (2.3.12), defining the
bisector in the MW-Voronoi diagram, and equation (2.2.2), defining the breakpoint
between two centres in a gravity model where a, =w, and a, =w, and the distance
exponent a = 1, are equivalent. He also identified that the form of the MW-distance, given
in equation (2.3.1) is identical to the potential T}, of a centre p;, to attract from an
intermediate centre p at distance d(p,p;) as given by equation (2.2.3). Thus the link of
spatial interaction models and MW-Voronoi diagrams was mathematically proved.
Therefore, the interpretations of spatial patterns created as market areas in a gravity model

or as dominance regions of a MW-Voronci diagram are interchangeable.
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3. The Link of Spatial Association and Spatial

Interaction

In the next section the connection between the general cross-product form of a

spatial autocorrelation statistic and the spatial interaction model will be established. As

seen in the previous section, the MW-Voronoi diagram and the gravity model approach

are interchangeable for a distance exponent of one. This property will be used to

demonstrate the connection between the Moran and the Geary statistics, as special forms

of a general cross-product approach, and the visual representation with the MW-Voronoi

diagram with modified weights. Figure 9 gives a schematic overview of the link between

spatial autocorrelation, spatial interaction and spatial association.

Fig. 9: Link between spatial autocorrelation and spatial association.

SPATIAL SPATIAL
AUTOCORRELATION| [INTERACTION

MW-VORONOI
DIAGRAM

N/ N/

GEN. CROSS-PRODUCT MW- VORONOI DISTANCE
GEN. GRAVITY MODEL | |POTENTIAL ATTRACTION

SPATIAL AUTOCORRELATION
MW-VORONOI DIAGRAM
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3.1 Spatial Interaction and Spatial Autocorrelation

The main problem is to identify an appropriate link between spatial autocorrelation
and spatial interaction models. Getis (1991, 1992) suggested a link of spatial interaction
and correlation in a cross-product approach. Boots (1993, p.8) transforms equation

(2.2.2) into a form of the general unconstrained gravity model

T, = kala}d(p,p;)" G.11)

where & = a scalar constant of proportion

Getis (1991) identifies the fact that this form can be considered equivalent to a

cross-product measure as introduced earlier. The d( p.p, )—a in this form resembles a

single ¢;j of equation (2.1.3) (T = > C,G, , where Cyy={cy) and G;; ={g;;}), where c;;

@ v

is a measure of the spatial proximity of the points p; and pj- Respectively, the form a,”aj’
resembles the g;; of equation (2.1.3), where g;; is defined as a measure of the proximity of
the points p; and p; in terms of their attribute values w; and w;. The relationships in
equations (2.1.3) and (3.1.1) are defined between individual pairs of data points.

As shown in the previous section, spatial interaction models can be expressed in an
equivalent form to the MW-Voronoi diagram. With the link between spatial interaction
models and the cross-product form for the measurement of spatial autocorrelation
established, we can consider the MW-distance an equivalent to a measure of spatial
autocorrelation between a pair of data points. Boots (1993) points out, that "the individual

terms contained in the numerators of most spatial autocorrelation models can be
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considered weighted distances”. A basic condition for all the models is that there is no

self-association (i = j). In the next sections the modified forms of the weighted distances

for the Geary and the Moran statistic will be introduced.

3.1.1 The Geary Statistic

As demonstrated in the previous section, the cross-product form of the spatial
autocorrelation measurements is equivalent to a representation in which the individual
regions are defined with MW-distances as described in equation (2.3.1). The term for the
attribute value w; at the data point p;, has to be replaced with a form of a weighted

distance representing the specific spatial autocorrelation model.

Since the Geary and Moran statistics are special forms of the cross-product form it
is possible to establish a direct relation between the Moran and Geary statistics and the

MW.-Voronoi diagram. In the case of a Geary representation, the w, in equation (2.3.7)

can be replaced by w} . By examination of the behaviour of the bisector and the radius and

centre of the Apollonius circle for two data points p; and p;, it was possible to identify a

relationship between the attribute values at the data points and the behaviour of the

bisectors.
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Interpretation for the Behaviour of the Bisector in the Geary Statistic

Under the condition w 2w, 21, 4 a measure of the relationship of point p; and point
pjcanbe defined as 7 =w, /wl (Boots, 1993, p.9). For 7 approaching its lower limit of
one, the bisector approaches a straight line bisecting -17,;)7 .Forw, =w, (r =1), acircle
with a radius of infinity is defined and the bisector is a straight line. For rapproaching
infinity, the bisector is reduced to the point p, and describes a circle with radius zero (Fig.

8.). The case of 7 approaching infinity describes an increasing negative spatial

autocorrelation.

Fig. 10. Behaviour of the bisector between p; and p; for different .

1

10

i+

1.5

+SA —

W W,

SA = spatial autocorrelation

‘w 2w, 2 1, to ensure monotone behaviour of the transformation. For 0 <w,,w , <1, the square of

the attribute values will be lower than the value itself, thus the transformation is locally monotonc
decreasing (antitone). For w, 2w, 21, the transformation is monotone increasing (isotonc).
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3.1.2 The Moran Statistic

Similar to the approach of the Geary representation, the w, in the weighted distance

of equation (2.3.1) can be replaced by w, —w for the Moran representation. The
behaviour of this case is more complicated than the previously described Geary

transformation,
The weights associated with p; and p; are defined as (w, -W), (w} - Tv‘) . For the

case of only two points, |w, - W= Iw ) - WI always. Therefore the minimum number of

points for a Moran transformation must be higher than two (n>2).

A second problem with the Moran transformation is the possibility of
(w, - W) and/or (w - W) being negative. Equation (2.3.1) for the MW-distance requires
that the weights are positive. Boots (1993, p.10) suggests the introduction of a constant e

to prevent the weights from being negative. He defines:

e = (m+|max dev)) (3.1.2)

where maxdev = the maximum negative deviation from the mean for
any member of P and

P = {pl""’pn}
m= 0.0001; a constant to ensure that all values are greater

than zero.

Interpretation for the Behaviour of the Bisector in the Moran Statistic

3

Under the condition that (w,~W+e)2 (w , —W e) , Tcan now be defined as

r =(w, -W+e)/(wj -Ww+e).
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The behaviour of the bisector in the Moran transformation is now similar to the
behaviour for the Geary transformation described previously. For the case of equal
weights, w, = w, (7 =1), the result is a straight line bisecting E)T , which represents a
circle with an infinite radius. Equivalent to the Geary transformation, for r approaching,
infinity, the bisector is reduced to the point p, and describes a circle with radius zero. The
interpretation of the spatial autocorrelation is in both cases similar. The case of ¢
approaching infinity describes an increasing negative spatial autocorrelation, and the case
of 7 approaching one displays positive spatial autocorrelation. With the theoretical
behavior for the two transformations established, an interpretation of the behaviour under
simulated situations of different degrees of spatial autocorrelation will be performed in the

next section.

As demonstrated in this section, any GIS with the ability to generate a gravity
model with a distance exponent of one can be utilized to display the spatial
autocorrelation structure in a data set by modifying the attribute values of the data points

and generating the MW-Voronoi diagram for the data set.

38



4. Simulation of Spatially Autecorrelated Data

In this thesis the focus will be on a regular spatial distribution, a triangular grid
with # = 49 data points. With the help of subroutines from the IMSL Stats and Maths
Libraries, several different random samples from a normal distribution have been
generated. The spatial autocorrelative structure underlying this sample was changed, to
generate different degrees of spatial autocorrelation. The result has then been displayed for
a Moran and Geary transformation. The resulting images allow a qualitative interpretation
of the spatial autocorrelation structure in a data set and display the change in the visual

representation from the case of a high positive to a high negative spatial autocorrelation.

Detailed discussions of simulation processes for the generation of autocorrelated
data sets can be found in Anselin (1980), Cliff and Ord (1981) , Goodchild (1980), Griffith
(1987) and Haining (1980; 1991). Alternative models to the simultaneous autoregressive

model that is utilized in this study can be found in the same sources.

