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Abstract
This dissertation consists of five papers and an introduction. In Bar-
riers in travel models, the focus is on modelling mobility in border
regions, both borders within nations and between nations. We use
travel surveys and networks from Sweden and Norway to model the
barrier effect caused by the borders in the region between two counties
on each side of the national border.

In Identifying local spatial association in flow data we develop a
statistic for spatial association for flow data by generalising the sta-
tistic by Getis and Ord (1992) and Ord and Getis (1995), Gi and G∗

i .
This local measure of spatial association, Gij , is associated with each
origin-destination pair and can thus be used for explorative analy-
sis of e.g. matrices of travel flow. In Detecting barrier effects we use
a modified Gij-statistic, G(Γ), in an attempt to identify barrier ef-
fects in flow data. The G(Γ) approach for studying barrier effects is
compared with the traditional approach of using dummy variables to
model the barrier as in Barriers in travel models. We conclude that
the G(Γ) is more flexible than the usual dummy variable approach in
an explorative spatial data analysis.

One central evaluation criterion of the transport system is accessi-
bility. In Path based accessibility we develop an aggregate accessibility
measure that takes one mandatory activity pattern into account i.e.
travel to work trips. This measure can be used to evaluate accessibility
obtained from multi-purpose trips.

In Experiences from GIS based travel demand modelling we sum-
marise our experiences from different types of GIS–model integration.
We present a model system that consists of tools for zone design, model
estimation, scenario calculation and accessibility analysis. When us-
ing GIS as a modelling environment, we have not encountered any
limitations with regard to model implementation and design of the
user interface. Furthermore we found the GIS environment excellent
for data preparation, accessibility analysis and visualisation of model
output.

Keywords: transport modelling, GIS, accessibility, local spatial asso-
ciation, flow data, barriers, travel demand modelling
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GIS in Transport Modelling

an Introduction

Svante Berglund





Introduction

The common theme of this dissertation is the use of Geographical
Information Systems (GIS) in transport modelling; not in transport
analysis or transport planning but just in modelling. Planning and
analysis are wide concepts that cover a variety of disciplines and tech-
niques, while modelling is a much more narrow concept. The focus
is on ways to enhance modelling with the use of GIS. Some of these
enhancements just represent moves into a GIS of tasks that have pre-
viously been handled with other tools, while some tools are new and
would never have been thought of outside a GIS. In order to iden-
tify possible contributions and limitations of GIS, this technology has
been used in several applications and in different parts of the modelling
process. The subject is further substantiated in this introduction and
in five articles. The introduction consists of a literature review and a
detailed description to the original contributions of this thesis.

The background to this dissertation is theoretical and applied work
during the last few years on GIS and transport models. This work cov-
ers database management in a GIS environment, descriptive statistics,
parameter estimation, development of tests for spatial dependence and
development of programmes for implementation of results.

The division between the material in this introduction and the
material in the articles has been guided by the ambition to keep the-
oretical parts and parts describing principles of the subject separate.
In a dissertation like this one containing much practical work such as
programming in GIS, it is impossible to avoid a description of this
effort for several reasons 1) it represents a large share of the research
volume, 2) the results in the articles depend on this foundation and
finally 3) some readers could be interested in this work on its own
merits. There is one additional reason to report on practical efforts.
A large body of the literature concerning GIS and transport mod-
elling is of a conceptual nature and it is often unclear whether the
content of the article has been implemented, will be implemented or
if it is possible at all to implement it. The ambition with the partly
quite technical description contained in the introduction is to make
it clear what has been done and how it works. This is an important
contribution although not a theoretical one.

The literature on the use of GIS (and mapping facilities) in trans-
port analysis and transport modelling has grown tremendously during
the last few years. Roughly speaking there seem to be two paral-
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lel paths of development where GIS plays an important role. One
path starts from the spatial perspective, where GIS has been used
extensively. Within this community the main criticism of GIS is the
absence of up-to-date modelling tools that are capable of address-
ing questions concerning mobility in space. The development efforts
along this path are consequently concerned with the issue of adding
modelling tools to GIS. The other development path starts from the
transport modelling perspective, where a need to display modelling
results has grown1. The integration work along this second path is
often concerned with conversion of networks from transport planning
packages to GIS. There are principal differences between the two de-
velopment paths concerning data structures, model integration and
scope of the modelling process.

In addition to the developments in GIS and transport modelling,
methods to treat space and spatial relations are established within
spatial statistics and spatial econometrics. Taking advantage of the
development in spatial statistics, crucial questions within transport
modelling can be addressed such as model quality and the spatial
relationships in background data and model output. Attempts to use
techniques from spatial statistics have been made in the modelling
process e.g. in the creation of zones and tests of model output.

The contents of this introduction cover, in conjunction with de-
scriptions of tools developed for the articles, serve to position the work
within the GIS – modelling frame. Basically, the first half of this in-
troduction is a general text on GIS in transport modelling while the
latter part is focused on the tools used in the papers. The second
half mainly draws on pieces from separate technical descriptions of
the different programmes used to perform the necessary calculations
for each paper.

All five papers in this thesis are concerned with mobility: modelling
mobility, studying errors of models of mobility, finding out what can
be gained from mobility and finally finding a suitable platform for the
modelling of mobility. In Paper 1, the focus is on modelling mobility in
border regions, both borders within nations and between nations. We
use travel surveys and networks from Sweden and Norway to model
the barrier effect caused by the borders in the region between two
counties on each side of the national border. The work with this first
1 You do not have to be a GIS purist to have the opinion that GIS is not solely
about visualisation but this is a frequent misunderstanding among people coming
in from other areas.
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paper ’Barriers in travel models’ required a large amount of work
with databases in a GIS environment, databases which we have recy-
cled in the remaining papers. The work with Paper 1 also required
the development of a GIS-based tool for estimation of logit models
of combined mode and destination choice which has been used in the
remaining papers. Like all research, Paper 1 gave rise to more ques-
tions than answers and what we asked ourselves was ”How would the
model have been affected if we had not estimated the barrier effect of
the border?” Our hypothesis was that the residuals from the model
would have been systematic in a spatial sense. These ideas resulted
in the Paper 2 and Paper 3 in this thesis ’Identifying local spatial
association in flow data’ and ’Detecting barrier effects’.

