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Abstract

Geographical Information Systems are powerful instruments to analyse spatial
data. Wildlife researchers and managers are always confronted with spatial
data analysis and make use of these systems for various tasks. One important
characteristic of the animals unter investigation is their locomotion. Thus the
temporal aspects are important, but unfortunately GIS are almost ignorant
concerning the analysis of the temporal domain.

This thesis is trying to provide a new perspective on how to analyse moving
point objects within GIS. A conceptual shift is performed from a space centered
view to a way of analysing spatial and temporal aspects in an equally balanced
way.

For this purpose the family of analytical Time Plots was developed. They
represent a completely new approach of how to analyse moving point objects.
They transform the data originating from an animal’s movements into a repre-
sentation with two time axes and one spatial axis that allows for an effective
recognition of spatial patterns within the data. Some of the easier Time Plots
make use of the Temporal Data Frames concept, another analytical framework
using exploratory data analysis techniques to analyse and search for regularities
in temporal point data. It is especially useful in the exploration of temporal
aspects such as solar or lunar cycles.

The Radial Distance Functions developed and elaborated are a new method
to analyse the environment around a point object. They can be thought of as
an extension of the second-order functions applied to areal data. They are also
extended to be used in a more dynamic way of analysing the movements of an
animal in its environment.

The methods developed were applied to synthetic data as well as different
animal species including ants, bats, woodstorks, badgers and lynx to test and
illustrate their usability.

Due to the fact that temporal aspects become more and more important
in GIS, a system similar to the (spatial) coordinate transformation between
different coordinate systems needs to be developed for the temporal domain.



Zusammenfassung

Geographische Informationssysteme (GIS) sind méchtige Systeme, um Raum-
daten zu analysieren. Wildtierbiologen sind oft mit der rdumlichen Datenana-
lyse konfrontiert und benutzen daher diese Systeme fiir verschiedene Aufgaben.
Ein wichtiges Charakteristikum der untersuchten Tiere ist ihre Lokomotion.
Dabei spielt der zeitliche Ablauf ein grosse Rolle. Ungliicklickerweise stellen
jedoch GIS kaum Analysemethoden fiir die Analyse der zeitlichen Dimension
zur Verfligung.

Die vorliegende Arbeit versucht nun, eine neue Perspektive aufzuzeigen, wie
bewegende Punkt-Objekte im GIS analysiert werden kénnen. Dazu wird ein
konzeptioneller Wechsel von einer raumzentrierten Sicht zu einer Analyse voll-
zogen, in welcher rdumliche und zeitliche Aspekte in gleichem Mass einbezogen
werden.

Zu diesem Zweck wurde die Familie der Time-Plots entwickelt. Sie stellen
einen komplett neuen Zugang dar, um bewegende Punktobjekte zu analysieren.
Die raum-zeitlichen Daten von sich bewegenden Tieren werden zu einer Repra-
sentation mit zwei Zeitachsen und einer riumlichen Achse transformiert. Dies
erlaubt in einer effizienten Weise, rdumliche Muster in einem Datensatz zu erken-
nen. Einige der einfacheren Time-Plots nutzen das neue Konzept der Tem-
poral Data Frames. Dazu werden Techniken der Explorativen Datenanalyse
eingesetzt, um nach Regelméssigkeiten in den zeitlichen Punktdaten zu suchen.
Besonders niitzlich ist diese Methode bei zyklischen Zeitaspekten wie beispiel-
sweise Sonnen- und Mondzyklen.

Mittels der neu entwickelten und ausgearbeiteten Methode der Radial Dis-
tance Functions (RDF) lasst sich die Umgebung um ein Punktobjekt analysieren.
Diese Funktionen konnen als Erweiterung der second-order Funktionen auf Fla-
chendaten angesehen werden. Die RDFs werden zudem erweitert, um die Dy-
namik in den Umgebungsverdnderungen bei sich bewegenden Tieren erfassen zu
konnen.

Die hier entwickelten Methoden wurden zuerst an synthetisch generierten
Daten und spéter auch an realen Daten einer Ameise, einer Fledermaus, Ameri-
kanischen Nimmersatten, Dachsen, und Luchsen getestet und ihre Verwend-
barkeit aufgezeigt.

Angesichts der Tatsache, dass zeitliche Aspekte in GIS immer wichtiger wer-
den, wire es sinnvoll, ein System zu entwickeln, welches dhnlich der (rdumlichen)
Koordinatentransformation die Transformation zwischen verschiedenen Zeitsys-
temen erlaubt.



Contents

1 Introduction

1.1
1.2

Problem Statement . . . . . . .. ... .. ... ... .
OVerview . . . . . v i e e e e e e e e

I Background

2 Fundamentals

2.1
2.2

2.3
24

Typesof Points . . . . . . .. .. .. ..
Time and Rhythm . . .. ... ... .. ... ... .......
2.2.1 Measurement of Time . . . .. .. .. ... .. ......
2.2.2  What About the Fuzzy and Abstract Temporal Terms?

2.2.3 Representation of Time in Computer Science . . . .. ..
224 Rhythms . . ... .. ... ... ...
What is Pattern? . . . . . . ... ..o
Questions Posed upon Point Objects . . . . . ... ... ... ..

3 Current Analysis Methods

3.1
3.2
3.3
3.4

Point Pattern Analysisin Biology . . . . . . ... ... ... ...
Point Pattern Analysis in Commercial GIS . . . ... ... ...
Current GIS Methods . . . . . . .. ... ... ... ... ...,
Database Aspects . . . . . . . . . . ...
3.4.1 Temporal Databases . . . ... ... ... ... ......
3.4.2 Temporal Query Languages . . . . .. .. ... ......
343 Temporal GIS. . . . ... ... . ... ... ...

II Development of Methods

4 Temporal Data Frames Concept

4.1
4.2
4.3
4.4
4.5
4.6
4.7

Introduction to the Problem . . . . . . . ... .. ... ......
Purpose . . . . . . .
Introduction of TDF: the Basic Form . . . . . . ... ... ....
Cyclic Aspects of Time . . . . . . .. .. ... ..
Forms of Implementation . . .. ... .. ... ... ......
Example Application . . . . . .. ... ..o oo,
Outlook . . . . . . . . . e

10
11
12
13
14
15
17

19
19
23
25
26
26
26
27

29



Contents

5 A new Family of Time-Plots

5.1 Creationof T-Plots . . . . .. ... ... .........
52 T-x,T-yand T-rPlot . ..................
53 T-vPlot . ... ... .. .. ... ...
54 T-oPlot. .. ... ... ...
5.5 Creationof TT-Plots . . . . ... ... ... .......
5.6 TT-4 Plot (Spatial Distance) . ... ...........

5.6.1 TT-J Plots Generated from Artificial Point Data

5.6.2 Interpretation Catalogue for TT-§ Plots . . . . .
5.7 TT-w Plot (Parallelity) . . . .. ... ...........

5.7.1 TT-n Plots Generated from Artificial Point Data

5.7.2 Interpretation Catalogue for TT-7 Plots . . . . .
5.8 Further Analysis of TT-Plot Data . ... ... ... ..
5.9 Combined and Superimposed TT-Plots. . . . . ... ..
5.10 Extensions for Two Objects: TT2-Plots . . . . ... ..

6 Applications of the Time-Plot Family
6.1 Defining Biological Phases with T-Plots: Woodstorks . .
6.2 TT-§ Plots from Biological Point Data . . . . ... ..
6.2.1 AntinaPetriDish.................
6.22 Lynx. ... ... . ... ...
6.2.3 Myotis myotis from Portugal . . ... ... ...

7 Radial Distance Functions (RDF)
7.1 Creation of RDF-Functions . . .. ... .........
7.2 Types of RDF-Functions . . . . . ... ... .......
7.3 RDF-Example: Badger Setts . .. ... .........
7.4 Temporal RDF-Functions . . ... ............
7.5 Directional RDF-Functions . ... ............
7.6 Extensions to RDF-Functions . . . . . . ... ... ...

8 Discussion and Epilogue
A The Prototype Application TUPF

B Glossary of Time



List of Figures

2.1
2.2
2.3

3.1

4.1
4.2
4.3
4.4

4.5
4.6

4.7

4.8
4.9

5.1
5.2
5.3
5.4

9.5

5.6
5.7
5.8
5.9
5.10
5.11
5.12
5.13

5.14
5.15
5.16

Classification of Point types.. . . . . . . . .. .. ... ... ...
Classification of temporal sampling schemes. . . . . . . .. .. ..
The three interrelated aspects of time. . . . . . . . . ... .. ..

Effect of shape of the study area on the expected average nearest
neighbor distance. . . . . . ... ... ...

Basic form of a temporal data frame. . . . . . . . .. ... ...
Methods of how to change a temporal data frame. . ... .. ..
Tustration of temporal data frames. . . . . . . . ... ... ...
Changes of the sunrise and the beginning of the civil twilight
during theyear. . . . . . . ... ... L
Changes in the duration of the twilight during the year. . . . . .
Implementation example of scrollbars as one method to define
the parameters fora TDF. . . . . . .. .. .. ... ... .....
Implementation example of a graphical selection method for cyclic
temporal aspects. . . . . . . ... L L
Multiple time aspects as an example in the application of TDF's.