4.1 The Simultaneous Autoregressive Model

A simple model for the generation of the autoregressive data sets was used in this
thesis. The procedure was first introduced by Whittle (1954). It is described in detail in
Cliff and Ord (1981, p.146fF) and Haining (1990, p.81ff). The simultaneous

autoregressive scheme for this process can be described by
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=S¢ ¥ +e (@.1)
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where ¥ = attribute value at point p,

uncorrelated error terms with £ (g,) =0and Var =1 .

)
I

This can be expressed in matrix notation as

Y=CY+e (4.2)

where Y =(Y 1--"Yn)T

C={c,.} }, a nxn matrix

e=(a,,...,e,,)r.

Equation (4.2) can be transformed to
Y=(I-C)"e (4.3)

where 1= theidentity matrix.

In this ejjuation the term Y, the vector of the attribute values at the data points,
only occurs on the left side of the equation. The model used in this thesis, for the
generation of the spatially autocorrelated data set is based on this equation (see Fig.12 and

Program 1, Appendix I).

The Connectivity Matrix C:

There are several possible forms for the contents of the connectivity matrix C in
equation (4.3). For a first order process C will be a binary matrix, assigning ones to the

immediate neighbours of a point p, and zeros to the connection to all other points (Fig.
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11.). For a second lag, the connections to the immediate neighbours of a data point would

be assigned zeros and the connections to the neighbouring data points of the immediate

neighbours would be assigned ones. Other possibilities for the make up of the connectivity

matrix C would be a distance controlled matrix where ¢, = d,l". In this case all data points

would influence the values of all other data points according to the inverse of there

relative distances to each other.

Fig. 1. First and second lag in a triangular grid.

» data pointi
O lstorder neighbour
® 2nd order neighbour

In the case of a regular, triangular grid of data points, as used here, a data point

has six nearest neighbours influencing its attribute value. It is assumed that boundary

effects can be excluded if the data point is not a member of the boundary of the data set,

where the number of its neighbours would be less than six. To ensure spatial stationarity,

entries in C have been divided by six. Thus, the connectivity matrix C consists of zeros

and of (1/6) for the six nearest neighbours of a point p,, to ensure that the row sums are

one. Cliff and Ord (1981, p.143) give the following definition for a spatially stationary

process:
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(For a finite set of sites or for a spatially discrete process) Consider a
spatial process Y; defined at sites 7 (i =1,...,n) and let the coordinates

of site i be x, = (x,,,%,, )". The process is spatially stationary if, for

all 7,
E(X)=u, Var(¥)=o3,

and
Cov(¥, Y)= o; c(xl —xj)

127
where c is a correlation function, depending on the relative locations
of the two sites.

Haggett et al. (1977, p.342) explain staticnarity as "an assumption that the
relationship between values of the process (generating the data) is the same for every pair
of points whose relative positions are the same." They state that for a stationary process,

the relationship between values depends only on the distance between the data points

To introduce spatial autocorrelation into the data set, the connectivity matrix C is
multiplied by a factor p. This factor p defines the magnitude of the autocorrelation in the

data set. Haining (1990, p.82) defines the range of p as:

I
imm ) p ﬂ'max ’
where A__ = the minimum and

min

A, = the maximum eigenvalue of C.

m

For the triangular grid used in this thesis, the connections to nearest neighbours

are denoted by ¢, = 1/6 and ¢, = 0 otherwise. The minimum and maximum eigenvalues for

the connectivity matrix C are: 1__ = -0.4804 and A, = 0.9596. Therefore the range

of p is: —2.083 < p < 1.0416. The behaviour of p is asymmetric. Its range in the

negative is approxim. 'y double the range in the positive.
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To introduce autocorrelation, equation (4.3) can now be written as:

Y=(I-pC)e. (4.4)

Cliff and Ord (1981, p.147) state, that up to this point no distributional
assumptions are necessary. They point out, that if normality is assumed for €, Y is
multivariate normally (MVN) distributed and that a non zero mean (Y =Y+ 4 ) canbe
introduced, so that Y~ = MVN(y, Var). Since the definition of the MW-distance does
not allow for negative values and a multiplication of a negative p with negative values of
would create a positive result, the values of the random vector e have to be positive.
Therefore e is shifted to a positive mean where all £, are positive (¢ = e+ ) and eis
normally distributed with (u, Var). After the multiplication with a negative p negative
results for Y will again be introduced. Therefore Y has to be shifted to a positive mean, so

that all ¥; will be positive(Y =Y +u ).

Simulation of the Autocorrelated Data Sets

For the generation of the autocorrelated data set, a random vector e={g,,..., 3,,)T,

with 2 =121, was produced out of a normal distribution with the help of the IMSL Stats

library (see Fig 12. and Program 1, Appendix I). The vector e was used to generate

Y =( ) N Y,,)T, following equation (4.4). Y was then assigned to the regular triangular
grid (11x 11) that was used to define the connectivity matrix C. To ensure that no

boundary effects might influence the model, this spatially larger (11x11) grid was only

used for the generation of the autocorrelated data sets.
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Fig.12: Simplified flow chart for Program 1: SAR
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Fig. 13 Boundary effects in the data set.
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O boundary points, removed after the simulation.
+ points used for the generation of the MW-Voronoi diagram.
--- boundary defining the inner 49 points not affected by boundary effects.

Only the inner 81 points of the triangular grid, denoted with a '+' in Fig. 13, were

used to generate the MW-Voronoi diagrams. This (9x9) grid has to be reduced to the
inner (7x 7) grid, framed by the dashed line in Fig. 13, that can be applied to the visual

representation of the spatial autocorrelation in the data sets. This technique of fitting a
spatially larger model to the study region excludes the boundary effects resulting from the

generation of the simultaneously autoregressive model and from the MW-Voronoi

diagrams.
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5. Discussion of the Visualization Results

In this part of the thesis, the resulting data sets out of the autocorrelative process
described in the previous chapter have been assigned to the triangular grid displayed in
Figure 12. In the next step the MW-Voronoi diagrams for these data sets were generated.
The attribute values w;, resulting from the vector Y out of the SAR model, were modified
according to the transformations for the Geary and the Moran statistics described in

Chapter 3.

Description of the Generating Process

The computer program that was used to perform these transformations and to
generate the MW-Voronoi diagrams (see Fig.14 and Program 2; Appendix II) is based on
an algorithm by Gambini (1965). The original algorithm generates market spheres for a set
of puiuts in a spatial interaction model. It was modified to compute the MW-Voronoi
diagrams and to perform the changes in the attribute values w, of the data points that were
needed to generate the Geary and Moran transformations. The program was written in
FORTRAN77 and interfaced with the data structure and the plotting facilities in IDRISI
Version 4 (GIS). The program offers two options of data input. First an ASCII table
consisting of a header line, columns for point identification, X- and Y-coordinates and the
attribute value assigned to the point. The second option utilizes IDRISI point, value and
documentation files for the data input. The attribute values of the data points can be
transformed to generate an ordinary Voronoi diagram, a MW-Voronoi diagram, or the
Geary and the Moran transformations for the visualization of the spatial autocorrelation in
the data set. Further descriptions of the program and the input and output options

available are provided in the "readme" file in Appendix IIIL
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Fig. 14: Simplified flow chart for Program 2: VORONOL

ASCII IDRISI
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The program generates a complete set of IDRIS! point and line vector files, an
attribute values file, a script file for the display or plotting of the results, and all necessary
documentation files. The program can be used as a new module for the generation of
planar ordinary and multiplicatively weighted Voronoi diagrams and as a preliminary form
of SDA before other forms of analysis are performed in IDRISI. It is completely

integrated into the IDRISI GIS program structure (Fig. 15).

Fig. 15: Integration of the program VORONOI into the GIS structure.