In the second paper we develop a statistic for spatial association
for flow data by generalising the statistic by Getis and Ord (1992)
and Ord and Getis (1995), Gi and G∗

i . This local measure of spatial
association, Gij , is associated with each origin-destination pair and
can thus be used for explorative analysis of e.g. matrices of travel
flow. In the third paper we use a modified Gij-statistic, G(Γ), in an
attempt to identify barrier effects in flow data. The G(Γ) approach
for studying barrier effects is compared with the traditional approach
of using dummy variables to model the barrier as in Paper 1.

One central evaluation criterion of the transport system is accessi-
bility. The use of GIS in transport planning has renewed the interest in
developing accessibility measures adapted to this new technology. Tra-
ditionally, accessibility measurements have been based on zones, while
much of the renewed interest is towards individual measures of acces-
sibility based on the space-time framework in geography. Zone-based
measures have been criticised for being unrealistic and for neglect-
ing the fact that most people face a mandatory daily travel pattern,
which is not taken into account by zone-based accessibility measures.
Individual measures on the other hand require detailed information
on space, the individual and the means to overcome space. This is a
serious drawback from an operational point of view. In Paper 4 ’Path
based accessibility’ we try to combine these two traditions and develop
a traditional accessibility measure that takes one mandatory activity
pattern into account i.e. travel to work trips.

In our first stumbling attempts to implement our research efforts
into useful software, we wrote our programmes in the FORTRAN pro-
gramming language. We fed our programmes with data from GIS by
importing files and visualised our results by exporting data back to the
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GIS. This type of data shuffling is obviously not efficient and secure
and we needed to find alternatives. Our solution to the problem was
to use a macro programming language that is built into a GIS (Tran-
sCAD). This programming environment worked satisfactory with re-
gard to data management and data transfer. In addition, we also
obtained the possibility to provide our algorithms with a user-friendly
interface. We used this programming environment to implement the
results from the previous papers in a user-friendly GIS based software.
We also wrote a traditional 4-step travel demand model in the same
programming environment. However, the advantages of working in-
side a GIS come with a price, which in this case was computational
efficiency. Some routines in transport modelling are very demanding
from a computational point of view. So when time was scarce, we
had to take one step back and rely on ”traditional” programming lan-
guages. This time we wrote our programmes to take advantage of
the database within the GIS and thus minimise the problems with
data transfer. In this way, we gained experience from different types
of GIS – model integration which is of interest for its own sake. We
summarise our experiences from travel demand modelling in GIS in
Paper 5, where our programmes are described and evaluated in a GIS
context.

Why use GIS in transport modelling?

This work rests on one technical platform – GIS. Referring to the
discussion in the introduction, GIS and transport modelling is ap-
proached from the spatial perspective with the ambition of adding
modelling tools to a GIS.

Before going into details of the specific system used in this study, it
is appropriate to specify the meaning of the term GIS. GIS has turned
out to be a concept that covers a variety of tools related to computer
based visualisation, storage and retrieval of data (Bailey and Gatrell,
1995). Definition of GIS has been done numerous times before2 with-
out achieving a generally accepted agreement. The most ambitious
definitions cover everything from hardware, software, databases and
algorithms to the organisation of people that operate the system, see
e.g. ESRI (1990). A single ”GIS user” with a ”GIS software” would

2 See Heikkila (1998) for a listing of a few definitions.
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according to this definition not necessarily be regarded as a GIS. At
the other extreme you may find definitions like: GIS is what is in the
box (Heikkila, 1998). There seems to be an agreement that at least
(spatial) database management facilities, routines for (spatial data)
analyses and visualisation facilities should be included in a GIS. The
problem at hand then may determine the requirements of each of the
three facilities just mentioned. This ”elastic” definition is quite good
for the researcher who thinks of GIS as a platform to add function-
ality to a specific problem. The contents and scope of different GIS
vary a lot and the term GIS is used in different ways. A transport
orientated GIS (GIS-T) contains many facilities that are not present
in standard GIS packages and that may be difficult to understand
without a transport modelling background.

In transportation analysis, some of the three cornerstones of a
GIS need further development to reach the desired level. Besides the
issues of handling transport data and flow data, the analytical side of
most GIS is far from satisfactory. Most GIS applications are based
on making queries on spatial databases for visualisation. Sometimes
this is mixed up with spatial analytical tools, which are something
different3. Bailey and Gatrell (1995, p. 7) define spatial data analyses
as

”... where observational data are available on some process op-
erating in space and methods are sought to describe or explain
the behaviour of this process and its possible relationship to
other spatial phenomena. The object of analysis is to increase
our basic understanding of the process, assess the evidence in
favour of various hypotheses concerning it, or possibly to pre-
dict values in areas where observations have not been made.”

A tool for this type of analysis requires (besides spatial queries and vi-
sualisation) serious modelling components, use of inferential statistics
and some kind of forecasting method that takes space into account.
This process applies of course to transport.

So why use GIS in transport modelling? Among the factors be-
hind the use of GIS in transport modelling there are developments
that made it possible to work with GIS as the main platform and
developments that made it desirable. The basis of every transport
modelling system is the transport network. This makes it necessary

3 With a slacker definition of analytical tool, this is analysis.
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to use some kind of network database to compute travel times and
travel costs between origin - destination pairs (OD-pairs). Such a
functionality has been available in different GIS for some time and
with transport-orientated GIS it is possible to carry out such oper-
ations for large OD-matrices. Another important factor that made
it possible to use GIS was the increasing availability of geographical
data. Transportation analysis in a GIS is quite demanding as regards
the quality of data. In a normal transportation network, the impor-
tant attributes are link cost and connectivity of the network. These
kinds of data do not necessarily need a geographical reference. GIS
data on the other hand have detailed geographical references but usu-
ally not the information needed to perform transportation analyses.
Normally, the representation of roads in a GIS is limited to a picture of
the road containing attribute information and not the data needed to
perform transport analysis. Bringing the best from these two worlds
together is quite demanding. Availability of data has increased in re-
cent years but there is still room for improvement. In order to arrive
at some ideal data, fusion of data from different sources is necessary.