Radio locations of one badger in the Sihlwald in September 1996.

3-D plot of an ant walking on a petridish. . . . . ... ... ...
Classification of the Time-Plot Family. . . . . . . ... ... ...
Artificial movement patterns used for demonstration purposes.
T-x plot and T-y plot for the artificial movement pattern walking
alongaline. . . . .. ... ... Lo
T-r(rotation) plot for the artificial movement pattern walking
alongaline. . . . .. .. ..
T-v plot for the artificial movement pattern walking along a line.
T-o plot for the artificial movement pattern walking along a line.
Example TT-6 plot construction. . . . . . .. ... ... .....
Example TT-6 plot from the artificial data 'walking on a line’.
Basic features found in a TT-plot. . . . ... ... ........
Transect for the example TT-d plot. . . . .. ... .. ... ...
Example TT-§ plots from artificial data. . . . . . ... ... ...
Creation of a TT-7 plot. The colors indicate the parallelity rela-
tiveto PL. . . . . . . oL
Example TT-7 plots from artificial data. . . . . . .. ... ....
Example 1 for a superimposed TT-plot from artificial data.
Example 2 for a superimposed TT-plot from artificial data.

49

49
50
50
51
52
52
53
54

99
60
63
64



vi

List of Figures

5.17
5.18

6.1
6.2
6.3
6.4
6.5
6.6

6.7

6.8
6.9
6.10
6.11

6.12
6.13
6.14
6.15

6.16

6.17

6.18

6.19
6.20

6.21
6.22
6.23

6.24

7.1
7.2
7.3
7.4
7.5
7.6

Creation of a TT2-d plot. . . . . . . . . . . .. ... ... .... 65
Example TT2-§ and TT2-7 plots from artificial data.. . . . . . . 66
Overview of the Woodstork data from Florida and Georgia. . . . 68
T-x and T-y plots for the woodstork data. . . . . . ... ... .. 69
Instrumental setup for the data collection of the ant. . . . . . . . 70
T-y plot for the ant in phase 1. . . . . . . ... ... ....... 71
T-v plot for the ant in phase 1. . . . . . .. ... ... ...... 71
T-o plot for the ant in in the middle of the observation period in

phase 1. . . . . .. L 72
TT-§ plot for the ant in the petri dish phase 1 (undisturbed).

Short distances are indicated in blue, medium ones in green and

large distances have a yellow tored color. . . . .. ... .. ... 73
TT-§ plot for the ant in the petri dish phase 2 (undisturbed). . 74
TT-6 plot for the ant in the petri dish phase 3 (rubber cannula). 75
TT-§ plot for the ant in the petri dish phase 4 (sugar). . .. .. 76
TT-w plot for the ant in the petri dish phase 1 (undisturbed).

Blue indicates parallel, green intermediate, red anti-parallel. . . 77
TT-n plot for the ant in the petri dish phase 2 (undisturbed). . 78
TT-n plot for the ant in the petri dish phase 3 (rubber cannula). 79
TT-w plot for the ant in the petri dish phase 4 (sugar). . . . .. 80
Histogram of parallelity values for the TT-7 plot for the whole

phased. . . . . . L 82
Histogram of parallelity values for the TT-m plot for the time

with little movement in the middle of phase 4. . .. . ... ... 82
TT-0 plot of lynx 1 for a three months period in spring. Short

distances are indicated in blue, medium ones in green and large
distances have a yellow to red color. The same color scheme is
used in the following figures. . . . . . . . ... ... ... 83
Detail of the TT-§ plot for lynx 1. The color scheme was rescaled
to account for the maximum distance within this part of the

observation period. . . . . ... .. ..o Lo 83
TT-6 plot of lynx 2 for a one year period. . . . ... ... .... 84
Detail of the TT-6 plot for lynx 2. The color scheme was rescaled

to account for the maximum distance within this part of the

observation period. . . . .. ... ... ... 85
TT-0 plot of lynx 3 for a one year period. . ... ... ...... 85
TT-0 plot of lynx 4 for a one year period. . .. .......... 86
Detail of the TT-§ plot for lynx 4. The color scheme was rescaled

to account for the maximum distance within this part of the

observation period. . . . . . .. ... Lo 86
TT-0 plot for a Greater Mouse-eard bat Myotis myotis from Por-

tugal. . ... 87
A cow in the middle of a road in Zurich (Switzerland). . . . . . . 90
Example RDF configuration map.. . . . . .. ... ... ..... 92
Example RDF areaplot. . . . . . . ... ... ... ... ..... 93
Example RDF percent area plot. . . . . ... .. .. ....... 94
Example RDF cumulative area plot. . . ... ... ... ..... 94

Example RDF cumulative percent area plot. . . . . . ... . ... 95



List of Figures vii

7.7 The RDF Family. . . . . . .. ... ... ... . ......... 96
7.8 RDF for the main badger setts in the Knonaueramt area. . . .. 97
7.9 Cumulative RDF for the main badger setts in the Knonaueramt

< 98
7.10 The creation of a temporal RDF-plot. . ... ... ........ 98
7.11 Example of a temporal RDF-plot.. . . . ... ... . ... .... 99
7.12 Second example of a temporal RDF-plot. . . ... ........ 99
7.13 Directional RDF configurations. . . . . . . . ... ... ...... 100
7.14 Spatial configuration of the meadows around one of the badger

setts in the Knonaueramt. . . . . . . ... .. ... .. ... ... 100
7.15 Directional RDFs of the meadows around one of the badger setts

in the Knonaueramt (1). . . . . . ... . ... ... .. .. ..., 101
7.16 Directional RDFs of the meadows around one of the badger setts

in the Knonaueramt. (2) . . . . . ... . ... ... ........ 102
A.1 TUPF: main window elements . . ... ... ... ........ 110
A.2 TUPF: Changing the time point. . . . . ... ... .. ...... 111
A.3 TUPF: Changing the data frame width . . . ... ... ... .. 112
A4 TUPF: Moon illlumination . . . . ... .. .. ... ........ 113

A5 TUPF: T-rplot . . . . . . .. o s 114



viii List of Figures




List of Tables

2.1
2.2
2.3

24

3.1

4.1

4.2

5.1
5.2
5.3
5.4
5.5
5.6
5.7

Time anchors used in various disciplines and situations. . . . . .
Terminology used for transaction and valid time . . ... .. ..
Examples of possible rhythms that can influence the behavior of
animals. . . . . . .. L e
List of example questions often posed in wildlife research when
studying a certain species. . . . . . ... ... o oL

Indices for Quadrat Count Data.. . . . ... ... ... ......

Classification scheme of habitat analysis studies with respect to
the perception of animals and habitat. . . .. ... .. ......
Classification scheme for dynamic visualizations . . . . . . . . ..

Color scheme for TT-d plots . . . . .. .. ... ... ... ....
Basic interpretation catalogue for TT-6 plots. . . . . . .. .. ..
Extended interpretation catalogue for TT-§ plots of variant a. . .
Extended interpretation catalogue for TT-§ plots of variant b. . .
Extended interpretation catalogue for TT-§ plots of variant c. . .
Color scheme for TT-wplots. . . . .. ... ... ... .. ....
Basic interpretation catalogue for TT-w plots. . . . . . . . .. ..

34
35



List of Tables




Introduction

1.1 Problem Statement

This thesis is an interdisciplinary work between Geographical Information Sci-
ence and Wildlife Biology. It is focusing on methodological aspects that are
arising when both disciplines meet. The aim of this work is the development of
new analysis methods for movements of animals in the environmental space.

I would like to start off with a basic idea: Animals, in contrast to plants,
once upon a time have invented locomotion. The definition of locomotion in-
cludes two fundamental concepts: Space and Time. Spatial data, the material
Geography is working with, is a very complex matter. In the past few decades
powerful instruments have been developed for handling and analyzing such data.
The diffusion of these geographical information systems (GIS) into disciplines
outside Geography started in the late 80ies and early 90ies. Today we are at
the beginning of a new era for GIS where they become almost omnipresent and
even available in standard office computer software packages.

Wildlife researchers are always confronted with spatial data analysis, so it is
not astonishing that they also started to make use of these systems. Impressive
applications were developed and results presented, but a major problem still
exists in the handling of wildlife data in GIS. Although powerful in analyzing the
spatial domain, GIS are nearly ignorant concerning the handling and analysis
of the temporal domain. Thus, major efforts today on this topic are directed
towards the representation of time within GIS.

The work presented here aims to go two steps ahead of representational
issues. The first step is to extend the understanding of time as a single dimension
with a perception of time as a congregation of 'multi-faceted’ temporal aspects.
The second and main step that goes beyond representation is the development
of powerful analysis methods that incorporate both spatial and temporal aspects
in an equally balanced way. Hence, the main question posed in this work is the
following:

How can we include temporal aspects in the analysis of the spatial behavior
of an animal within o GIS environment?

The intentions underlying the development of new concepts may be better
explained by presenting the current state and its shortcomings. I shall try to do
this in the form of the following list of common misconceptions and shall then
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explain why they need to be overcome.