INPUT
TABLE

y

VORONOI
EDA

GIS
IDRISI

ANALYSIS DISPLAY
CDA PLOT

As shown in the previous figure, the program is an integral part of the system. It
offers a new form of data input into the IDRIS! GIS structure. It can be used for data

from inside or outside of the IDRISI structure.
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Visual Results

Figures 16 to 23 show a summary of the results of a visualization process for the
Geary and the Moran transformations for four different data sets. The variances tor the
random vectors e from the SAR model that were used to generate these data sets vary
from 1 to 4. The MW-Voronoi diagrams for strong, medium and weak positive and
negative spatial autocorrelation for the same initial e are displayed on one page to allow a
comparative view. The complete series for p ranging from 0.9 to -1.8 can be found in the

Appendix IV.

An increase of the variance in the random vector e, used in the SAR model,
enhances the sensibility of the transformations to display a change in the autocorrelative
structure in a data set. The visual results seem to indicate, that the Moran transformation
is more sensitive to the occurrence of negative spatial autocorrelation than the Geary
transformation which identifies positive spatial autocorrelation better. This behaviour
suggests, that both transformations should be considered together to identify the spatial
autocorrelation in a data set. The visual displays for the Moran transformation for p
ranging from medium positive to medium negative spatial autocorrelation are very similar.
They should be compared with the results for the Geary transformation to determine
whether the pattern indicates a medium or weak positive or negative spatial

autocorrelation.

49

TR gk g TR R

B A A it T

PR

P B B g b v eyt o



Fig. 16. Geary transformation for a Variance of 1.
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Fig. 17. Moran transformation for a Variance of 1.
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Fig. 18. Geary transformation for a Variance
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Fig. 19. Moran transformation for a Variance of 2.
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Fig. 20. Geary transformation for a Variance of 3.
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Fig. 21. Moran transformation for a Variance of 3.
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Fig. 22. Geary transformation for a Variance of 4.
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Fig. 23. Moran transformation for a Variance of 4.

..........................

..........................

bz ey gl

oy.

b= B W 9Q-

L= oiep W Z'f- 0yl

oY/

..........................

.........................

|

oy

bz g ugg

b = Iy W9'Q Oy

b= R WED Oyl

57



v e ey

As expected, for high positive autocorrelation, the Voronoi polygons approach
equal sized hexagons. This pattern resembles the ordinary Voronoi diagram (all attribute
values w, are treated as equal) for a regular triangular grid. For p approaching zero, the
hexagonal polygons change size. Larger sized hexagons appear and the clusters of equal
sized polygons dissolve. For the case of small negative spatial autocorrelation, clusters of
larger sized polygons that are surrounded by smaller sized polygons emerge. The
hexagonal structure of the polygons tends to change into more circular shapes. The
bisectors that previously resembled almost straight lines shift into more circular arcs with
an increasing curvature. For p approaching its lower limit of negative two, the shape of
the small polygons tends towards small circles that are completely entrapped in much
larger unintersected areas. At this stage some of the Voronoi polygons even disappear into
circles with a zero radius at the generator points. This process is enhanced for the Moran
transformation. A reason for this can be found in the transformation described in equation
(3.1.2), where the attribute values of the points are shifted to the positive in regard 1o the

mean and the influence of the lowest weighted point practically disappears.
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6. Conclusions

It was possible to detect the relationship between spatial autocorrelation
measurements in a cross-product form, spatial interaction models and MW-Voronoi
diagrams. They were identified as similar concepts. The cross-product form of the
numerators of the Geary and the Moran statistic was identified as being equivalent to the
MW.-distance (Boots, 1993, p.11). The visual representations allows for the detection of
the autocorrelative structure in a point data set. The previously utilized procedure of
displaying spatial autocorrelation by generating the ordinary Voronoi diagram and creating
a choropleth map for the attribute values (described in the introduction) proved to be
appropriate only for the case of high positive spatial autocorrelation. The previously
utilized technique does not include relationships between data values at the spatial
locations into the visual representation. The technique introduced by Boots (1993) and
further examined in this thesis considers both the relative spatial location of the data sites
and the attribute values associated with them to generate a visual representation of the
autocorrelative structure of the data set. Boots (1993) points toward more similarities

between spatial autocorrelation models and Voronoi diagrams.

Each of the individual terms in the summation in the numerator of the
spatial autocorrelation models represents an association between a
pair of data sites which, taken collectively, summarize the degree of
spatial autocorrelation in the data. Similarly, the individual edges of
the Voronoi diagram represent associations between individual pairs
of data sites which, when considered simuitaneously in the form of
the complete Voronoi diagram, provide an overall view of the spatial
associations. (Boots, 1993, p.12ff)

All the practical results are at the moment limited to an interpretation of a regular

triangular grid and a first order spatial lag situation. The mathematical results imply that
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theoretically the interpretation of the results can be extended to other situations. In the
future the behaviour of data set with irregular point distributions and different spatial lags
for the connectivity matrix has to be examined. The limitation to the euclidean distance for
the MW-distance is not required. Other forms of 'distances' can be used.

A direct comparison of the visual representation of spatial autocorrelation in data
sets seems to be possible only for data sets with a similar distribution of the data points.
Nevertheless the results allow for a first formulation of the hypothetical general behaviour
of the visualization technique for a first order spatial lag situation..

In an irregular grid, a data point will have an average of 6 nearest neighbours in
the sense of the Voronoi diagram. This suggests, that for an irregular data point
distribution the results of the visual transformation of the spatial autocorrelation will
approximate the results of a regular triangular distribution of data points Exemptions
could be data sets with an extreme clustering of data points or other regular non-triangular
patterns.

For a square grid, the planar ordinary Voronoi diagrams are squares. The
hypothetical behaviour will resemble the observed behaviour for the triangular grid.
Positive spatial distribution would be denoted by a pattern of square cells, the form of the
ordinary Voronoi diagram. For an increase of negative spatial autocorrelation, the squares
will dissolve and circles surrounding the data points with low attribute values will appear

A simple test for the spatial autocorrelation in a data set seems to be the
comparison of the planar ordinary Voronoi diagram with the MW-Voronoi diagram of a
point data set. The closer the resemblance of the two is, the higher the degree of positive
spatial autocorrelation in the data set. Respectively, the increase in the number of small,
complete circles and of large, unintersected areas, denotes an increase of negative spatial
autocorrelation in a point data set. The curvature of all bisectors in the MW-Voronoi
diagram is another indicator for the spatial autocorrelation in a data set. The dominance of

straight or almost straight lines indicates a high degree of spatial autocorrelation. For an
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increase in the curvature of the bisectors, up to the point where the bisector is 2 complete
circle, negative spatial autocorrelation can be diagnosed.

Future work with irregular data point distributions has to evaluate these
hypotheses. Also the behaviour for a second or higher order spatial lag has to be examined

in the next research activities on this topic.