After concluding that it is possible to use GIS in transport mod-
elling we must discuss if it is desirable. One possible drawback is that
the information normally stored in a GIS contains ”excess informa-
tion” to a transport model. A link in a network stored in a GIS will
most likely consist of an array (with more than two pairs) of coordi-
nates defining the real world location of the link. Since a transport
model just needs a network with a from- node and a to- node, this
is unnecessary information which slows the system. If we do not in-
tend to take advantage of the ”excess information”, using a GIS could
imply unnecessary work.

Assuming that we have this excess information, how does this in-
formation affect the potential for modelling? In Figure 1, some stan-
dard geographical information including a network is shown. What
does it tell us? Apart from the fact that we know where the trans-
port infrastructure is situated, we know its spatial relation to all other
objects in space. e.g. what kind of land the road passes through and
what kind of service facilities can be found along the road. In a GIS
such spatial relations are not just used for visual information, they
can be utilised in database queries where we are able to put questions
based on distance, overlap etc. Using space as the reference, we can
integrate almost any kind of data without any other key in the data-
base except space. GIS has proven to be a good vehicle for integration
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Figure 1: Example map of geographic information.

of data from seemingly unrelated themes. GIS provides the link be-
tween different technical systems through the spatial dimension. This
function is usually referred to as ”space as a data integrator”. The
transportation system is not a separate system. There is an increased
awareness of the interaction between different systems such as social,
ecological and economic systems (Thill, 2000). Bringing the spatial
dimension into transport models is the main contribution of GIS.

1 Data for transport applications

Geographic databases4 as such consist of spatial and non-spatial data
with complex data structures used for complex analysis. In the in-
troduction, I stated that transport data are special in a number of
respects. Some characteristics of transport data are:

•Transport data are spatial

•Network data structures

•Data often represent flows
4 Worboys (1995) is an excellent book on geographical databases (with some ap-
plications to transportation) which is a key reference for this section.
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•Large amount of data

•Require array and matrix data structures

•May consist of composite geographical objects

Transportation data suffer and benefit from the same problems and
advantages as other spatial data. Notable problems are the choice of
spatial resolution (see discussion on page 20) and quality of spatial
data. At least with Swedish data, quality is more of a problem the
higher the spatial resolution is. This is mainly due to the fact that the
routines for data collection on a fine scale have not matured yet. The
advantage of regarding data as spatial is that space in itself provides
an interpretation of data. In non-spatial databases, data are identified
by their position in a file or by the relational data model. For spatial
databases, space itself provides a (not always unique) key between
different data objects. Space always provides some kind of information
about data.

An important geographical object of transport data is the net-
work5, which in a GIS interpretation will be arcs (links) and nodes.
In addition to the usual nodes, some objects (usually point objects)
act as points of interchange between demand and supply in the trans-
port system. The transport network is not just a representation of
objects in space, it also represents legal aspects of the transport sys-
tem as well as economic aspects (tariff structures etc. ). Legal aspects
are rules that are applied to an entire network as well as rules that
apply for specific objects, e.g. turning restrictions. These aspects are
not always represented in a conventional GIS (Thill, 2000). Being
able to represent legal aspects is a problem with regard to data, the
software and a combination of both. This is clearly a problem that
deserves more attention. An example is shown in Figure 2(a)-2(b)
where Figure 2(a) is a standard network from a mapping agency and
Figure 2(b) is the correct representation.

The geographical objects mentioned above are typical vector-based
objects. For computational speed it is an advantage to use vector-
based systems. There are however examples where combinations of
raster and vector based systems are used. These combined systems
are used mainly for two different purposes 1) to disaggregate data
from zones to raster cells (see e.g. Spiekerman and Wegener, 1995),
2) to model impacts on the environment that are continuous in space.
5 See Nielsen et al. (1999) for a comprehensive text on traffic networks in GIS.
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(a) (b)

Figure 2: Representation of the same intersection from two different
data sources.

Data for transport applications often represent flows of people and
goods between points or zones. Geographically this means that each
data object is associated with two spatial objects instead of one which
is standard in a GIS. The corresponding data type is a matrix or array
of values instead of a scalar value for each geographical object. This
is one reason why transport analysis is a special case of GIS analysis
that is quite demanding. Most GIS do not handle matrices as an
internal database format in an efficient way, which is a complication
for transport analysis. However, the system we have used so far,
TransCAD (TC), contains a database format for matrices.

Transportation applications are normally based on a set of models
where some take advantage of common data but also where separate
data are used for each model step. This requires large databases. In
most GIS applications, data are used for display and simple manipula-
tions. Transport models on the other hand are computationally very
intensive, which requires efficient storage and fast access to data.

Above we mentioned flows which are data objects associated with
at least two geographical objects: an origin and a destination. Other
more complex data structures are routes that may consist of multiple
geographical layers such as a line layer representing roads, nodes for
intersections and a layer representing bus stops. Several routes may
utilise the same infrastructure and consequently there are a lot of ”one
to many” relationships within transport databases. These kinds of
dependencies between objects are demanding with regard to database
structure. Most GIS do not meet such requirements.
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A GIS-based database for transport modelling is expected to sup-
port several modelling tools in the form of several programmes. For
this dissertation, we have written about 15 different programmes for
analysis, data manipulation etc. Most programmes are written in in-
ternal programming languages and can thus take advantage of internal
data transfer routines (internal to the GIS). Some other programmes
are written in standard programming languages and the data transfer
thus becomes more fragile.

When approaching the problem of supporting several types of mod-
els with data and traditional GIS analysis, we have some requirements:

•All data are spatially referenced

•No duplication of data

•Performance

•Integrity

In order to motivate the GIS environment we want all data to be
used in a mapping context. This also allows us to analyse our input
data in a spatial sense. We do not want to maintain one database for
specialised algorithms to operate on and one database for the GIS.
Besides being a waste of space, such duplication of data implies a risk
of database inconsistency and a risk of loss of integrity. An example is
when two separate networks are maintained: one in a transportation
simulation software and one in a GIS for visualisation of results. This
is quite a common solution and could be advantageous from a second
criterion - algorithmic performance. Fast access to data is critical to
transport modelling since these types of models are computationally
intensive. Some computational routines used in this work are written
in the FORTRAN programming language and it has not been possible
to immediately read the GIS database into the algorithm. In these
instances, a temporary database has been created that is deleted after
completion of the calculation.