1. Animal movements are random walks.
2. A movement can be described by measuring the shape of the path.

3. The spatial aspects of the environment can be summarized by a single
value.

4. A certain analysis of the data is performed even if it takes a large amount
of time.

5. A temporal GIS is a GIS which includes an adequate representation of
temporal aspects.

6. Changes in the use of space by an animal can be adequately analyzed
by creating separate maps of the data for each calendar month of the
observation period.

The following shows some of the misconceptions and errors in reasoning in
the above statements.

(1) Random is often confused with the finding that underlying patterns can-
not be identified. Animals obviously have clear patterns in their behaviors, but
sometimes these patterns are too complex to be identified with simple methods.

(2) The temporal dimension is left out. Without time no changes are pos-
sible. This means that two things are vital when analyzing movements: space
and time.

(3) Summarizing information either means concentrating or loosing informa-
tion. The art of analysis is to make complex phenomena easy to understand.

(4) Most of today’s data in wildlife biology (and probably many other fields,
too) are not analyzed to its full potential due to a lack of time. The ease and
speed with which an analysis can be performed is crucial for its application in
the everyday life of a researcher. If one needs to calculate the time to sunrise
for 9000 observations by hand, no one would do it. If it can be done by pushing
a button, it is performed whenever there is a chance to gain new insights into
the data.

(5) The adequate representation of temporal aspects in GIS is only one
step towards a Temporal GIS. The representation of a line and a polygon in a
computer software does not make it a GIS until analysis functionality is added to
the system. They are mostly called graphics, drawing or cartographic programs
instead. The same is true for time aspects. The representation itself is only
the first requirement. To make full use of the information, the analysis part
of a spatio-temporal information system needs to be developed, a part that is
largely missing today.

(6) The most popular way of analyzing temporal data in wildlife research
is to plot the data on a separate map for each observation period. Calendar
months presumably have no meaning to animals. By applying such a frame-set
to the data, the researcher implicitly (and probably unintentionally) assumes
that the changes he or she is looking for overlap with these time periods. If
the changes in the data are shorter than the calendar months, they will not
be detected. In the case the changes are occurring at a larger time range or
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in between them, there is a potential danger that fluctuations in the data are
considered to be significant differences.

Here, a completely new approach was developed. A conceptual shift is pre-
sented from a space-centered view to a time-centered view, where time can even
become the dominant dimension in the analysis (chapter 5).

With this thesis I would like to pursue the following objectives. First I
would like to provide a better understanding of time and temporal aspects.
It should lead to improved and more accurate analysis methods for wildlife
research data within geographical information systems. In the context of GIS
it will show that temporal geographical information systems not only need a
sophisticated data model to represent temporal aspects, but in addition that new
and improved analytical methods need to be developed to adequately analyze
the data. This work is intended to provide new analytical methods to achieve
better insights into changes in the spatial behavior of animals. It will also create
analytical instruments to perceive and define biologically ‘'meaningful’ phases in
a wildlife researchers data. Even though most examples and statements are
made primarily with a focus towards wildlife research, the methodology is of
course applicable in any context concerned about spatial movements of point
objects.

1.2 Overview

Space can be classified in different ways. The most familiar way is the classifi-
cation in zero, one, two and tree dimensions representing point, line, area and
volume. Animals are often represented as point objects in GIS. For the purpose
in consideration here this is being considered adequate, so in the following I will
focus on point objects. The term ’animal’ used throughout the text can most
of the times be considered as an example for a moving point object’ in general.
I assume that the readability and understanding is made easier when using a
concrete example, so I will mostly use the term animal instead of 'moving point
object’.

Geographical Information Science has a variety of facets. Database issues
are fundamental to any GIS. A lot of research in this area is currently being con-
ducted on object-oriented systems, interoperability and the integration of time
(e.g., Yearsley and Worboys, 1995; Vckovski, 1997). Temporal GIS research
can be grouped into three topics: database, query and analysis. In contrast to
the first two topics, the last one has not received much attention yet. Chapter
3.4 will give a short overview of temporal GIS research.

Spatial analysis, on which this research is concentrating, is at the core of GIS
applications. Basic functionality can be found in all ’off-the-shelf’ systems, but
as the diffusion of GIS into other research disciplines increases more analysis
functions are needed. Especially in biological research a lot of the acquired data
is in the form of point data, e.g. locations of plants or animals. In spite of the
relatively large literature on the analysis of point data (not to be confounded
with point measurements of continuous phenomena), GIS provide little analysis
methods for this type of data. Chapter 3.3 will give an overview over the
currently available analysis methods for point objects. In the past few years
there has been a lively discussion going on about the integration of statistical
analysis of spatial and non-spatial attributes. Several ways of coupling GIS with
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statistical software have been provided in the literature as a proof of concept,
mostly using GIS as a visualization front end to the statistical package, but true
integration is still lacking (MacLennan, 1991; Lippert-Stephan, 1996).

In chapter 2 the characteristics of points and time specific to wildlife re-
search are elaborated. After that an overview of the current analysis methods
is provided in chapter 3.

In part II concepts and new analytical methods are developed. The main
focus is set on the integration of various temporal aspects in the analysis of
point objects.

A relatively new research field in GIScience is addressing problems of how
to handle uncertainty in GIS with its different aspects from boundary location
accuracy to classification uncertainty (Aspinall and Pearson, 1995). It would be
tempting to include such aspects in the development of new analysis methods.
Unfortunately, as this is still a very difficult aspect to handle for geographic
information, it would not be realistic to try including it in a first approach for
analysing moving point objects. This will need to be addressed in later studies.

In the following I will examine some issues of the main data type for this
study, the point object.



I

Background






2

Fundamentals

2.1 Types of Points

For a lot of GIS-technicians points come in very handy in representing a diversity
of issues. Lanterns and road signs are easily represented as points in GIS. Hill
peaks, trees, badger setts and observations of animals can be handled as points
as well. In transportation the locations of ships, trucks or emergency vehicles
are tracked by means of GPS where the data are measured and stored as points
with two coordinates defined.

Obviously a variety of things are handled by the same representational fea-
ture class. In a mathematical sense points are zero dimensional objects with
no extent. In all of the cases above this means that the original elements are
reduced until their size converges to zero. This representational ’equifinality’ of
all these objects might mislead to the temptation that they could be analyzed
in a similar way. In the following I will try to clarify the reasons and properties
why this is not the case.

There are many ways to approach a classification of point data. In this work
I will distinguish the four following aspects often implicitly or explicitly inherent
to a point object in a GIS:

1. Generator/Generation Mechanism
2.  Object type

3. Sampling method

4. Representation

Researchers often wish to know the generation mechanism which created a
certain spatial pattern found. This mechanism is most often unknown and can
often only be inferred from the resulting patterns. Since it is seldom known in
advance, there is not much use in classifying point objects upon this first aspect.

The second aspect can be clarified by asking the following two questions:

2a. Does a single object change its location?
2b. How long does the object exist?

The ordering of the questions does not really matter. Figure 2.1 illustrates
the two questions and a possible classification scheme. The distinction between
moving and static objects seems to be trivial but is nonetheless important as can



Fundamentals

be seen below. The question on the life span of an object splits up several types.
Objects that only exist for a fraction of a second can be distinguished from ones
that exist for a longer time, for multiple times or even infinitely. Objects that
change their location cannot have a life span of 0, because they must exist at
least at two different locations which for zero dimensional objects requires the
existence at two different times.

Cressie (1993) only considers temporal point objects which do not change
their location. He distinguishes only two types. They are called space-time
shock point processes and space-time survival point processes. For the first type,
events occur instantaneously over both time and space. Conversely, for the lat-
ter type, events are born at some random location and time, and then live for a
random length of time. These are the only temporal point patterns considered
by Cressie (1993). The other types of point objects considered here (figure 2.1)
were missing, probably due to the fact that his work is concentrating on exam-
ples originating from the field of botany.

In the present work I will concentrate on objects that change their location
and exist for a certain period of time.

One of the factors which is often ’'hiding’ the type of object is the sam-
pling scheme applied when collecting data (figure 2.2). For example in wildlife
telemetry locations of animals are often taken at certain intervals such as days
or weeks. They are then recorded as point objects with two coordinates and a
time identifier. In a subsequent analysis they are often considered in an equal
manner as if they were objects existing only at the observed locations. The
locations in between samples are ignored even though the animal must have
passed some of the area between the samples.

The sampling scheme needs to define at least three aspects which can be
evaluated by the following three questions:

1. What is the temporal sampling scheme?

2.  What is the spatial sampling scheme?

3.  What kind of boundary is defining the sampling area? (in-
finite/none, bordered)

The temporal sampling scheme is of concern here. When applying differ-
ent schemes (figure 2.2) the resulting data and their representation is changed
accordingly. In the past most of the data in spatial studies on animals were
applying some kind of a snapshot sampling scheme. This resulted in data sizes
which could still be handled. The researchers were mostly concerned about tem-
poral autocorrelation of the data in order to be able to apply certain statistics
that require independence among observations. They almost never considered
the accurate description of an animal’s movement as a matter of interest (e.g.,
White and Garrot, 1990), although such an approach seems to be reasonable in
the case of moving objects. We might need to apply a so-called lateral think-
ing (de Bono, 1972) to overcome these limitations and start developing new
analytical methods.