This thesis scratched only the surface of a new and exciting field in the work on
spatial autocorrelation. New ideas and questions arise that will hopefully stimulate more
work in this area. It is the hope of the author that the new technique described in this
thesis might increase the understanding of spatial autocorrelation and the nature of spatial
data. This new visual representation of spatial autocorrelation should introduce more
geographers to SDA due to its link to GIS and therefore its availability. It should simplify
the detection of spatial autocorrelation in a data set. The identification of the
autocorrelative structure in a data sets might then help to prevent researchers from
violating basic assumptions of the statistical techniques used for analyzing spatially
referenced data, such as the assumption of independence of the data as given in regression

analysis.
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Glossary

Apollonius Circle: The circle consisting of the locus of points the ratio of the

CDA
EDA
GIS

SAR

SDA

distances of which from two given points is a fixed number; the locus of
the apexes of all triangles on a given base the other two sides of which are
in a fixed proportion. It is a circle the diametral points of which on the
extensions of the base are harmonic points (Collins Reference Dictionary
Mathematics).

confirmatory data analysis

exploratory data analysis

Geographical (or Geographic) Information System.

simultaneous autoregressive model

spatial data analysis

attractiveness of point i

vector of destination attributes

b, = %

2 2
2
(Z Z; )
C= { Cy }, a measure of the spatial proximity between points i and j;
connectivity matrix
Geary statistic
expected value

. e . T
random vector from a normal distribution; e = (€ ,,...,g, )" .

distance between points i and j



G G= { G, } , a measure of the proximity of the attribute values at points i

and j
H connectivity or contiguity matrix H= {hq}

hy connection between points i and j

b k=M
j

1 Moran statistic

I identity matrix

N Normalizaticn

o vector of origin attributes

P set of data points P={p,,...,pn}
R Randomization
R?*  two-dimensional space

X"  m-dimensional space

vector of segregation attributes
1 2
S, S = EEw(}zg. +h,)

S, 8= Z(/’i. “*‘/’.j)



S

T the amount of interaction between i and j due to the relative influence exerted by i on j

Var  Variance

Wi attribute value at point i
3w,
w the mean of the attribute values W = %
n
x;  location vector x, = (x;,,%;,)

Y autocorrelated vector (SAR); Y =(¥,,...,Y,)"

Y; attribute value at point i; used in the SAR model

Z; Z; = (Wi _W)

o distance exponent in a gravity model

p factor determinating the degree of autocorrelation in the data set
1} mean value of a distribution

A,  minimum eigenvalue of C.

A, ~maximum eigenvalue of C.

r general cross-product statistics

Z(z) ZZ

V(p;) the Yoronoi polygon associated with p; ;

v(p)=1{¥ [x=x<x-x, forj=i,jer,}

9 the planar ordinary Voronoi diagram; © ={V'(p),....V(p, )}



b(p,.p;) the bisector for the planar ordinary Voronoi diagram;

b(p,p;)= {xl Ie—x ] =[x—x } for j#i.

Dom(p;,p,) the dominance region for the planar ordinary Voronoi
diagram;

Dom(p,,p,-)={pl d(p,p;)<d(p,p,) ), forjei.

d.(p,p;) MW-distance; d_(p,p)= w,.""x -x[, w. ¢ 0.
Dom,(p;,p;) the dominance region for the MW-Voronoi diagram;

Do, (p,2,) =] 4..(.p) < 4 (p,1,)], CRori= .

v, ( D, ) the multiplicatively weighted Voronoi region; Vv, ( p,.) = f Dom,, (p,-, p, )

=l

Uy the MW-Voronoi diagram; 9,, = {Vw ( p,), ,Vw( pﬂ)}

d
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Appendix I: Program SAR.



Program 1. SAR

This program is a program for a simultaneously autoregressive model (SAR). It was used
to generate the data sets with the autocerrelative structures for the simulation process.
The program was compiled under a FORTRAN77 compiler on UNIX. The IMSL Math
and Stats libraries were used to generate the random vector E out of a normal distribution
and for the matrix manipulations.

The resulting vector V is assigned to a triangular grid.

PROGRAM SAR
DIMENSION W(121,121), X(121), Y(221), E(121), V(121),
+ INV(121,121), VDEV(121), ID(121)

INTEGER ID, N, I, J, IDENT, ACC, SEED, EPS

REAL W, X, Y, E, RHO, G, EBAR, EVAR, VAR, V, VDEV, VMAXDEV,
+ ERR, SUMV, VBAR, SA, IA, VARI, MINDIST

COMMON /WORKSP /RWKSP

REAL RWKSP(44134)

CALL IWKIN(44134)

OPEN (UNIT=20, FILE='bigl21', STATUS='OLD')
OPEN (UNIT=25, FILE='dataout')
OPEN (UNIT=26, FILE='epsilon')

N = 121
READ (20,*) RHO
print *, RHO
READ (20,*) (ID(K), X(K), Y(K), K=1,N)

PRINT *, ('If a new E should be calculated, hit 0, otherwise 1.')

READ *,EPS

i e s
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10 FORMAT (F12.9)
IF (EPS.GT.0) THEN
DO 103 K=1,N
READ (26,10) E(K)
103 CONTINUE
ELSE

100 CONTINUE

Initialize a random number as a seed for the generation of

a series of random numbers out of a normal distribution (0,1).
The random sample will be shifted to a mean defined by the
variable IA and a Variance defined as the square of variable SA.

The result is a vector E.

VARI = 3

SA = SQRT (VARI)
IA = 10

CALL RNNOF (SEED)
CALL RNSET (SEED)
CALL RNNOA (N,E)

CALL SSCAL (N,SA,E,1)
CALL SADD (N,IA,E,1)

Check for mean and varianz of E.  *XaxasxaANAAxaxrxasnknx

EBAR = 0.0
DO 60 K=1,N

EBAR = EBAR + E(K)
50 CONTINUE
EBAR = EBAR / N
SUME = 0.0

EMAXDEV = 0.0



EVAR = O
DO 61 K=1,N

VAR = (E(K) - EBAR)**2

EVAR = EVAR + VAR

61 CONTINUE

EVAR = EVAR / N

PRINT *, EBAR,

EVAR

PRINT *, 'accept E? (y=1/n=0)'

READ *, BCC

IF (ACC.EQ.0) GOTO 100

WRITE (26,10)

ENDIF

(E(K), K=1,N)

IF (RHO.EQ.O) THEN

DO 77 K=1,N
V(K)
77 CONTINUE

ELSE

I =1
J =1

= E(K)

MINDIST = 10000000

DO 31 I=],N
DO 41

Distances between the points. Generation of MINDIST,

J=1,N
IF (I.EQ.J) GOTO 41

DIST = (X(I)=X(J))**2 + (Y (I' Y(J))**2

DIST SQRT (DIST)

IF (DIST.LT.MINDIST) MINDIST = DIST

the

distance to the first order neighbours plus an error term.

——

-



41 CONTINUE
31 CONTINUE

MINDIST = (1.5) * MINDIST

c Binary weight matrix. W(I,J) = 1/6, for the six imediate
c neighbours, 0 otherwise. For i=j, W(I,J) =0. The matrix W(I,J)
(o is multiplied by RHO (constant denoting the spatial
(o] autocorrelation in the vector V.
po 11 1=1,N
po 21 J=1,N
IF (I.EQ.J) THEN
W(I,Jy =1
ELSE
IF (DIST.LT.MINDIST) THEN
W(I,3) = (0 — RHO/6)
ELSE
W(I,3) =0
ENDIF
ENDIF
21 CONTINUE
11 CONTINUE M

CALL LINRG (121,W,121,INV,121)

CALL MURRV (121,121,1INV,121,121,E,1,121,V)

ENDIF

addition of an error-term ERR to shift the resulting vector to
the positive range and greater than one. If RHO is negative,
negative values will be introduced. For values lower than one,

the squared form of the Geary transformation might not be valid.

QO QO o o 0

21l values of V will be shifted to the positive by the maximum



Cc negative deviation of the mean of V + 1.1 .

IA = 10
CALL SADD (N,IA,V,1)

SUMV = 0.0
VMAXDEV = 0.0
DO 708 K=1,N
SUMV = SUMV + V(K)
708 CONTINUE

VBAR = SUMV / N

DO 706 K=1,N
VDEV(K) = (V(K) - VBAR)
IF (VMRXDEV.GT.VDEV(K)) VMAXDEV = VDEV(K)

706 CONTINUE
print *,VBAR
print *, VMAXDEV
8  FORMAT (X, 'rho',F4.1)
WRITE (25,8) RHO

DO 70 K=1,N
WRITE (25,*) ID(K), X(K), Y(K), V(K)
70  CONTINUE

STOP
END



Appendix II: Program VORONOIL.



Program 2. VORONOI

This program creates the planar, normal Voronoi diagram (as a function of distance
between points; all weights are equal) and the multiplicatively weighted Voronoi diagram
from a set of data points in R2.

The input file must be an ASCII file. It can either be a table (ID-number; X-Coordinate;
Y-Coordinate; Attribute value/weight) or IDRISI Version 4.0 point and values files.