The common technical platform in our work is a transport-orientated
GIS, TransCAD 6. The main reason for our choice is that this system
handles data structures that are used in transportation analysis such
as matrices and networks7. In addition, TC also has fundamental
6 See www.caliper.com for a description.
7 Network in the sense a transport modeller would use the term, i.e. a condensed
set of information that supports computational speed.



INTRODUCTION 17

Figure 3: Representation of space in a GIS and a transport modelling
package.

functionality for generating data for transportation analysis.

2 GIS and transport modelling

In this section we will go into the relationship between GIS and trans-
port models in some detail. What can a GIS do for transport mod-
els and what can a modelling perspective do for a GIS? There is no
doubt that there is an ambition with GIS to support analysis of spa-
tial processes and enhance spatial modelling. However, somehow the
results of these ambitions are quite simple tools for quarrying and
visualisation.

GIS are essentially data-driven while transport models are driven
by theory. Roughly speaking, GIS data are detailed while data for
transport modelling just contain as much information as is needed by
the algorithm. This can be illustrated as in Figure 3. The upper part
represents the GIS way of looking at a zone- and network system. In
the GIS world, the roads are shown with their correct location and
shape. The lower part of Figure 3 is what is necessary to the transport
model. A link in the transport model (and related software) is made
up of a from- and a to- node, while a link in a GIS may be made up
of hundreds of coordinates. This fundamental difference falls back to
the second item above – the modelling perspective. A theory does not
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need more data than actually used. Most GIS are not designed with
any specific theory in mind or are not designed for a single purpose
but have a strong foundation in the spatial perspective. The lack of
theoretical guidance that too often characterises GIS work often re-
sults in excessive data collection. With a theoretical foundation from
the modelling perspective, much unnecessary data collection could be
avoided. In a transport model the spatial perspective is replaced by
the connectivity of the network. This can be regarded as the funda-
mental theoretical and conceptual difference between the two systems.

Transport modelling from a GIS perspective

Data in a GIS often represent land use at certain previous time points8.
Even the simplest treatment of time, the path from one state of a
system to another state is badly represented in GIS. The treatment
of time in transport models has also been subject to criticism but
transport models can handle simple transitions from one state of a
system to another. Transport models are designed to find out what
happens as a result of changes in the transport infrastructure or of
changes in land use. In GIS, most ”what if” questions will remain
unanswered. Land use as discussed here is usually something as simple
as the number of work places or the number of residents.

GIS is the ideal tool to describe, present and make sketches of
current and future land use. It is simple to store, retrieve and manip-
ulate geographical objects to make a map of the planners intentions.
This can be seen as keeping track of land use at different moments in
time, at the present and in the future. In Figure 4, the GIS perspec-
tive is illustrated. At time t the system is fed with geographical data:
zones, networks, environmental data, service facilities and planning re-
striction etc. These objects are associated with data, e.g. population,
employment, income and housing type and so forth for each type of ob-
ject. Carefully set up, a geographical database is an excellent planning
tool, since zones can be modified to serve different planning purposes
and we can extract information based on combinations across space
and across different variables. Now when we have zone-based data,
transport-related indicators can be computed such as potential values
and simple accessibility measures using buffer zones and other types of
queries. Simple analytical tools are available in GIS. GIS can also be

8 Representation of time even in a very simple way is difficult in a GIS and the
treatment of the time dimension in GIS is currently one important field of research.
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State of the system
at time t

?

Background data
Population
Employment
Floor space

State of the system
at time t+1

Action

Figure 4: The GIS perspective on transport and land use.

used as tools for simple exploratory data analysis. By thematic map-
ping which can be enhanced by multiple views and graphs associated
with maps, insights can be gained about complex spatial phenomena.
A good understanding can be obtained from simple analytical tools
which in some cases may be enough.

Similar slices in time can be made for numerous periods but a
fundamental problem is illustrated in Figure 4. A GIS in itself does
not provide any connection between the different time slices and we
lack casual and theoretical relationships between the different states
of the system. Batty and Xie (1994) state that:

”GIS is essentially a storage and display medium for spatial
data, and if processes are to be modelled in whatever geograph-
ical domain, such modelling must be achieved outside the GIS.”

The article by Batty and Xie was written a few years ago but in this
respect not much has changed. Since GIS is marketed as a planning
tool (among other things), this inability to handle processes is prob-
lematic. Planning is about changes. The current state, which the data
describe, is just a starting point.

The data-driven nature of GIS assumes that the programme is
fed with data, much like pure mapping. GIS is not a system that
generates new data about changes based on theories. The data-driven
paradigm suggests a one way direction from external models and other
data sources to GIS.
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GIS from a transport modelling perspective

This section looks at GIS from a transport modelling perspective.
Starting with the different parts of the traditional four step model, we
identify GIS functionality that can be useful in a transport modelling
perspective. Each part of the model as well as the whole system de-
pends on estimation (calibration), scenario calculation and evaluation.
The use of GIS can be discussed in relation to these three tasks.

In Table 1, the four steps in the traditional four step model are
listed in the first column along with a data preparation step and an
evaluation step. This is an evaluation framework used by Nyerges
(1995). For each step, necessary input data are associated with the
geographical objects and these data can be subject to manipulation.

Preparation of data – zones and network

The discussion starts with the least prestigious part of the modelling
process – preparation of data. Setting up a GIS database is time
consuming. A large share of the average project resources is consumed
before the analysis has even started. The benefit in using GIS is that
the data will obtain a quality that makes them useful for various
purposes outside analysis of the transport sector.

In an early stage of the modelling process it is necessary to decide
which geographical resolution to work with. It has been suggested
by e.g. McCormack and Nyerges (1997) that GIS could be a useful
tool to define proper regions for transport analysis. This is probably
one of the most widespread utilisations of GIS in transport modelling.
According to Miller (1999) the spatial resolution has generally not re-
ceived much attention among practitioners. This is remarkable since
it has been shown that zone design affects parameter estimates and
goodness-of-fit measures and the corresponding results of scenario cal-
culations (see Miller, 1999).