It is difficult to judge whether the available statistical methods required the
sampling scheme outlined above or that the sampling methods used stimulated
the development of the statistical methods. Anyhow, the fact is that today’s
analytical methods for spatial point objects concentrate on snapshot oriented
temporal sampling schemes. Most if not all of them ignore the temporal domain
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Figure 2.3: The three interrelated aspects of time.

and hence make no distinction between the analysis of static and mobile objects.
Even in newer text books on spatial statistics (e.g., Arlinghaus, 1996) chapters
on sampling methods completely neglect the need for defining temporal sampling
schemes, obviously due to the fact that no established methods for analyzing
such data exist.

We need to break up this interdependence of development of analytical meth-
ods according to the available data and vice versa sampling data according to
the available statistical methods.

2.2 Time and Rhythm

Like many fundamental concepts, time is difficult to define in words, but most
of us refer to it and use it whenever we look at a clock. We measure time in
seconds, minutes, hours, days, and years. The internationally agreed definition
of the second is the time it takes for 9,192,631,770 cycles of a frequency that
resonates with an atom of cesium.

What is 'time’? The first answer that often comes to mind is something
similar to an immaterial linear continuum where only one point on that contin-
uum called present exists. There are no start and end points similar to space.
Being asked what time it is one gets answers like 12 hours and 23 minutes past
midnight, a measurement technique which restarts counting every 24 hours.
Starting from these three contrasting views of time I would like to shed a little
light on several aspects of the perception of time.

Figure 2.3 illustrates these three fundamental aspects mentioned above.
They are very much interrelated: (1) Time as a fundamental concept, its mea-
surements (2) and the applications of oscillations or rhythms (3).

Time in the Hindu philosophy is perceived as a wheel instead of being con-
ceived of as linear, and inherent in the concept of a spinning wheel is the notion
of rhythm (London, 1997).

In the GIS literature time is often considered as a third (or fourth in 3D sys-
tems) dimension in addition to space. This resulted to the often used term of the
space-time-cube. At first this looks very appealing, but it might be misleading.
It mixes the continuous spatial aspect, where two or more spatial points can co-
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Table 2.1: Time anchors used in various disciplines and situations.

Anchor | Examples

"Big bang’ assumed start of the universe

01.01.0000 Start of the Year of Birth of Christ

01.01.1900 Start time in the DOS/Windows operating system
01.01.1904 Start time in the Macintosh operating system
02.12.1967 my birthday

01.01.1970 Start time in the Unix operating system

Solar year
Lunar eclipse | indigenous peoples
Month
Day starts at midnight (of time zone)
Hour
Minute
Second
Present Anchor in Palaeontology

exist, with the temporal aspect, where only one time-point can exist at a time.
In addition there is only one direction possible on the time axis pointing from
the ’past’ to the ’future’. I would propose a new term called the space-time-
elevator which symbolizes the two above-mentioned differences between space
and time.

I will first go through various aspects of time measurement. Then the use
of time in our language is discussed. In the last section about the conception of
time I will provide an overview of the handling of time in computer science.

2.2.1 Measurement of Time

In our every day’s use of time we make a clear distinction between time (e.g. 5
o’clock) and date (e.g. 1.1.1999). By ’date’ we mean the actual time measured in
days passed since the date 1.1.0000. With ’time’ we use a cyclic measurement, of
24 hours ( = 86400 seconds = 794243386928000 oscillations of a cesium atom).
This repeating measurement makes it easy to refer to a different time as for
example when we make an appointment the same time tomorrow.

Since time does not have a start nor end point, we need to define some anchor
point or multiple anchor points to which we can refer in our measurements. One
was mentioned above, the date 1.1.0000, often referred to as the year of birth of
Christ. But there are several others. In palaeontology the time span considered
is so huge that the term ’present’, however undefined it is, can be considered as
a time anchor. Here the occurrence of certain species in sediments is also used
as relative time anchors. The ’big bang’ is sometimes considered as an anchor or
starting point e.g. in geology, physics and astronomy. For different time scales
different anchors and resolutions have been defined, starting from astronomical
and geological time to paleontological and biological time until the finest time
intervals considered in atomic oscillations and processes. Table 2.1 shows some
of the common time anchors.
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As it is the case with spatial data, data with temporal characteristics can
have both exact measurements or boundaries or less precise specifications. At
first, the range of temporal accuracy seems to be much larger going from sub-
second measurements to an accuracy of several hundreds of million years in
geology. But the corresponding values for spatial measurements also range from
micrometers to maybe several thousand kilometers. Comparing the order of
magnitude for time of about 10'® to the one for space of around 100 there
is only a difference of a factor of about 1:1 million. This should not cause a
computational problem.

Originating in the different time scales used in the various disciplines several
’time systems’ have been defined. In today’s geographical research we often come
across terms such as time zone, local time, UTC or standard time, solar time
and more specific terms as for example GPS time. They can be considered as
the equivalent in time for the different coordinate systems used for describing
space. An event recorded in one system (e.g. time zone 2) may have to be
translated twice if it will be used in another application: once for the (spatial)
coordinate system, and once for the time system. The second translation is an
aspect completely disregarded by today’s GIS technology and will need attention
in future temporal GIS research.

2.2.2 What About the Fuzzy and Abstract Temporal Terms?

The 'wish’ of every computer is to handle well defined ’crisp’ data. Our ev-
eryday use of time contrasts these needs in an obvious way. Terms like era,
age, epoch or season are most of the time ill defined. Sometimes crisp defini-
tions were proposed, but they often have two drawbacks which prevent a wider
application. Firstly, numerous people have tried to provide crisp definitions,
resulting in a variety of statements. Secondly, a lot of temporal aspects simply
cannot be defined crisply due to their nature. For example the four seasons
summer, autumn, winter and spring are defined as three-month periods. They
are often used as a temporal raster in the analysis of biological data. The in-
tuitive definition of these seasons is somehow related to temperature, weather
and vegetation conditions which are different in each season. But they are not
constant over the years. The use of three month periods for the definition of
seasons becomes even more difficult when traveling from north to south over the
globe. The seasons are different in Europe than in Australia or in the Tropical
Zone and have smooth transitions in between these areas.

This is only one example of temporal terms often used in our languages and
in research. There are relative terms used to describe temporal relations such as
before or after, lately or recently. The first aspect of these terms stating that it
is in the past or future is well defined, whereas the second aspect that there is a
close (temporal) proximity to the reference time is only vaguely expressed. This
becomes even more pronounced in terms like while, during and contemporary.

In biology such terms are also widely used. Breeding season, migration time,
generation time or descriptions of the age of an animal like juvenile or adult are
only a few examples.

There are at least two ways to improve this situation for computational
purposes. The first is to close the semantical gaps in the terminology of temporal
aspects. Several authors (e.g., Korte, 1997) discussed various forms of temporal
relationships between two objects. Nevertheless, a coherent framework and
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Table 2.2: Terminology used for transaction and valid time

| Author | Transaction time | Event time | Valid time |
Lum et al. (1984) physical time logical time
Lum et al. (1984) database time world time
Snodgrass and Ahn (1985) transaction time valid time
Kemp and Kowalczyk (1994) | database time world time
Yearsley et al. (1994) database time event time

the corresponding semantics are still missing for efficient communication and
application in computers. The second improvement might build on the ongoing
research on fuzzy sets, boundaries and objects in the spatial domain (Burrough
and Frank, 1996; Schmitt, 1996; Zadeh, 1965). Such concepts are also needed
in the temporal domain as illustrated by the examples above but have not been
applied yet.

2.2.3 Representation of Time in Computer Science

From a technical point of view there are several aspects to be considered. First
we need to distinguish between the time an object was created or updated
in the database (transaction time) and the times the object exists in reality
(valid time). The terminology used here is confusing because of the variety of
terms in use. Table 2.2 lists some of the frequently used terms and synonyms.
Most authors make use of transaction time, but are concentrating on event-
based models where only the changes are recorded and stay valid until another
change occurs. Aside from these two representations, it is always possible to
implement a so called user-defined time in databases by storing these values in
standard (e.g. integer or floating point) fields (user-defined time). But this is
not the approach needed here. The aim is to create a universal representation
of temporal aspects in databases.

Newer publications, especially those using an object-oriented approach, ac-
cept the need for valid time defined as the duration for which an object exists.

Recent discussions on temporal representation propose the creation of in-
stant, interval and period data types with both variable granularity and uncer-
tainty (Kemp and Kowalczyk, 1994). An instant type represents a single point
in time (e.g. 1.1.1990 01:00:00h) whereas the period type is defined by two in-
stants. The interval type is an unanchored duration of time. Handling unknown
or undefined instants is done using special values representing for example in-
finity (-00, 00). It also would be possible to use a ’time ray’ type to represent
events (instants) that are finished (or started) without a defined start (end).

Examples for applications of these representational aspects of time can be
found in Yearsley and Worboys (1995); Bagg and Ryan (1997).