The program is currently set to 2 maximum number of 100 points. Output will be in
IDRISI Vers. 4.0 files (line, point, value, and script files).

The attribute values/weights can be transformed to represent a planar, normal Voronoi
diagram, or a planar, multiplicatively weighted Voronoi diagram, which corresponds to a
gravity model with a distance exponent of 1. A transformation of the weights can be
performed, to create a visual representation for the Moran I, or the Geary ¢ Statistics, as
an initial, visual interpretation (exploratory spatial data analysis) of the underlying spatial
autocorrelation structure in a point data set.

Most of the source code in capitals is based on an algorithm by Gambini for the
calculation and display of the spatial interaction between data points (gravity model). This
algorithm was available in form of a FORTRAN IV program, "EQUAL", that was
provided by Dr.B.Boots, WLU.

I'm responsible for the incorporation of the initial algcrithm into the IDRISI GIS
environment (subroutines, data in- and out-put), the modification of the weights (normal
Voronoi diagram, Moran and Geary transformation), the transfer of the code from a main
frame environment (CPG) to the PC environment, and the transfer to FORTRAN77.

The code is written in standard FORTRAN77, to mainiain the compatibility with other

compilers and computing environmenss,



PROGRAM VORONOI

DIMENSION XC(100), YC(100), AOLD(100), A{100), ADEV(100)
DIMENSION ID(100), GAM(16)

REAL8 NAME(13)

REAL SUMA, ABAR, RAOLD, A, PRECI, DMAX, AMAXDEV, ADEV, e,
+ Xc, Yc, X0, Xi, YO, Y1, AO, Al, height, xn, yn, zn
INTEGER NC, counter, weight, Firstline, col, cname, trashl,
+ trash2, asc_in, font, IDb, para

CHARACTER24 title

CHARACTER12 output_file, input_file, idrisi_vec,

12
13
15
16
17
18
60
62
63
71
81
82

+ idrisi_dvc, idrpnt_vec, idrpnt_dvc, idrisi_val,
+ idrisi_dvl, idrisi_scr, idr_pntdoc, input_value,
+ idr_value, idr_valdoc, idr_point, input_point,

+ new_dvl

COMMON A, XC, ¥C, X0, X1, YO, Y1, I, J, NC

COMMON

FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT

counter, Firstline, title

(RAS)

(R8)

(1324)

(20n4)

(14, 1)

(F8.3,1X,F8.3)

(14,1X%,F8.3)
(R3,1X,I2,1X,A5)
(A3,1X,F10.2,1X,F10.2,24,I2)
(A1,1X,12)
(A3,1x,11,1X,12,1X,F5.3,A4,1X,F8.3,1X,F8.3,1X,F9.3)
(A31)

(A34)

print ,'Please define the input file structure.’

print ,'If your input files are in IDRISI structure, type "0"!'



print ,'If you import a table(ID; X-Co; Y-Co; Weight),type "1"!'

read , asc_in

if (asc_in .eqg. 1) then
INPUT/OUTPUT FILE NAMES
print , 'Please define the input and output files.'
print , 'All file names must be S characters long!’
print , 'Please, do not provide an extention!'
print , 'input file:'
print , ’'(The first line of the file must contain a title!)’

zead (,11) input file

open (unit=30, file=input_file, status='old’)

rewind (unit=30)

print , 'Please, enter the name of the output files!’
print , ‘'The IDRISI vector and documentation files will be'
print , 'generated under the same name; OUTPUT FILES:'

read (,11) output file

idrisi_vec=output_f£file(1l:5)//".vec"
idrisi_dvc=output file(l:5)//".dvc"
idrisi val=output file(1:5)//".val"
idrisi_dvl=output_ file(1:5)//".dvl"
idrpnt_vec=output_file(1l:5)//"pnt.vec"
idrpnt_dvc=output_file(1:5)//"pnt.dve"
idrisi_scr=output_file(1:5)//".scr"
print , 'The following files will be generated:'

print , idrisi vec

print , idrisi_dvc

print , idrisi_val

print , idrisi dvl

print , idrpnt_vec

print , idrpnt_dvc

print , idrisi_scr

open (unit=32, file=idrisi_vec, status='new')

. grer, o
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open (unit=34, file=idrpnt_vec, status='new')
open (unit=35, file=idrisi_ dvc, status='new’)
open (unit=36, file=idrpnt_dvc, status='new')
open (unit=37, file=idrisi_val, status='new')
open (unit=38, file=idrisi_ dvl, status='new')
open (unit=39, file=idrisi_scr, status='new')
open (unit=33, status='scratch')
Definition of min. and max. values............ ceesaen

print , 'Please define the boundary of the plot:'
print , ‘'minimum X: °
read , XO
print , 'maximum X: '
read , X1
print , ‘'minimum Y: '
read , YO
print , 'maximum Y: °
read , Y1
Definition of NC (number of centers)....ccceeveceeanss
print , '~‘ease enter the number of centres!’
read , NC
if (NC .1lt. 101) goto 9992
print , 'NC exceeds the current maximum of 100 points!’
print , 'The program will be terminated!’
close files and delete scratch file......cccvvvune
close (unit=33, status='delete’)
close (unit=30, status='keep')
close (unit=32, status=’delete')
close (unit=34, status='delete’)

close (unit=35, status='delete')

Paks LN

close (unit=36,

status='delete’)

close (unit=37, status='delete’)
close (unit=38, status='delete’)
close (unit=39, status='delete')

goto 8888



9992

continue
else

INPUT/OUTPUT FILE NAMES ...ccccecvecns ceesteesscecns

print , 'Please define input and output files. Do not provide'
print , 'extentions!’'
print , 'The file name must be 8 charaters long!'
print , 'input point file:'
read (,12) input_point
print , 'input values file:'
print , 'The file name must be 5 charaters long!’
read (,11) input_value
print , 'output file:'
print , 'The file name must be 5 charaters long!'
print , 'The IDRISI vector and documentation files will be’
print , 'generated under the same name as the output file.’

read (,11) output_fiie

idrisi_vec=output_file(1l:5)//".vec"
idrisi_dvc=output_file(1:5)//".dve"
idr_point=input_point(1l:8)//".vec"
idr_pntdoc=input_point(l:5)//".dve"
idr_value=input_value(1:5)//".val"
idr _valdoc=input_value(1:5)//".dvl"
idrisi scr=output_ file(l1l:5)//".scx"
new_dvl=output_file(l:5)//".dvl”
print , 'The following files will be generated by the program:'

print , idrisi vec

print , idrisi_dvc

print , idrisi_scr

print , new_dvl

open (unit=40,file=idr_point,status='old')
rewind (unit=40)
open (unit=37,file=idr_value,status=‘'old')

rewind (unit=37)



open (unit=39, file=idrisi scr, status='new')

open (unit=32, file=idrisi vec, status=‘'new')

open (unit=35, file=idrisi_dvc, status='new')

open (unit=41, file=new_dvl, status=‘new’)

open (unit=36, file=idr_pntdoc, status=‘old’)
rewind (unit=36)

open (unit=38, file=idr_ valdoc, status='old')
rewind (unit=38)

open (unit=33, status='sgcratch')

open (unit=30, status='scratch')

CALL read doc (NC, X0, X1, YO, Y1)
if (NC .1lt. 101) goto 9991
print , 'NC exceeds the current maximum of 100 points'

print , 'The program will be terminated!'