The problem of construction of proper geographical units to analy-
sis and modelling is not unique for transport modelling. It has been
on the research agenda in geography for many years. The observation
that results from analyses based on geographical data could differ de-
pending on the underlying set of zones was first observed by Gehlke
and Biehl (1934). This problem is known as the modifiable area unit
problem (MAUP), a term introduced by Openshaw and Taylor (1979).
The MAUP can be divided into two components, the scale effect and
the zoning effect. The scale effect originates from the observation that
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different statistical results can be obtained from the same data set de-
pending on the level of spatial aggregation (from smaller to bigger
regions). The zoning effect denotes the differences in results related
to the spatial subdivision at a given scale.

It has been argued that the finer the zonal resolution, the better.
This is false and ignores the fact that a zoning system is a general-
isation operator with a spatial analysis function (Openshaw, 1996).
Openshaw (1996) argues that zone design is an analytical tool that
can be used to e.g. capture patterns in data, describe space and be
used for testing of spatial hypotheses. However, it must be noted that
aggregation adds noise and that a finer resolution increases the flex-
ibility of the data. There are no simple guidelines for zonal creation
but the zonal system must say something about the nature of the data
and the model (see Openshaw, 1996).

The obvious disadvantage of using small zones is that they are
likely to be highly spatially autocorrelated. Small zones may also pro-
duce unreliable results due to few observations. These first two draw-
backs apply to all kinds of spatial modelling work, including transport
modelling9. On the other hand using large zones will increase the in-
trazonal variation and, specifically in transport models, the number
of intrazonal trips will increase and lead to underestimation of traffic
volumes on the networks. You et al. (1998) use a measure of spatial
autocorrelation (Moran’s I) to design traffic analysis zones (TAZ). The
whole zone design process in You et al. (1998) is carried out in a GIS
(ArcInfo) using macros. This is probably one of the best examples of
traffic analysis zone design in GIS. There are other examples as well
based on e.g. clustering techniques that do not explicitly address the
core of the MAUP, the spatial autocorrelation.

The typical working mode in zone design with GIS is to carry
out the zone aggregation within the GIS and then export the zone
centroids to a transportation modelling package. This strategy is e.g.
used in Choi and Kim (1997) and Ding et al. (1994), where ArcInfo
and TRANPLAN are used.

An example of zoning

For different parts of the modelling work reported here, it was nec-
essary to change the zoning system. Instead of using the quite am-

9 The role of spatial autocorrelation in standard travel demand modelling is not
satisfactory studied.
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bitious zoning algorithm addressing spatial autocorrelation by You
et al. (1998) a simple rule-based framework was chosen, which was
considered to be useful in this particular context. It is important in
our context to take advantage of the GIS environment by combining
different spatial data sources, and to require that the zoning system
represents the realities of the transport system. An advantage of using
simple rules to create zones is that the result is easily understood, a
disadvantage compared to e.g. You et al. (1998) is that the core of the
MAUP is not addressed. However, some features of zoning for traffic
analysis may not be subject to compromises related to possible auto-
correlation, so a system based on simple rules might be appropriate.

As a starting point for zoning we need a description of the re-
lationships between the zones under consideration. The relationship
between zones can be described by a contiguity matrix of dimension
n × n where n is the number of zones. Each element of this matrix
can be given a value representing zone i’s relation to zone j. Usual
ways of representing relationships between zones are 0/1 (neighbour
or not), common border length or distance between midpoints of the
zones. These values can be translated to rules for merging zones, i.e.
zones must be adjacent to be merged, or priorities for best merger, i.e.
longest common border length. The principle of merging zones with a
long common border is usually referred to as compactness. Contiguity
matrices can also be based on spatial attributes other than internal
relationships between objects of one class. One example of such a
object in the case of zone mergers is the presence of barriers between
a pair of zones.

In our case three simple rules were adopted and implemented in
a short programme. Rule one: Continuity. To allow a pair of zones
to be merged they must share a common border. This is a common
rule in zoning practice. Rule one is simply implemented by using a
standard binary adjacency matrix.

Rule two: No water between zones. The greater Stockholm area is
water-based. Besides thousands of islands, the whole region is split
into two halves by Lake Mälaren and in addition there are hundreds of
other water areas to obstruct mobility. To merge two zones separated
by water would not be a good representation of the possibilities of mo-
bility within the zone. The Stockholm example of water could easily
be translated to some other type of barrier important to transporta-
tion or zoning for some other purpose. Rule two was implemented
by creating a matrix of the n × n zones representing adjacent zones,
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Figure 5: Illustration of data behind zoning.

except in cases when water areas (or rivers of specific width) larger
than a specified value are defined as an obstacle. This is illustrated
in Figure 5, where the lines represent neighbouring zones and thus
potential zones of merger. Some lines (dotted) go across water and
are thus not acceptable candidates of merger. The overlay class of
objects (water) is used to compute the matrix representing rule two
(0 if zone i is separated from neighbouring zone j by water 1 for all
other pairs of zones).

Rule three: Homogeneous from a functional point of view. This rule
reflects a preference to merge zones that belong to the same cluster
of dense population and not to merge zones of high and low density.
To implement this principle, the original zones were overlayed with
polygons of high population density and an identifier was added to
the zones as a variable of similarity (same value if both zones belong
to the same dense area and no value if both zones are independent of
different clusters of dense population).

Finally if all rules are fulfilled and there are two or more candidates
of merger, the two zones with the longest common border are merged.
Beside these rules, some candidates or independent zones (”seeds”) are
needed to start an aggregation. These zones were selected according
to a size criterion.
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Does it work? That depends on whether the rules are found to be
acceptable. This example illustrates the use of generic GIS function-
ality to prepare input data for analysis.

Trip Generation

Some modellers like to see the whole modelling process as an art where
creativity and imagination are as important as formal modelling skill.
This process involves trying out and identifying spatial phenomena.
In this process, looking at data is one of the tools available to establish
an understanding of the underlying process.