How is time really implemented in today’s computer systems? Traditionally
most software support some date type. It is maintained as a number of days
passed since a specific date (see table 2.1). A (day-)time field was often neglected
and in some systems it is still missing (e.g. ESRI’s Arc/Info). In several systems,
for example SQL, the SAS system and the Oracle8 system, a DateTime field was
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Table 2.3: Examples of possible rhythms that can influence the behavior of
animals.

| Type Examples |
astronomical 24h day, day-night, moon phase, year, tides (am-
phidromic points, cotidal contours), sunset, sunrise,
altitude of sun above horizon, twilight start, end
and length (civil, nautical and astronomical), day
length, moon rise, moon set, percentage of moon il-
luminated, altitude of moon above horizon, moon
phase

meteorological weather (rain showers, wind, freezing, drying, rainy-
seasons, snow cover), temperature

biological (a-spatial) | diving times, physiological circadian rhythms (e.g.
fruit fly hatching)

biological (spatial) abies fruiting, rutting season, migration
complex tides
human hunting season, working hours, traffic rush hours,

week, holidays, vacations, spare time activities, train
schedule (30’/first-last), closing time of restaurants
or bars, second, minute, hour, calendar month,
decade, century
technical “weir flooding”

introduced holding both date and time in a single field. In addition Oracle8 also
knows about the Julian date. In the Unix environment a similar time structure
is defined, which counts the number of seconds since 00:00:00 of January 1, 1970.
It has functions to access the contents of the time structure as year, month, day,
hour, minute, second and also contains a flag for the daylight saving time. Aside
from this time structure Unix also keeps track of the current time zone which
contains the difference between UTC and the local time, although this is done
at the system level and not at the application level. The last two fields (daylight
time, time zone) are seldom seen in standard applications.

It is clear from these few examples that there is a variety of implementations
of time in today’s computer systems. Most of them only cover a fraction of
the information needed to reflect the full temporal information needed when
handling geographical data spread all over the earth.

2.2.4 Rhythms Considered for Wildlife Data Analysis

Rhythms are sequences repeated at relatively regular intervals. In the biological
and medical literature a lot of work has been done in the area of endogenous
and exogenous rhythms (e.g., Borbely and Tobler, 1996; Camargo et al., 1999;
Cederlund and Lemnell, 1980; Turner, 1980; Kurt, 1991). Most of this work has
been done concerning the day/night rhythm. Wildlife animals are influenced
by a wide range of natural and human influenced rhythms. Table 2.3 provides
some examples which go far beyond a simple light/dark phase analysis.
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Many of these rhythms are linked to quite complex spatial phenomena which
require a lot of complex calculations to be analyzed, a task often beyond the
capacity of a wildlife researcher. This is probably the main reason why such
analysis is almost never performed in field research.

Rhythm is closely related to time lags. Analyzing rhythms and their origin
often requires the inclusion of time lags. In some cases the amount of time used
in an analysis to explore effects with a time lag might be known. In others it
is unknown whether such an effect exists at all. In such cases good guessing
or a tremendous amount of work might reveal such an effect. This makes the
analysis task even more complex.

The title of this section might imply that all rhythms for the analysis of
wildlife data could be determined in advance. This is of course not possible.
Hence in a first stage of this research I want to include the most apparent
rhythms in the framework, so that patterns caused by these can be easily dis-
covered (Chapter 4). In a second stage, it will be the aim to build a generalized
rhythm finder without predefined parameters (Chapter 5).

2.3 What is a Spatio-Temporal Pattern?

In our everyday language the term pattern is often used as a synonym to regular-
ity. We use pattern in combination with time, sound, space and also to describe
the structures behind our thinking !. There are two opposites of the term pat-
tern. If we are not able to recognize any pattern, we may state that there is
no pattern. The second way often used in the case of spatial data to describe
the absence of a pattern is regarded as a separate class of pattern, the random
pattern. Hudson and Fowler (1966) define pattern as ’.. the zero-dimensional
characteristic of a set of points which describes the location of these points in
terms of the relative distances of one point to another’. This definition has
strong resemblance to the hypothesis no. 3 in the introduction, that in this case
space and spatial arrangements can be described by a single value.

We often use the term spatial pattern. What is meant by that expression?
In the case of point objects this question is mostly reduced to the aspect of
whether the objects are arranged randomly, clustered or evenly distributed. In
the latter two cases inferences about the underlying mechanism are drawn from
the data themselves as whether the distribution of the objects may be formed by
a Poisson-, Cox-, Markov- or a similar kind of process. In the case of linear ele-
ments the literature is astonishingly quiet about statements of patterns in spite
of their wide use as a representational form in Geographical Information Sci-
ence. Common examples include elements such as streams, roads or border lines
of certain habitat descriptives. In the case of polygonal data models a variety of
aspects can be considered for analyzing pattern. Juxtaposition, interdispersion
and measurements of size and shape are a few examples for describing certain
aspects of arrangements and their regularity in polygon structures. Fields as
another type of data model have their own set of descriptives for characterizing
inherent patterns (e.g. variograms, Fourier series etc.). The idea of patterns

le.g. Longman Dictionary: Pattern: A) A regularly repeated arrangement (especially of
lines, shapes, etc. on a surface or of sounds, words, etc.). B) The way in which something
happens or develops.
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with this kind of data is often viewed as regularities as surface trends or peri-
odical wave forms.

Most definitions of pattern state that pattern should be defined indepen-
dently of scale. Aside from the fact that this is very difficult to achieve, it
also contrasts the common use often found in the biological literature. As an
example an animal using one hectare as its homerange is considered to show a
different pattern from another one using 100 hectares just because of the areal
difference. The distribution patterns often used in faunistics are another ex-
ample where the requirement of scale independence is ignored. In linguistics it
may be argued that these are two different terms hiding behind the same word.
For scientific information transfer this is an awkward situation.

The terms pattern and different pattern are often applied in situations where
a more concrete definition would sound cumbersome. As there are many aspects
being considered in the process of analysis, the term pattern is often hiding a
concrete finding. Using the expression ... it shows a different pattern’ often
pretends to have found a more general or globalised difference where in fact only
one aspect was analyzed.

Because of the above reasoning I think the use of the term pattern should
be limited to descriptions of theoretical ideas, and in the case of concrete study
results more appropriate and concrete descriptions of the actual findings should
be used.

Temporal patterns are probably best explained using the global language
of music. On an abstract level it can be defined as a consecutive, organized
arrangement of sounds. The melody consisting of tone level and rhythm can
be considered as pattern homologous to the case of spatial phenomena. The
speed at which a melody is played does not change the pattern. Interestingly
the gamut used in singing a song does not alter its pattern, neither. Maybe
we can find some causes of confusion in this context. Gamut and scale in the
case of music can be used as synonyms. Transcribing a melody from C-major
to F-major does not change the melody, but ’scaling’ the tones by a factor for
example 1.5 by altering the tone frequency from 400 Hz to 600 Hz, 460 Hz to
690 Hz and so on, will change the melody or even make it unrecognizable.

As it was illustrated above, there exists a variety of definitions, aspects and
applications of the term pattern. In this thesis I will use the following definition:
Pattern is a general term for any recognizable reqularity in the data.

After looking at spatial and temporal aspects of patterns, we need to ex-
amine the often encountered term spatio-temporal pattern. As the term implies
it describes a phenomenon which requires both spatial and temporal regulari-
ties to occur. A simple change in the spatial arrangement does not fulfill the
requirement for a spatio-temporal pattern. A simple change in speed does not
fulfill the requirements, neither. It is the combination of both space and time
which needs to express regularities. Alterations in space which do not contain
temporal regularities may be best named spatial change. If the regularities are
changing, it may be expressed as a change in the specific spatial pattern.

An example for a spatio-temporal pattern can be found in car accidents
with animals. They occur at different rates during the daytime, week and
season and express ’preferences’ for certain locations. Accidents with animals
as red or roe deer for example mostly happen during dawn and dusk time.
They vary according to the altitude of the sun changing during the year. These
kinds of accidents occur more frequently during seasons where migrations take
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place. But then they often happen at locations different from the ones normally
encountered during the year. In this case we have clear spatial and temporal
regularities which in combination form a good example for a spatio-temporal
pattern.

2.4 Questions Posed upon Point Objects

Whenever a wildlife study is being performed, the research goals can be classified
into approximately seven questions. They reflect to some extent the evolution
of the discipline.

e What is it? Due to a lack of binoculars, the first ornithologists were using
a gun to be able to identify their ’observations’, a common task in the
high times of taxonomy.

e How many are there? This question is at the core of biologists. While
most humans can simply enjoy watching animals, biologist can nothelp
themselves start counting them.

e Where is it? After the two basic questions the focus is shifted to spatial
aspects. The distribution of species became a large field of research.

e Why is it there? In the middle of the 20th century the whole complex of
habitat analysis became popular.

e How does it influence others? Along with the developments of ’niche
theory’ and competition the whole ecological questions about how animals
interact with their environment became a big research issue.

e Does it change? Due to the confrontation with progressing environmental
disturbance and devastation the temporal aspects became more and more
prominent in the questions of wildlife research.

e Where will it go?