close (unit=33, status='delete')
close (unit=30, status='delete')
close (unit=40, status='keep')
close (unit=32, status='delete')
close (unit=35, status='delete’)
close (unit=36, status='keep')
close (unit=37, status='keep')
close (unit=38, status='keep')
close (unit=39, statuss'delete')

close (unit=41, status=‘delete’')

goto 8888
9991 continue
c read IDRISI point and value files .....cccuvvnvesen
write (30,11) 'start’
do 120 I=1,NC
read (40,) trashl, trash2
read (40,) xn, yn

read (37,18) cname, zn

close files and delete scratch file.......... s eesecesne



open (unit=39, file=idrisi scr, status='new')

open (unit=32, file=idrisi vec, status='new')

open (unit=35, file=idrisi_dvc, status='new')

open (unit=41, file=new_dvl, status='new’)

open (unit=36, file=idr_pntdoc, status='old')
rewind (unit=36)

open {unit=38, file=idr valdoc, status='old’)
rewind (unit=38)

open (unit=33, status='scratch’')

open (unit=30, status='scratch')

C
CALL read_doc (NC, X0, X1, YO, Y1)
if (NC .1t. 201) goto 9991
print , 'NC exceeds the current maximum of 200 points'
print , 'The program will be terminated!'
C close files and delete scratch fil€.ceeeecocsrrocsonnss
close (unit=33, status='delete'})
close (unit=30, status='delete')
close (unit=40, status='keep')
close (unit=32, status='delete')
close (unit=3%, status='delete’')
close (unit=36, status='keep')
close (unit=37, status='keep')
close (unit=38, status='keep')
close (unit=39, status='delete')
close (unit=41, status='delete')
C

goto 8888
9991 continue
C read IDRISI point and value fileS ..c..cvvceevcconae
write (30,11) ‘'start’
do 120 I=1,NC
read (40,) trashl, trash2
read (40,) xn, yn

read (37,18) cname, zn
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write {(30,) cname, xn, yn, zn
continue
rewind (unit=30)
rewind (unit=40)

endif

FirstLine = 1

Main part of program EQUAL ~

only minor changes from original Gambini algorithm

READ (30,13,END=9999) NAME
READ (30,) (ID(I),XC(I),YC(I),AOLD(I),I=1,NC)
DO 109 K=i,16
GAM(K)=0.
GAM(I)=1.0
parameters controlling the plot............ Ceesnsons
print, 'Please define the precission and the maximal increment'
print, 'for the calculation.'
print,'Type "0" for the default settings{PRECI=0.08; DMAX=0.2'
print,‘of the X range} or "1" for user defined parameters,'
print,'A lower value for (=increase in) precission and maximal’
print, 'increment will lengthen the execution time dramaticaly!!’
read , para
if (para .eq. 0) then
PRECI = 0.08
DMAX = 0.2
else
print ,'Please enter the precission (PRECI).'
read , PRECI
print ,'Please enter the maximum increment (DMAX).'
read , DMAX
endif
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Weights for Geary or Moran Statistics
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print ,'Please, select a transformation for the weights:
print ,° Planar, normal Voronoi Diagram

print ,° Weighted Voronoi Diagram: No Tranformation
print ,' Weighted Voronoi Diagram: Geary Statistics
print ,' Weighted Voronoi Diagram: Moran Statistics

read , weight

if (weight.eq.0) then
do 133 I=1,NC
A(I) = 10
continue
title = 'Planar Voronoi Diagram'
elseif (weight.eq.1l) then
do 147 I=1,NC
A(I) = AOLD(I)
continue
title = 'Weighted Voronoi Diagram'
elseif (weight.eq.2) then
title = 'Geary Transformation'
do 701 I=1,NC '
A(I)= AOLD(I) AOLD(I)
continue
else
continue
e = constant = 1 + absoulte of AMAXDEV
ADEV = deviation from the mean
AMAXDEV = value of the maximum negative
deviation of the mean
title='Moran Transformation'

SUMA=0.0

ol
1'
2'
3'



do 704 I=1,NC
SUMA=SUMA+AOLD (1)
704 continue
ABAR=SUMA/NC
AMAXDEV = 0.0
do 706 I=1,NC

ADEV(I) = {AOLD(I)-ABAR)
AMAXDEV = MIN (AMAXDEV,ADEV(I))
106 continue

BMAXDEV = ABS (AMAXDEV)
e = 0.001 + AMAXDEV
do 713 I=1,NC
A(I) = e + AOLD(I) - ABAR
713 continue

endif

FAC=3.1415927/180.
KK=1
7000 GAMMA=GAM (KK)

11=0

XMAP=(X0+X1)/2.

YMAP=(Y0+Y1)/2.

RHO=SQRT ( (X1-XMAP)2+(Y1-YMAP)2)

IF (GAMMA.EQ.1)GOTO 90

90 NS=NC-1
DO 1000 I=1,NS
NFC=I+1
DO 900 J=NFC,NC
IF(A(I).NE.A(J)) GOTO 300
Cavrr sevesennnssnssesosonnsonasnseaessesss STRAIGHT LINE

AM=XC(J)-XC(I)
BM=YC(J)-YC(I,
DEN=SQRT (AM2+BM2)
AX=(XC(I)+XC(J))/2.
AY=(YC(I)+YC(J))/2.
BX=-BM/DEN
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212

213

214

216

BY=AM /DEN
NSTEP=IFIX(4.RHO/DMAX)
USTEP=DMAX
ITEST=2
U=-2.RHO
cevssese s ceeoesse ceecsoseasss..STEP PROCESS
DO 600 ISL=1,NSTEP
U=U+USTEP
X=AX+BXU
Y=AY+BYU
IP=ITEST
ITEST=IFUNC(X,Y)
IF(ITEST.NE.IP)GOTO 211
IF(ITEST.EQ.2)GOTC 600
GOTO 216
cetesacaesssassssssssssssssssssss RESEARCH END LINE
UEBXC=U
UDEF=U-~USTEP
UR= (UDEF+UEXC) /2.
XR=AX+BXUR
YR=ARY+BYUR
ERROR=ABS (UDEF-UEXC)
IF (ERROR.LT.PRECI) GOTO 214
IROOT=IFUNC(XR,¥YR)
IF(IROOT.EQ.IP)GOTO 213
UEXC=UR
GOTO 212
UDEF=UR
GOTO 212
NX=ITEST
call line file (NX, XR, YR, FirstLine, counter)
II=II+1
IF(ITEST.EQ.2)GOTO 600
NX=2
call line_file (NX, X, ¥, FirstLine, counter)

II=YI+1



600 CONTINUE

GOTO 900
ecevessssassssse s CIRCLE

Cuoven vrvonans Ceeeereeas
300 XDE=(A{I)XC(J)-A(J)XC(I))/(R(I)=A(J))
XDI=(A(I)XC(J)}+A(JT)XC(I))/(A(I)+A(J))
YDE=(R(I)¥C(J)-A(J)YC(I))/(A(I)~A(J))
¥YDI=(RA(I)YC(J)+A(JI)YC(I))/(A(I)+A(J))
XCENT=(XDE+XDI) /2.
YCENT=(YDE+YDI) /2.
R=SQRT ( (XDE~XCENT) 2+ (YDE~YCENT) 2)
DISTC=SQRT( (XCENT-XMAP) 2+ (YCENT-YMAP)2)
IF(DISTC.LT.RHO)GOTO 98
Covee veeen Cereneeeanan WeesesestsencessesaceseeBIG CIRCLE
RATIO=RHO/SQRT (DISTC2-RHO2)
HALFR=ATAN(RATIO)
DIFFX=XMAP-XCENT
DIFFY=YMAP-YCENT
IF(DIFFX.EQ.0)GOTG 50
RATIO=DIFFY/DIFFX
TMEAN=ATAN (RATIO)
1F(DIFFX.LT.0.) TMEAN=TMEAN+3,1415927
49 THETA=TMEAN-HALFR
STEP=DMAX/R
NSTEP=IFIX(2.HALFR/STEP)+1
GOTO 99
50 IF ( (YMAP-YCENT).GT.0)TMEAN=3.1415927/2.
IF ( (YMAP-YCENT) .LT.0)TMEAN=-3,1415927/2.