The formal first step of the four step model is trip generation. Data
for this model step are zone-based. This simply means that a scalar
value is associated with each zone which is a data structure that all
GIS can handle. In order to check the quality of the data visualisation
is an important tool.

Trip generation can be expressed as the total number of trips
made from a zone explained by socio-economic characteristics of the
zone. Alternatively trip generation can be defined at the individ-
ual/household level and expressed as the likelihood of making a trip.
In the first (aggregate) case, standard regression techniques apply and
they will be subject to the spatial effects that spatial regression mod-
els suffer from (spatial dependence and spatial heterogeneity). When
dealing with such problems, GIS will be necessary in various stages
of the model estimation process. If the model is estimated at the
household level, typically with a logit-model, the tool box from spa-
tial econometrics will not be available. Despite this, it is often useful
to incorporate spatially lagged variables for explanation 10. Accessi-
bility is a variable that is commonly used in travel demand modelling
which can be seen as a spatially lagged variable 11.

Trip distribution and mode choice

Trip distribution and mode choice is discussed in the same section
since the two steps are modelled simultaneously in the applications
later on in this introduction.

Data for this model step are usually a mix of scalar values associ-
ated with zones (e.g. parking costs) and matrix data associated with

10This can be done using a GIS see e.g. Berglund and Karlström 1999b.
11If we let exp(−βdij) = wij we have the standard lagged variable WX.
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origin- destination pairs (travel- time, cost). Matrix data are noto-
riously difficult to handle for GIS. Most GIS lack this kind of func-
tionality, which makes relational databases the alternative for storing
data. This is of course not very efficient and even small matrices re-
quire considerable storage space. However, we use one of the available
GIS that can handle both matrices and relational databases (Tran-
sCAD). Shortest path routines are standard tools in practically all
GIS. Preparation and storage of data can thus be done entirely within
a GIS. The geographical objects associated with the background data
are different networks (car, public etc. ) and zones. Often the travel
time from a link is given by an equation, a volume delay function,
which does not cause any problems in a GIS.

The estimation of the combined trip distribution and mode choice
model is usually regarded as the core of travel demand modelling. This
requires separate estimation programmes that are fed with data from
external sources. As in the case of trip generation, trip distribution
provides output in the form of estimated data – flows. Flows are
matrix data associated with OD-pairs. As noted above, this may
cause problems in a GIS. There are some examples in the literature
where GIS are used in model estimation and calibration. One example
is visual display of model outputs, which has been an aid in model
calibration (MDOT, 1998). In Berglund (1998) a GIS was used to
provide data for an estimation programme (see separate section on
GIS and model estimation below). A close relationship between model
estimation and GIS could be beneficial for analysing model output (i.e.
not only for data display). The use of spatial statistics for analysis
of transport data has not yet been satisfactorily explored. The use of
GIS is essential for incorporation of tools from spatial statistics into
transport modelling by providing input data such as spatial weight
matrices. Berglund and Karlström (1999b) used a generalisation of
the well known Gi- statistic allowing for flow data (Gij) to analyse
residuals from a combined mode choice and destination model. The
Gij- statistic has later been programmed in a GIS for convenient and
interactive analysis of flow data (Berglund and Karlström, 1999b). In
Berglund and Karlström (1999a) significant Gij- values were selected
and displayed as in Figure 6.
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Figure 6: Illustration of identification of badly predicted values. Ar-
rows representing flows with high (low) Gij(W d)- statistic, indicating
high (low) residual flow from zone i to a neighbourhood of zone j.
Source: Berglund and Karlström (1999a).

Network assignment

Data resulting from assignment are scalar: the number of vehicles on
a link per unit time. The assignment itself is normally done indepen-
dently of GIS even if a software like TransCAD contains assignment
routines. When data are brought back to a GIS, a variety of analysis
possibilities are open, including descriptive statistics and inferential
spatial statistics (see e.g. McCormack and Nyerges, 1997). An analy-
sis of network and link attributes using spatial statistics has been
carried out by e.g. Black and Thomas (1998).

Evaluation of model results and alternatives

Evaluation may be one of the strongest contributions of GIS to trans-
port modelling. Model results in raw form are quite demanding to
interpret. The built-in visualisation tools in standard transportation
packages do not reach the level of a standard GIS. The advantages of
using GIS in presentation and interpretation of results is stressed by
many authors, e.g. McCormack and Nyerges (1997), USDOT (1998).
Even if visualisation is important, it is of limited interest as a research
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object.
There are many ways of supporting the evaluation of alterna-

tives by using GIS. Common examples are to feed GIS-based emission
models with link flows. Other examples are accessibility calculations
within GIS, see e.g. Berglund (1999), Kwan (1998), Geertman and
van Eck (1995) and Paper 5 in this dissertation. The large amount
of literature on GIS and accessibility shows the central position of
GIS-based evaluation tools.

3 GIS and analytical tools

A common complaint about GIS is the lack of built-in analytical fa-
cilities. In systems containing built-in models, these are often over-
simplistic and worse than the modelling procedures used outside GIS.
According to Fotheringham (1995) these tendencies for using GIS in
conjunction with bad models represent a step backwards for spatial
modelling. Modelling tools for transport analysis are no exceptions.
Even in a specialised GIS such as TransCAD, the available tools can
be regarded as below the aspiration level of the advanced transport
modeller. Most GIS are made to serve general purposes and it is un-
realistic to expect to find a perfect tool for specialised needs. Being
aware of the danger of getting trapped in the use of bad models when
trying to integrate GIS and transport models, we choose not to rely
completely on tools that are built in to a GIS. Most GIS are open to
communication with other programmes and there are several possibil-
ities for adding functionality to GIS and for adding GIS-functionality
to programmes written by the user. Since there are alternative ways
of integrating models and GIS, we will briefly mention the main prin-
ciples in order to position our own work in the continuum between
total separation of models and GIS and full integration.