Today’s main focus in research and methodological developments lies in the
last three questions. It is still very difficult to adequately characterize changes
in wildlife data, and extrapolations into the future are even more difficult. The
general topics mentioned in the above list need to be broken up into smaller
questions to be operationalized. Table 2.4 provides a list of more detailed ques-
tions. It also includes a classification whether the questions include spatial
and/or temporal aspects.

It is worth noting that almost all questions listed in table 2.4 include spatial
aspects. About one third have temporal aspects. Of course the list is by far not
complete, but the strong need for methods dealing with spatial and temporal
aspects becomes evident.

In the following chapters I will try to give an overview of analysis methods
that are available today. I will concentrate on methods dealing with point
objects as the intention for this work stems from the work with wildlife data.
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Table 2.4: List of example questions often posed in wildlife research when study-

ing a certain species.

| Spatial | Temporal | Question
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How many animals are there?

Is there a change in the number of animals (increase, decrease)?

How much does the number of animals fluctuate (o, o2, stderr
etc.)?

What is the density of animals?

Are there density differences between subareas?

Are there density clines (trends)?

Is there a change in density (measurements) over time?

Where are the animals?

How can I describe the distribution?

Does an animal always use the same paths?

Does it occur multiple times at the same place?

Which locations are important for an animal?

Which locations are used more intense than others?

Which locations are used less intense than others?

Where are corridors used by animals?

At which daytimes are certain areas used?

In which seasons are certain areas used?

Are the animals distributed in a randomly, aggregated (clustered)
or evenly manner?

Is there a change in the distribution pattern over time?

Is there a positional shift over time?

Is there a dispersion change over time?

Is there a change in intensity of aggregation?

Are there minimal distances between points?

Is there a difference between 2 samples?

Is there a positional shift between the 2 (n) samples?

Is there a difference in dispersion between the 2 (n) samples?

Is there a difference in clustering between the 2 (n) samples?

Is there an influence of the moon or sun on the spatial distribution
of the animals?

Is the distribution random according to other objects (points,
lines, polygonal features)?

Are there distinct phases in which there is little change, which can
be defined for further analysis?

What are the environmental parameters influencing (determining)
the distribution of the animals?

What is the influence of a specific environmental parameter on
the distribution of the animals?

Are there environmental parameter clines which could explain
clines in the animal data?

What habitat is available to an animal?

How big is the area an animal is using (homerange)?

How does the size of a homerange change over time?

Are there barriers in the dispersion of animals?

What is the mean distance between objects?
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Current Analysis Methods
for Point Objects

3.1 Point Pattern Analysis in Biology

Compared to the literature on point pattern analysis in GIS (see below), a
larger variety of methods is used in the biological and especially in the ecological
literature. Several simple descriptive measurements have been used to describe
aspects of point distributions. The easiest of them is probably the mean center,
which is easily calculated as:

o XXi o DY
D (3.1)

N = number of points
X,Y = mean of X and Y

Since the mean center as calculated above is heavily influenced by outliers
in the data, the median center is often considered to be a better method to
describe a central locality.

The median center is described in two different ways. Cole and King (1968)
and Hammond and McCullagh (1978) define the median center analogously to
the one dimensional case as the intersection point for the separate medians
in the x and y directions. This definition has the problem that the median
center depends on the layout of the coordinate system. Rotating the coordinate
system results in a different location for the median center. In contrast, Neft
(1966), King (1962) and Smith (1975) define it as the point, where the sum of
distances to all points is at a minimum (minimum aggregate travel). The point
is calculated in an iterative process using successively finer grained grids.

Among the most commonly used easier measurements of spread in point
data is the standard distance. The standard distance used in geostatistics is
analogous to the standard deviation in simple, descriptive statistics. It can be
calculated as:

SD:¢zngV IS 652

which can be rewritten for faster computation as:
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SD = \/(L(N’ ) - X2) + (—Z(N’ ) _ Y2) (3.3)
SD = standard distance
_N_= number of points

X,Y = mean of X and Y

Since the standard distance uses squared distances, it exaggerates the im-
portance of extreme points. In a more spatially explicit way a measurement
of spread of points can be achieved by calculating the standard deviational
ellipse.

Traditionally, quadrat-density analysis and nearest neighbor methods have
been widely used (Legrendre and Fortin, 1989; Carpenter and Chaney, 1983) in
biology to assess the deviation from complete spatial randomness.

There are two ways to check for random patterns by quadrat counts using
the Poisson distribution as a reference:

e compare the actual quadrat counts to the expected distribution
e use the variance-mean ratio of the observed distribution

To compare the observed quadrat counts to a Poisson distribution expected
under the hypothesis of complete spatial randomness, a x? statistic can be
calculated as follows:

L 2
=) % (3.4)

X; = number of points in each quadrat
X = mean number of points per quadrat

with NV — 1 degrees of freedom.

The Poisson distribution has a variance equal to the mean, thus departures
from unity in the ratio reflect tendencies towards either clustering or regularity.
The degree of departure from 1 can be converted to a z score after calculating
the standard error of the difference (SE,) from:

2
L= observed ratio — expected ratio (3.6)
SE,

N = total number of quadrats

Several indices for quadrat count data have been developed. An overview
can be found in table 3.1.

These quadrat count methods have been enhanced for overcoming their de-
pendency of scale by selecting a certain quadrat size. Greig-Smith (1952) ba-
sically proposed a resampling to successively coarser grid sizes using x? statis-
tics. Mead (1974) uses another approach using successively coarser blocks of
4 x 4 subblocks and testing the set of counts against a random selection from
(161)/(4!)° = 2627265 possibilities, as implied by complete spatial randomness.

Apart from the methods based on quadrat counts, a second family of analysis
methods is widely used in the study of point patterns. One of the earliest
methods available is the nearest neighbor distance.
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Table 3.1: Indices for Quadrat Count Data (after Cressie (1993)).

| Name | Index | Reference |
Relative variance I Fisher et al. (1922)
David-Moore index ICS | David and Moore (1954)
Index of Cluster Frequency | ICF | Douglas (1975)
Mean Crowding X Lloyd (1967)
Index of Patchiness IP | Lloyd (1967)
Morisita’s Index Is Morisita (1959)
(Xingping) L, | Xingping (1996)

Evans and Evans (1954) developed a measurement index and linked it to the
Poisson probability distribution. The analysis compares an observed spacing of
a point distribution to an expected random pattern. The average expected
distances for a random pattern are calculated as:

_ A
Fe = 0.5 x ‘/N (3.7)

= average expected distance
A = area of study region
N = number of points

Te

The above formula is intended for use with a study area without border
effects. If the study area has border effects, the above formula underestimates
the expected average nearest neighbor distance for a random pattern. As this
is a common source of error, I will shortly illustrate this effect in the following
paragraphs.

As an example the average nearest neighbor distance from 1000 random
simulations is 158 meters for the badger setts data from Good (1997) for the
Sihlwald area, whereas the above formula results in 144 meters. Considering
only the 35 large setts (with more than 3 entrances) the corresponding values
are 314 and 270 meters respectively.

There are two approaches to cope with these border effects. One can con-
struct an outer edge of the study area where points lying inside this edge area
are only used for distance calculations for points lying in the inner (kernel)
area, but are not taken as observations. An other approach is to perform Monte
Carlo simulations by generating random points within the study area and then
calculating the nearest neighbor distances for each simulation. The advantage
of this method is that one can use all observations in the calculations. The dis-
advantage is the large amount of computing time needed. Since biological data
analyzed with nearest neighbor methods are often based on scarce samples, it
is desirable to use all data available.

The effect of shape of the study area on the average nearest neighbor distance
in a random distribution is illustrated in figure 3.1. The six shapes all have an
area of 16 hectares. In each shape the mean nearest neighbor distance was
approximated by simulations for 20, 50, 100 and 200 random points. Two
results can be deduced from figure 3.1: (1) The mean nearest neighbor distance
for random samples increases with an increase of the border effects. (2) This
effect is stronger for smaller sample sizes.
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Figure 3.1: Effect of shape of the study area on the expected average nearest
neighbor distance. Calculations made from simulations of random patterns.

The expected distance for a (maximally) dispersed pattern is given by:

B 2 1.07453
r i = —_— = —

3- —

(3.8)

7 ; = expected distance

A = area of study region
N = number of points

To test the significance of patterns, Getis (1964) used the standard error
of the expected average nearest neighbor distance to calculate a z value. The
average expected distances for th-order neighbor distances can be calculated
as:

Fo = —— (3.9)

e = average expected distance to the th neighbor
= order of nearest neighbor
N = number of points
A = area of study region

These methods using distances have been enhanced for cases where mea-
surements are taken from observation points to the events of interest (Diggle,
1983; Doguwa and Upton, 1989).

With the exception of the order neighbor distances, the above methods are
also of limited use due to their inability to work over a range of scales. This
difficulty has been addressed by several authors and resulted in the development
of second-order functions (e.g., -, L-and -functions), which became more and
more popular (Moutka and Penttinen, 1994; Getis and Franklin, 1987; Tomppo,
1986; Ripley, 1988; Getis, 1984). For these functions some methods for edge
effect corrections have been published (e.g., Doguwa and Upton, 1989; Haase,
1995).