»

GOTO 49
Clovee sesenessnanererenssssosnasossonannsnns . .NORMAL CIRCLE
98 THETA=0.
STEP=5.FAC
1F (RSTEP .GT.DMAX) STEP=DMAX /R
NSTEP=IFIX(360.FAC/STEP)
99 ITEST=2
Cuoven vevan Ceieeees teeeeessresesseaceeseseess STEP PROCESS

DO 820 K=1,NSTEP



c

c

s o0

111

112

113

114

116

800
900
1000

2000

IP=ITEST
THETA=THETA+STEP
X=XCENT+RCOS (THETA)
Y=YCENT+RSIN(THETA)
ITEST=IFUNC(X,Y)
IF(ITEST.NE.IP)GOTO 111
IF(ITEST.EQ.2)GOTO 800
GOTO 116

teeeccessesersccserasresessssens eseee.. .RESEARCH END LINE

TEXC=THETA
TDEF=THETA-STEP

ROOT= (TEXC+TDEF) /2.
XR=XCENT+RCOS (ROQT)
YR=YCENT+RSIN(ROOT)
ERROR=R (TEXC-TDEF)
IF(ERROR.LT.PRECI)GOTO 114
IROOT=IFUNC(XR, YR)
IF(IROOT.EQ.IP)GOTO 113
TEXC=ROOT

GOTO 112

TDEF=ROOT

GOTO 112

NX=ITEST

call line file (NX, XR, YR, FirstLine, counter)

II=II+1
IF(ITEST.EQ.2)GOTO 800
NX=2

call line_file {NX, X, X, FirstLine, counter)

IX=II+1
CONTINUE
CONTINUE
CONTINUE
II = number of coordinates calculated

IF (KK.EQ.16)GOT9 9000
KK=KK+1

oooooo
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9999

9987

IF(GRM(KK) .EQ.0)GOTO 9000
GOTO 7000

continue

Writing the last line segment out of the scratch file
to the IDRISI vector line file
write (32,) '6 ' ,NINT( counter)
rewind( unit=33)
read (33, ,end=9988) x,y
write(32,) x,y
goto 9987

9988 continue

IDRISI script file for plotting

unit 39 = IDRISJ Version 4.0 script file;

meta command file for PLOT module; displays the weighted
Voronoi Diagrams and the location and names of the
generating centers.

col = pen color, eg. col=l - pen cne, etc.

height = charater height in percent of the page height
font = 1 = Triplex Stroke
2 = SansSerif Stroke

3

- For the use with a plotter, font=3 is recommended

Small font Stroke

© 55 0 04905 9080 00000 0P LPNIEPOLOCELAIEIPIEEOLEIIEPROEILLIEIPIOIEIEPTOIOIEIIEOPIOIEOEES

height = 0.025

col=2

font=3

write (29,60) 'f u',col,output_file
col=1

do 68 I=1,NC



PSS

write(39,71)'t w',font,col,height,' 0 0',XC(I),¥YC(I),AOLD(I)

68 continue

do 69 I=1,NC
write (39,62) 'm w',XC(I),¥C(I),' 2 1',c0ol
69 continue
C draw OULLIiNe .ecceseececececoccactssascsscccsssononoes cresens
col = 2
write (39,63) 'b',col

c min. and max. weights .......... Geseesrsesecsanennns ceeens
AQ = 10000000
Al = ~10000000
do 166 I=1,NC

AO = MIN (AO,AOLD(I))

Al

MAX (Al,AOLD(I))
166 continue
if (asc_in .eq. 1) then
c IDRISI point and value file ....eiceveccvcccncannnns
do 121 I=1,NC
write (34,16) ID(I)
write (34,17) XC(I), YC(I)
write (37,18) ID(I), AOLD(I)

121 continue
CALL docO (tiile, NC, XO, X1, YO0, Y1, AO, Al)

C end mark for the IDRISI vector fileS s.iivseecroenss
write (32,) 'O o’
write (34,) 'O o

C close files and delete scratch files .........0000
close (unit=33, status='ﬁelete')
close (unit=30, status='keep')
close (unit=32, status='keep')

close (unit=34, status='keep') .



close (unit=35, status='keep')
close (unit=36, status='keep')
close (unit=37, status='keep’)
close (unit=38, status='keep')

close (unit=39, status='keep’')

else

CALL docl (title, NC, X0, X1, ¥O, Y1, A0, Al)

end mark for the IDRISI vector file ...... ceereeccnsn
write (32,) 'O 0

close files and delete scratch files .........00000
close (unit=33, status=‘'delete’')
close (unit=30, status='delete’)
close (unit=32, status='keep')
cleose (unit=35, status='keep’')
cloge (unit=36, status='keep')
close (unit=37, status='keep')
close (unit=38, status=‘keep’')
close (unit=39, status='keep')
close (unit=40, status='keep')

close (unit=41, status='keep')

endif
8888 continue

STOP

END

FUNCTION IFUNC(X,Y)

DIMENSION XC(100),YC(100),A(100),ATTR(100)
COMMON &,XC,YC,X0,X1,Y0,¥1,I,J,NC
IF((X.GT.X1).OR.(X.LT.X0))GOTO 300
IF((¥.GT.Y1).OR. (¥.LT.¥0})GOTO 300

Do 100 L=1,NC

IF((X.EQ.XC(L)).AND. (Y.EQ.YC(L)))GOTO 300



QO o0 o o a o Q

100

200

300
400

ATTR(L)=A (L) /SQRT( (X=XC(L))2+(Y-YC(L}))2)
CONTINUE

DO 200 M=1,NC

IF((M.EQ.I).OR. (M.EQ.J))GOTO 200
IF(ATTR(I).LT.ATTR(M))GOTO 300
CONTINUE

IFUNC=3

GOTO 400

IFUNC=2

RETURN

END

S 6 5 5 5 8 S 2 6 5 T 0 4 S 8860 0040 60000 E e L0 0ENLE eI LI PLEELIIOLIOELOEOTDS

This subroutine produces an IDRISI Version 4.0 Vector
line file. Together with the documentation file it
can be used to display and print the multiplicativly
weighted Voronoi Diagram to a HPGL capable plotter

or a HP laser printer.

I R R I I I B B A I I I I A A I I IR A A A A R IR B S B R B A

SUBROUTINE line_file (z, X, y, FirstLine, counter)

INTEGER z, FirstlLine, counter
REAL x, y, xfirst, yfirst

if (z .eq. 3) then

if (FirstLine .eq. 1) then
counter = 1
write (33,) x,y¥
FirstLine=0

else
xfirst = x
yfirst = y
write (32,) '6 ' ,NINT( counter)

rewind (unit=33)



9990

10000

Qo O o a

75
77
81

142

do 10000 I=1, counter
read(33,) x;y
write(32,) %,y

continue

rewind (unit=33)

counter = 1

write (33,) xfirst, yfirst

endif

else
counter = counter + 1
write(33,) x,y

endif

end

e e s e300 000000 DRI SRS v e L0 B G S L0 0B LI GEEEPOELIOLEGSOIEIOELTINISIETOSTE

This subroutine reads values out of the IDRISI
point- and value-documentation files (units 36 and

38) and returns them to the main program.