A simple alternative is to export data from the GIS in a format
that can be used by other programmes. We call this type of inte-
gration loose coupling. Export of data can be automated using the
GIS interface and the external programme can be called from the GIS
(this has been done in the estimation programme described in this in-
troduction). Examples of external programmes relevant for transport
applications are estimation and scenario calculation routines. The
processing of data outside the GIS can by these means be made invis-
ible to the user and still controlled from an interface that is similar to
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Figure 7: Different strategies for integrating GIS and modelling tools.
From top of figure: loose coupling, close coupling and full integration.

the native GIS environment.
Adding models can be achieved from the inside of a GIS by writ-

ing programmes in macro languages supplied with the GIS. We call
this type of integration close coupling (see Figure 7). Such macro lan-
guages are designed to perform tasks that can be written in reasonably
short programmes. One example of this strategy is the computation
of accessibility as described in this introduction. Macro languages
are, however, not suited for operations that require large amounts of
computation since they are considerably slower than standard pro-
gramming languages (such as C or FORTRAN). To maintain compu-
tational efficiency, an alternative approach is to call GIS routines from
an external programme. It is hard to obtain flexible GIS functionality
in this way but if mapping alone is enough, it is an option. Both
alternatives for GIS – model integration described so far can be done
from the GIS interface. From the user’s point of view the difference
could be negligible. We could from the same interface control several
programmes integrated in different ways. The possibilities of using
GIS as a base for model management have been pointed out by e.g.
Miller (1997).

The last alternative in Figure 7, i.e. full integration of modelling
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tools and GIS, would imply that the whole system should be within
the same executable unit. That is possible only if one has access to
the source code of the systems, which is not the case for the ordinary
researcher.

One of the alternative strategies – loose coupling between GIS and
the analytical procedures – relies on exporting and importing data
back and forth between different software or using common files. Ex-
amples of different types of loose coupling can be found, e.g. between
ArcInfo and different statistical software or transportation modelling
packages (see e.g. Choi and Kim, 1997) The major argument against
coupling of two independent software systems like GIS and statistical
packages is that both may be very large, complex and costly.

In most cases it is hard to achieve a smooth integration without
the possibility of modifying some parts of the source code in either
the GIS or the analysis routine. Writing an interface between two
complete pieces of software is a temporary solution to the integration
problem. With possibilities of editing the source code in any of the
two programmes (GIS or analysis module) smooth and secure data
transfer may be achieved. This is the strategy we will develop.

4 Accessibility

In Paper 4 (Path based accessibility, PBA) of this dissertation an
accessibility measure is developed. PBA represents a mix of two tra-
ditions in accessibility analysis: the constraint approach where daily
activity patterns are central and traditional aggregate accessibility.
Since individual accessibility measures are not so frequently used we
take a look at the types of measures and the theory behind them. We
also provide a small application. In short individual papers there is
no room for describing the application platform. This is done for the
case of accessibility at the end of this section.

Accessibility is the individual’s possibility to take advantage of
resources with a fixed location in space that requires presence. It is
obvious that access to resources is restricted by the possibility to over-
come distance. Mobility requires resources in terms of time, money,
fixed capital, environment etc. Access also faces restrictions with re-
gard to the above- mentioned resources and some additional ones e.g.
opening hours or appointments at a fixed time. Resources can also
be subject to restricted access regardless of presence. Not everyone
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may be allowed to or be able to enter the resource. Possibilities to
overcome distance and other obstacles to mobility differ between in-
dividuals depending on e.g. where they live, work and their mobility
resources.

The transport system provides accessibility as its main positive
effect. All side effects of transport such as noise, air pollution, energy
consumption and accidents are undesired. These side effects are of-
ten modelled in GIS and presented in GIS with e.g. colourful maps.
Accessibility is usually computed with less advanced tools and will
perhaps in the end be presented as maps. How the positive effects of
transport are measured and presented is thus critical.

In this section, three easy-to-use programmes are presented that
compute accessibility along two different theoretical lines. The first
programme computes standard aggregate accessibility measures (AM).
Aggregate AMs can be computed simply as cumulative opportunity
measures or spatially discounted opportunity measures based on grav-
ity principles. Both types of AM are computed in the programme. Ag-
gregate measures represent the standard way of studying accessibility
but recently there has been a growing interest in individual AMs. This
is partly due to the developments in GIS. It has become simple and
convenient to write programmes and visualise individual behaviour in
the spatial environment GIS provides. The theory behind individual
AMs is however mature and originates from the work by Hägerstrand
(1970) and Lenntorp (1976). In time - space geography the key de-
terminants of accessibility are the restrictions in time that set the
limits of mobility. The strength of individual AMs is the description
of individual mobility and the opportunities within the activity area.
The drawback of these individual AMs is the difficulty in providing
overall measures of the accessibility of an area or of a group of people.
The second programme presented in this report computes an AM for
descriptive purposes inspired by the time - space geography.

A third AM that is a mix of the two previously mentioned tradi-
tions is also provided in a programme. This ”path based accessibility”
is based on Paper 4.

The traditional methods of studying accessibility originate from
Hansen (1959). Other important contributions have been made by
Weibull (1976, 1980). Recently there has been a renewed interest in
activity-based accessibility measures. This renewed interest is partly-
technology driven by the developments in GIS. One representative
of these GIS-based accessibility studies is the work by Kwan (1998).
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Other important contributions have been made by Miller (1999) where
the axiomatic approach by Weibull (1976) has been used to formulate
space-time measures of accessibility.

Accessibility measures

Accessibility measures are based on two components, a source of sup-
ply and a friction of distance. These two components can, depending
on the functional form, be given different weights and importance. Ac-
cessibility can broadly speaking be regarded as the utility discounted
by a function of distance. Depending on what is stressed, the sources
of supply or the transportation system, different aspects of the AM
are more or less developed. Some authors are neutral with regard to
supply and distance friction, such as Koenig (1978):

”The concept of accessibility usually associates an appreciation
of the availability of satisfactory potential destinations with re-
spect to a given need.”

Others inspired by the time - space school of geography stress the
constraints faced by people, such as Weibull (1980).

”Accessibility concerns physical and temporal constraints on
behaviour and thus is an aspect of the freedom of action of
individuals.”

The latter definition is somewhat wider in that it opens up for other
types of frictions besides those caused by the transportation system.
The focus on restrictions is mainly associated with the time - space
geography framework and is normally not incorporated in traditional
AMs. Time - space measures are more orientated towards description
than towards measuring the overall utility of a system.