As another area of interest, different methods for density estimation are
available. The earliest methods were simply counting the number of quadrats
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in which observations were found. Today a variety of methods are in use rang-
ing from Dirichlet tessellations, least diagonal neighbor tessellations, weighted
triangles and weighted polygons (Upton and Fingleton, 1985) to complex kernel
estimations, harmonic mean methods and Bayesian smoothing (Worton, 1989;
Dixon and Chapman, 1980). These methods are being widely used in wildlife
research to gain more information from the observations than is possible using
traditional homerange analysis methods such as the convex polygon.

Perry and Hewitt (1991) introduced a new class of tests for spatial patterns
referred to as SADIE (Spatial Analysis by Distance Indices). They compare the
spatial arrangement of the observed sample with other arrangements derived
from it, such as those where the individuals are crowded or as regularly spaced
as possible. Perry (1995) extends the method for two-dimensional patterns using
Voronoi tessellations which are iteratively transformed into a regular pattern.

Area estimation for example in homerange analysis has also received special
attention especially in wildlife research, and over a dozen methods have been
used (e.g., Dixon and Chapman, 1980; Samuel and Garton, 1985; Worton, 1989;
White and Garrot, 1990).

In recent years, surface pattern analysis methods such as Moran’s I, Geary’s
¢, correlograms, (semi-) variograms and two-dimensional spectral analysis ap-
peared frequently in the biological literature (Renshaw and Ford, 1984; Legren-
dre and Fortin, 1989). These methods are often used with aggregated data
representing surfaces rather than point patterns.

Andersen (1992) used Ripley’s K-function (Ripley, 1976) for interaction mod-
els using ’static’ point pattern data. He expresses the need for statistical meth-
ods that explicitly allow for both spatial and temporal structure. Knox’s method
(Knox, 1964) for analyzing space-time interactions using 2-way tables is prob-
lematic because of the assumed independence of events (O’Kelly, 1994). O’Kelly
(1994) presents a new approach using clustering techniques which allow for in-
terdependence between the clusters.

Biondini et al. (1988) presented a new technique for analyzing multivariate
patterns using permutation procedures. It has been applied to zoological point
data (White and Garrot, 1990) with promising results for multivariate point
patterns. In the zoological literature, habitat analysis is often done using Chi-
squared analysis described in Neu et al. (1974) and its various modifications
(see White and Garrot, 1990). Other statistical methods such as compositional
analysis and log-linear models have also been reported (Aebischer and Robert-
son, 1993; Heisey, 1985). One of the major problems with these methods is the
condition for independence of the observations (Swihart and Slade, 1985; Dunn
and Gipson, 1977). Time aspects are only included by separately analyzing dif-
ferent time spans (e.g., Stoms et al., 1993).

3.2 Point Pattern Analysis in ommercial S

A common body of knowledge of point pattern analysis exists in the geographi-
cal, forestry and other sciences. Nevertheless, structural point pattern analysis
is quite limited in geographic information systems. Present commercial GIS use
elaborate techniques for spatial operations like buffering objects or overlaying
different thematic layers. Concerning statistical spatial analysis of point objects
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(not to be confounded with point measurements), their capabilities are limited
to simple descriptive measures such as minimum, maximum, mean and stan-
dard deviation. Some raster-based systems (e.g., IDRISI) offer more complex
statistical analysis functions (e.g. measures of spatial autocorrelation), but they
do not offer sophisticated algorithms for point pattern analysis.

Several authors (Openshaw, 1991; Goodchild et al., 1991) discuss possible
ways to link GIS with statistical spatial analysis. Five strategies may be distin-
guished:

1. free standing spatial analysis systems

2. integration of basic GIS functionality to statistical software
3. ’loose coupling’ of proprietary GIS to statistical software

4

. ’close coupling’ of GIS and statistical software

o

complete integration of statistical spatial analysis in GIS

The second strategy is applied in the experimental system SPLANCS by
Rowlingson and Diggle (1993). They made some enhancements to the S-Plus
system to produce a tool for display and analysis of spatial point pattern data.
G-, F- and K-functions as well as a kernel smoothing procedure were imple-
mented. The advantage of having the full statistical capabilities of S-Plus avail-
able is achieved at the expense of having no real GIS functionality. This ap-
proach, although criticized by Openshaw (1991), has also been adopted by Grif-
fith (in Haining and Wise, 1991) and SAS Inc. producing a module SAS/GIS.

Several developments try to couple GIS with commercially available sta-
tistical packages such as GLIM, SAS, SPSS, generally using ASCII exports.
They mostly concentrate on measures of spatial autocorrelation and associa-
tion (Gatrell and Rowlingson, 1994). Others implemented methods for point
pattern analysis concentrating on first- and second-order analysis (Gatrell and
Rowlingson, 1994; MacLennan, 1991; Rowlingson and Diggle, 1993); they occa-
sionally include some density estimation techniques (e.g., kernel density estima-
tion). MacLennan (1991) implemented second-order analysis methods (G- and
L-functions) into the GRASS system (GRASS, 1993). Analysis of time aspects
has rarely been considered, partly because of the lack of infrastructure for tem-
poral geographic information systems and the absence of established analysis
methods.

Openshaw (1994) presents a new analysis approach by extending his earlier
work to ’geographical analysis machines’ GAM (Openshaw, 1987). He argues
that traditional exploratory methods of pattern discovery are not feasible in a
multivariate GIS environment with tri-space (geographical, temporal and at-
tribute) information. He extends his GAM to ’space-time-attribute-machines’
(STAM) and ’-creatures’ (STAC), using artificial life (see Beer, 1990; Lang-
ton, 1989) to search all three spaces (Openshaw and Perree, 1996). Basically,
a STAM is an automatic screening program which is searching all the locations
in geography, time and attribute space for evidence of clustering.

Most of the above mentioned methods are intended for use with static data.
This is not very astonishing when considering that their background is strongly
connected to botanical data. Spatial movements are seldom of interest in this
case. In the few examples where time is included explicitly in the methods
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(Openshaw and Perree, 1996; Cressie, 1993) the meaning of patterns to be
searched for is reduced to comparing the clustering of points to complete spatio-
temporal randomness.

The only approach available for handling time with spatial data from animal
locations is the aggregation of observations into time slices !, followed by the
application of static analysis methods. Secondly almost all of these methods
including the point process theory (for an introduction see Diggle (1983) or
Cressie (1993)) are only of marginal interest here, as they are not dealing with
mobile objects.

3.3 Analysis ethods for Point Objects Avail-
able in urrent S

One thing must be pointed out here. The reader should not confound point
ob ects with point measurements. Point objects are objects with no extent or of
an extent that can be neglected. They may have attributes or not, but the main
information is their location. Contrarily point measurements are measurements
of fields at specific locations, so they are basically a representation of a field.
The location itself is not so much of interest as the measurement itself. For this
kind of data GIS provide a good collection of analytical methods. Variograms
and kriging are two examples which interestingly were stimulating the idea for
creating RDF's introduced in chapter 7.

At a first glance it is astonishing that only few analysis methods or opera-
tions are available in current commercial GIS for point objects. Until recently
only three methods were available apart from the simple selection according to
attribute data. The first methods is the intersection with polygons or fields.
This enabled the user to identify in which polygon the point object is located or
what value a continuous surface has at that location. The second method point
objects can be used in is buffering. Point objects can be buffered to produce
circular polygons around them. The third method available is the calculation
of distances to other objects, whether they are also points, linear elements or
polygon borders. In the last two years the situation was improved a little bit
by implementations of simple density calculations of point objects (e.g. kernel
density estimations).

To some extent this situation may be explained by the fact that one of
the mainapplications of GIS today is in the area of administration and facility
management. In these applications point objects exclusively appear as static,
non-moving objects, for which the mapping itself is the main reason for its
integration into a GIS. Although there is quite some activity in the scientific
literature, the customer segment of researchers seems to be unattractively small
for commercial GIS producers.

It may be argued that most GIS provide powerful tools for developing cus-
tomized applications. To some extent this is true. But there are two difficulties
with this approach. First and most important is that the dissemination of such
‘user’ developed methods is very difficult and often not of interest to the user
due to financial or competitional reasons. The second difficulty in relying on

1 erial autocorrelation tests used in radiotelemetry are only used for data validation. ence

they are not considered here as analytical method.
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‘user’ developed methods is the speed and integration level at which it can be
done. Especially in research computing speed is often very important, stimu-
lating isolated applications.

3.4 atabase Aspects of the Analysis of Tempo-
ral ata

In the past few years the classical distinction in GIS between geometry - han-
dled by specialized GIS modules - and attributes - treated in small integrated
databases or exported to large external databases - has started to fade out.
Several vendors of database products recently introduced spatial extensions for
their systems, as for example the Spatial Data ption (SDO) from Oracle, the
Spatial Datablade for Informix or the spatial data support in OpenIngres. They
are mostly extensions to support spatial data types such as points, lines and
polygons, but compared to geographic information systems, they provide little
support for spatial analysis. A different approach was taken by ESRI, the pro-
ducer of Arc/Info, by developing a spatial platform on top of large commercial
database systems, called Spatial Database Engine (SDE), which allows to store
both geometry and attributes in the database in a transparent way. Never-
theless both DBMS and GIS vendors focus on the ’snapshot oriented’ systems
concerning temporal aspects.