€9 6 5 4 65 6888 S8 585000000000 0ERBEILNEVEIELIEPLIIIBVCOOIIPSLESETDY

SUBROUTINE read doc (NCENT, XMINI, XMAXI, YMINI, YMAXI)

REAL XMINI, XMAXI, YMINI, YMAXI
INTEGER NCENT
CHARACTER14 junk

FORMAT (Al3,1X,F12.7)
FORMAT (A13,1X,15)
FORMAT (A34)

do 142 1=1,7
read {(36,81)
cont inue
read (36,75) junk, XMINI
read (36,757 junk, XMAXI



ke

Q

O a o o &

read (36,75) junk, YMINI
read (36,75) junk, YMAXI

rewind (unit=36)

do 143 I1=1,2
read (38,81)
143 continue
read (38,77) junk, NCENT
rewind (unit=38)
return

end

Definition of the IDRISI vector documentation files
unit 3% = vector line file documentation
unit 36 = vector point file documentation

unit 38 = values file documentation

LR R I I I I N I I I I O I I B R SR A A RN A A Y

SUBROUTINE docO (title,NCENT,XMINI,XMAXI,YMINI,YMAXI, AMIN, AMAX)

REAL dist, AMIN, AMAX
CHARACTER8 ref sy, units
CHARACTER24 title
INTEGER NCENT

dist = 1.
print , ‘'Select the reference system!‘
print , ‘'{(type either plane, utm or lat/long)'
read (,70) ref sy
print , ‘Select the reference unit dimension!’
print , '(m for metres; km for kilometres; ft for feet)'

read (,71) units

70 FORMAT (AS8)
71 FORMAT (A2)



73
)
76
717
82
83
84
85
86
87
88

FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
write
write
write
write
write
write
write
write
write
write
write
write

write

rewind (unit=35)

write
write
write
write
write
write
write
write
write
write

write

{(A14,A8)

(A14,F11.7)

(Al4,F9.7)

(R14,15)

(Al13,1X,RA24)

(A23)

{R19)

(A18)

(A21)

(A15)

(A25)

(35,82) 'file title
(35,86) 'id type
(35,84) 'file type
{35,85) 'object type
(35,73) 'ref. system
(35,73) 'ref. units
(35,76) 'unit dist.
(35,75) 'min. X
(35,75) ‘'max. X
(35,75) ‘min. Y
(35,75) 'max. Y
(35,86) 'pos_n error
(35,86) ‘'resolution
(36,82) 'file title
(36,86) 'id type
(36,84) 'file type
(36,85) 'object type
(36,73) 'ref. system
(36,73) ‘'ref. units
(36,76) ‘'unit dist.
(36,75) 'min. X
(36,75) 'max. X
(36,75) 'min. Y
(36,75) 'max. Y

.

I

Yy

.

3

..

',title
integer’
ascii’
line’
‘,ref sy
',units
' ,dist
', XMINI
', XMAXT
', YMINI
', YMAXI
unknown'

unknown'

',title
integer'
ascii’
line'
',ref sy
',units
+,dist
', XMINI
* , XMAXI
', YMINI
', YMAXI



Q0O 0 a0

write (36,86) 'pos_n error : unknown'

write (36,86) 'resolution : unknown'
rewind (unit=36)

write (38,82) 'file title : ',title

write (38,84) 'file type : ascii’

write (38,77) 'recoxds : ' ,NCENT
write (38,87) 'fields s 2
write (38,88) 'field O : identifiers’

write (38,86) 'data type : integer’
write (38,87) 'format : 0
write (38,858) 'field 1 :+ weights'
write (38,85) 'data type : real'
write (38,87) 'format : O
write (38,75) 'min. value : ',AMIN
write (38,75) 'max. value : °',AMAX
write (38,88) 'value units : unspecified’
write (38,86) 'value erroxr : unknown'
write (38,85) 'flag value : none’
write (38,85) 'flag def n : none’
write (38,87) 'legend cats : O°
rewind (unit=38)

end

0.8 9 000 80009 2290 PSP I PEP TR LI OB IISOCIIOENIEPPLIISS

Definition of the IDRISI vector documentation file
unit 35 = vector line file documentation
unit 41 = new values file documentation

ooooo R EEEE R R NN N I S A B A A A A I B R I B A K B A A IR

SUBROUTINE docl (title,NCENT,XMINI,XMAXX,YMINI,YMAXI,AMIN,6 AMAX)

RERL dist, XMINI, XMAXXI, YMINI, ¥YMRXI, AMIN, AMAX
INTEGER NCENT

CHRRACTER24 title

CHARACTER14 junk

CHARACTERSE ref sys



CHARACTER4 units

73 FORMAT (Al13,1X,A8)
74 FORMAT (A13,1X,A4)

75 FORMAT (Al3,1X,F12.7)
76 FORMAT (Al13,1X,F9.7)
77 FORMAT (A13,1S)

81 FORMAT (R34)

82 FORMAT (Al13,1X,A24)
83 FORMAT (A23)

84 FORMAT (A19)

85 FORMAT (A18)

86 FORMAT (A21)

87 FORMAT (AlS)

88 FORMAT (A25)

dist = 1.0
do 144 I=1,4
read (36,81)
144 continue

read (36,73) junk, ref sys

read (36,74) junk, units

rewind (unit=36)
write (35,82) 'file title : ',title
write (35,86) 'id type : integer'
write (35,84) ‘file type : ascii’
write (35,85) 'object type : line'
write (35,73) 'ref. system : ',ref sys
write (35,73) ‘'ref. units : ',units

write (35,76) ‘'unit dist., : ',dist

write {35,75) 'min. X s ', XMINI
write (35,75) 'max. X ¢ ', XMAXI
write (35,75) 'min. Y s ', YMINI
write (35,75) ‘'max. Y ', YMAXI

write (35,86) ‘pos_n error : unknown'’

write (35,86) 'resolution : unknown'

e o 'L«ﬁl‘&@

mmw,w



rewind (unit=35)

write
write
write
write
write
write
write
write
write
write
write
write
write
write
write
write

write

rewind (unit=41)

end

(41,82)
(41,84)
(41,77)
(41,87)
(41,88)
(41,86)
(41,87)
(41,86)
(41,85)
(41,87)
(41,75)
(41,75)
(41,88)
(41,86)
(41,85)
(41,85)
(41,87)

*file title
'file type
'recozrds
'£ields
*field O
‘data type
'format
‘field 1
'‘data type
'formar
'min. value

'max. value

‘value units :

'value error :

'flag value

'flag def_n

'legend cats :

',title
ascii'

' s NCENT
2

identifierxrs’

¢ integer'
: O

: weights’
: real'

: O

' yAMIN
' ,AMAX
unspecified’

unknown'

: none'

: none'

o‘



Appendix III: Readme file;
VORONOL.



README FILE - VORONOI

Program description:
This program creates the planar, normal Voronoi diagram (as a function of distance
between points; all weights are equal), the multiplicatively weighted Voronoi diagram and
Geary and Moran transformations for the visualization of spatial autocorrelation for a set
of data points in R2. Due to limitations of the compiler (64K-barrier) the maximum
number of data points is currently set to 100.
To runtype: ‘'voronoi'.
Input Options:
The input file can either be an ASCII file of 4 columns where,

column 1 = point ID

column 2 = X-Coordinate

column 3 = Y-Coordinate

column 4 = point attribute value,
or IDRISI vector and value files in ASCII format.

Calculation options:

This program allows four options for the calculation. To generate:

- the ordinary Voronoi diagram type '0'

- the multiplicatively weighted Voronoi diagram  type '’

- the Geary transformation or type '2'

- the Moran transformation type '3'
Output options:

Make sure that your IDRISI environment is set cotrectly!
To display type:



‘plot x 1 <filename> idrisi 1 0' - for screen output
'plot x 2 <filename> idrisi 1 0' - for HPGL-plotter output
'plot x 3 <filename> idrisi 1 0' - for HP-LaserJet output

for immediate display, or type:

'plot' and follow the interactive menu.

If option 2 is used, make sure that the com port is set correctly.
Example to set coml, type:
'mode com1:9600,n,8,1,".

It is highly recommended to become familiar with the IDRISI "PLOT" command and the
structure of IDRISI script files.

Interpretation of the Geary and Moran transformatioens:

Plot the visualizations for the Geary and the Moran transformation against the ordinary
Voronoi diagram. The smaller the differences from the ordinary Voronoi diagram are, the
higher the degree of positive spatial autocorrelation in the point data set. With an increase
in the curvature of the bisectors, negative spatial autocorrelation increases.

Example for script file with ord. VD, Geary and Moran transformations:
ful <ord. VD>

fu 2 <Geary>

fu 3 <Moran>

bl

Copyright:  Martin Cassel, 1993.



AppendixIV: Visualization results.
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