3.4.1 Temporal Databases

So far hundreds articles related to temporal databases have been published
(Pissinou et al., 1994). The majority of work has been based on relational
data models. Only very few approaches relate to different data models such as
the object (e.g., Alfarmanesh et al., 1985) or entity-relationship data models
(e.g., Studer, 1986). Langran (1992b) considered only relational databases
as sufficiently mature for operational use. In database applications such as
geographic information systems, Pissinou et al. (1994) considered the relational
data model to be insufficient to represent the complex data structures needed for
temporal extensions of these systems. In spite of the lively activity in temporal
database research, no widely used temporal database management system is
commercially available. In most prototypes (e.g., Ahn and Snodgrass, 1986)
and implementations for specific applications, the interpretation of time was
done by user application programs rather than by the database management
system (DBMS) itself (Pissinou et al., 1994).

3.4.2 Temporal uery anguages

Peuquet (1994) mentions that the development of temporal query languages is
a relatively new area that has not received much attention from research and
development until recently. Nevertheless over 20 query languages have been
proposed. Most developments are a result of extending existing query languages
such as SQL (Structured Query Language) or Quel, a query language for the
INGRES relational DBMS, to the spatio-temporal domain. Tansel et al. (1993)
gives a survey of much of the work performed.
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TOSQL developed by Ariav (1986) is an extension of SQL. It allows ac-
cess to both current data and their previous versions, but does not include
update semantics. Snodgrass (1987) extended Quel to TQuel with language
constructs to retrieve facts that have been time stamped with a validity in-
terval. HTQUEL (Homogeneous Temporal Quel) proposed by Gadia (1988) is
based on the same query language as TQuel. Time is considered as discrete
equidistant time intervals. Kim et al. (1990) developed ETQL as a front-end
system to INGRES. ETQL supports abstract time (including relative time, e.g.,
last spring) to achieve easier specification of time in queries. In 1994 the spec-
ification of TSQL2 was published (Snodgrass et al., 1994) which later resulted
in proposals for an extension to SQL3 called SQL3/temporal.

Standard SQL does not include time support except for user-defined time.
Neither transaction time nor valid time is available (see Table 2.2). Date and
time support in SQL-92 are similar to that in DB2 (Melton and Simon, 1993).
The design for SQL3 only corrected some of the inconsistencies, but contains
no additional temporal support over SQL-92 (Pissinou et al., 1994). However,
until 1994 the SQL3 proposals included several constructs that can be useful
for temporal extensions (e.g., interval data type). Since then several change
proposals were submitted to the ANST and ISO SQL3 standards committees for
adding a new part termed SQL/Temporal (Snodgrass et al., 1996b,a; Snodgrass,
1997).

None of these temporal query languages are built for complex spatial queries.
Oracle recently announced their support for the HHCODE standard for spatial
attributes. Such efforts could induce further developments in the research of
temporal query languages including spatial aspects.

Commercial database systems often support transaction time mechanism
based on tuple time-stamping. Valid time is not supported as a built-in func-
tionality.

3.4.3 Temporal IS

The enormous advances in computer technology in recent years made it pos-
sible and necessary to give consideration to temporal geographic information
systems. Several conceptual frameworks have been proposed, and a few partial
implementations have been reported, but it will take a big step until off-the-shelf
temporal GIS will be available. Despite these initial advances, the technical and
conceptual difficulties still require a large amount of attention (Langran, 1993;
Peuquet, 1994; Ramachandran et al., 1994).

Langran (1988) examined a concept called dimensional dominance, where
access to the data is classified as either predominantly spatial or predominantly
temporal to optimize data and algorithms. She examines four representational
models for spatio-temporality based on existing non-temporal data models (Lan-
gran, 1992b): (1) Space-time cube, (2) Sequential snapshots, (3) Base state with
amendments and (4) Space-time composite.

Except for the first representation, there are no implicit temporal relations
between objects and states involved. 2) and 3) contain time as separate data
layers, whereas 4) handles the temporal aspect separately in the non-spatial
attribute database (Langran, 1992b; Kienast et al., 1991).

Peuquet (1994) proposes an integrated approach called triad representational
framework, which is an extension of the dual representational framework de-
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scribed earlier (Peuquet, 1988). It integrates temporal, locational and object-
related semantic aspects of the data using spatial learning and knowledge-based
scene interpretation.

The efforts to build prototype temporal GIS were taken to satisfy specific
needs and therefore were implemented only with partial support of temporal
aspects. Beller et al. (1991) developed a prototype temporal GIS as a proof of
concept to carry out global change research. The central concept is the tempo-
ral map set object (TMS), which is a collection of GIS maps representing the
same area and theme at different times. The system is capable of performing
interpolation between time slices and can incorporate events as separate bi-
nary TMSs. Langran (1993) describes implementation issues to consider when
building temporal GIS, citing specific problems from automated hydrographic
and aeronautical charting systems (Langran, 1990) and a forest GIS (Langran,
1992a). Main aspects seem to be representation, incremental updates, temporal
generalization and longevity. Incremental updates produce artifacts and edge
effects which can cause data to be inconsistent. The Environmental System
Research Institute, Inc. (ESRI) has developed a temporal GIS application for
a private forestry management firm (L. Montgomery, pers. comm.). The im-
plementation is based on an area event system which maintains valid times and
allows historical queries.

The application of GIScience in the domain of changing phenomena seems
to have a promising future. Wachowicz and Healey (1994) stated that “by
producing a lineage of data to track the historical information associated with
real-world phenomena, temporal GIS will provide analytical tools for the recog-
nition of patterns of change through time as well as the prediction of future
changes, by implementing dynamic simulations”. Today this is still more likely
to be a wish than reality. In contrast to the numerous prototypes of temporal
database systems most current GIS products remain snapshot-oriented systems
capable only of static representations of data (Bagg and Ryan, 1997). In con-
trast to the database research the need for adequate representation of temporal
data becomes an urgent need in GIS, because large databases are being built
and updated for monitoring the continuously changing environment. In these
databases spatial and temporal inconsistencies are not allowed, because today’s
analysis methodology is not able to cope with inconsistent data. Today’s tem-
poral GIS research is mostly concentrating on data representation and query
(Giiting et al., 1998; Worboys, 1994; Peuquet and Wentz, 1994; Ramachandran
et al., 1994; Yearsley and Worboys, 1995; Kemp and Kowalczyk, 1994), but the
analysis part is not receiving much attention. Giiting et al. (1998) provide a
semantic foundation for handling time dependent geometries. They are the first
authors considering moving objects (e.g. airplanes) in their work for founding
their framework. This seems to be a major step (even though still on a theoret-
ical level) to overcome the event centered view used by most other researchers.
Most prototype applications are using time only as an additional selection crite-
rion, but neglect the possibility of completely new analysis methods for temporal
phenomena.

In the early 90ies, a frame free geographical representation was postulated
as a research aim in GIScience (Tobler, 1989; Kemp, 1993). Although this has
not been realized yet, it has become a prominent issue in handling temporal
geodata.
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onclusions from hapters 1 to 3 Where is Re-
search eeded?

This is a short but nevertheless important part. I shall recapitulate and integrate
the findings in the previous chapters to point out in which directions the research
that follows should be targeted.

The following conclusions can be drawn:

1.

10.

11.

12.

A system similar to the (spatial) coordinate transformation between dif-
ferent coordinate systems needs to be developed for the temporal domain
(section 2.2.1).

No concepts for the representation of moving objects are available in (com-
mercial) GIS.

Major efforts in GIS concerning temporal data are focussed on represen-
tational issues. The analysis part has not received any attention yet.

There are no effective ways to visualize, handle and analyze moving objects
within GIS.

Apart from cartographic symbology and video-like animations no true
analytical methodology exists for spatio-temporal data with the exception
of the cluster search engines developed by Openshaw and Perree (1996).

Temporal aspects are reduced to a minimum in today’s analysis (at best
to time slices).

There is a major disparity between wildlife researcher needs, GIS, and the
analytical methods available.

Time slicing of wildlife data has mostly been done using some artificial
human (or civilization) centered calendars (months, weeks, hours etc.).
New methods need to be developed to identify and define biologically
meaningful and homogeneous phases within data.

Up to now time has only been considered as a linear component. Other
temporal aspects such as cyclic phenomena or rhythms have not been
recognized as important aspects in temporal GIS research.

No or only rudimentary concepts are available on how to handle, integrate
and analyze the surrounding environment of an observation in a spatially
explicit way, neither in biology nor in GIScience.

The temporal sampling scheme should be changed from ’avoidance of tem-
poral autocorrelation’ to a scheme which describes movements as accu-
rately as possible (section 2.1).

Since an analysis is much more complex when conducted in a spatially
explicit manner, the analysis might need to be performed step by step
for one aspect after another. As it is well known from cartography the
accumulation of large amounts of information can produce maps that are
hiding more than they are revealing.
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With the exception of the first two items mentioned above, the next three
chapters are going to provide new approaches to these important issues, equally
important for both Biology and GIScience. Thus the main question is the
following;:

How can we include temporal aspects in the analysis of the spatial behavior
of an animal within o GIS environment?
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