Another important question related to AMs is whether to study
accessibility in the overall transportation system or in each part of the
system. Often the aim is to improve the system or parts of a specific
system so it is important to be able to identify the contribution of an
improvement in a specific system. This calls for separated transport
systems and the use of network distances in the AMs.

The full list of AMs covering different aspects of accessibility would
require a large amount of data. Normally it is not necessary to use
variables for studying accessibility other than those used in transporta-
tion models. A description of accessibility could cover the following
factors:
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•Attributes of individuals (age, gender, income)

•Attributes of space (travel time, travel cost)

•Attributes of mobility resources (available modes, access to trans-
port networks)

•Attributes of the resources (capacity, opening hours, congestion,
quality of the resource)

The complete description of all the different attributes can in most
cases not be achieved. Often the lack of data on individuals is the main
restriction to a complete accessibility analysis. Instead, measures of
the aggregate population are used in most cases. Nevertheless for
descriptive purposes, individual accessibility measures can be of great
interest. Such measures can be computed by using small samples or
by using hypothetical individuals.

Individual accessibility

Individual AMs can be used to find out what resources a person can
reach from a location given a set of restrictions. Aggregate AMs are
normally used to measure the accessibility from a certain location to
a given type of resource without any type of restriction. Individual
accessibility differs between places and individuals depending on rela-
tive location, mobility resources and commitments in time and space.
Everyone may experience his own accessibility which may differ from
the accessibility of other individuals. Access is unequal and certainly
not equally distributed in space or across the population.

Hägerstrand (1970) identifies three types of constraints: capabil-
ity constraints, coupling constraints and authority constraints (for
a discussion of these concepts see Hägerstrand (1970) and Lenntorp
(1976)). Data for capability constraints are mainly associated with in-
dividuals, while coupling constraints data are associated with sources
of supply. The supply source may be e.g. another person or a store.
Examples of coupling constraints are opening hours or a person-to-
person appointment. Authority constraints (can be temporary) mainly
represent spatial limitations of access. The data of authority con-
straints are typically associated with the area, which could be a sup-
ply source but which has also got coupling constraints associated with
it. Individual AMs can deal with these types of constraints one at a
time or simultaneously.
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The difficulty of modelling constraints increases with the number of
constraints. Even taking a single constraint into account is not simple
in practice if space, travelling time and supply sources are represented
in a reasonably realistic way.

The simplest individual AM computes the possibility of being at
a location k at a certain point in time t given one origin- (i) and one
destination- (j) constraint with fixed departure and arrival times. If
we add information about travel times tij we can define the Potential
Path Space (PPS) defined in Equation (1), see Kwan (1998). The
PPS as stated above takes individual time constraints and the travel
time into account. The potential path space can be computed as

PPS = [(k, t)|ti + tik ≤ t ≤ tj − tkj ] (1)

where ti = the latest ending time of activity at i, tj = the earliest
starting time of activity at j, tik = travel time from i to k, and tkj =
travel time from k to j. With this information we can e.g. illustrate
the space time prism and its projection onto the map: the Potential
Path Area (PPA). PPA gives us the maximum time which it is possible
to spend at each location k. It is obvious that for an area k to be in
the PPA, t must be greater than 0 in the PPS. In this framework
it is assumed that the PPS is fixed given the departure and arrival
constraints. It is not possible to get away from any constraints by e.g.
paying an additional fee, i.e. all valid opportunities or supply sources
must be within the PPA. In the short run such an absolute restriction
in time may be dubious but hardly in the long run.

From the information in the PPS a number of accessibility mea-
sures can be calculated, e.g. 1) the number (or sum) of opportunities
within the opportunity set, 2) the maximum time that it is possible
to spend at each location, 3) the sum of the opportunities weighted
by some function of distance to the opportunity. In the time-space
setting it is also possible to calculate the extra travel time that an ac-
tivity requires (our fourth AM) given the two initial activities at i and
j. This aspect is an important aspect that is not taken into account
by other types of accessibility measures. The extra travel time caused
by going to k is given by Equation (2)

tk|ij = (tik + tkj) − tij . (2)

i is allowed to be equal to j which means not making a trip. If i �= j
and k is along the road from i to j the extra travel time equals 0.
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Finally we have to add the time consumed by the activity (tlk) itself
at each location k. The total time consumed by an activity will then
equal tk|ij + tlk. If tlk is impossible (or difficult) to obtain we could use
some stop penalty.

Alternative 1 calculating the sum of the opportunities does not
take human behaviour into account apart from the time constraints.
Time constraints are not necessarily associated with the individual,
rather most constraints are consequences of the surroundings. They
do not say anything about individual preferences and the utility of
individuals, i.e. the utility of a location is equal across space as long
as it is within the PPA. Alternative 1 has a close relationship to cu-
mulative opportunity measures, the difference here is that the sum is
restricted to the PPA given a required presence at fixed locations.

Application – Accessibility in GIS

In this section we illustrate the different accessibility concepts by de-
scribing the use of the two programmes. Since the input data differ
considerably between the space-time inspired AMs and the traditional
AMs they are programmed separately.

The programme presented in this introduction are written in the
internal programming language of TransCAD (GISDK12) and use the
same interface, data and internal compiler and are thus closely cou-
pled. Close coupling provides an elegant solution and possibilities for
frequent interaction between the analytical routine and map display.

The programme for individual accessibility and path-based acces-
sibility are described below. Since aggregate accessibility is so well
established we omit it.

Individual accessibility

In this programme the number of constraints is limited to two loca-
tions in space and two constraints in time. With a minor programming
effort it is possible to generalise the programme to allow for a more
complex set of constraints. The individual AMs computed by the
programme are the following:

•Time that it is possible to spend in each location

•Sum of opportunities within the PPA
12Geographic Information System Developer’s Kit
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•The log-sum restricted to the PPA

•The extra time that is required to go to k given i, j

•And of course the PPA (PPS) itself

All alternatives can be computed as the sum (aggregated over op-
portunities) or as the max (best opportunity) within the PPA which
leaves us with eight different individual AMs. The use of the pro-
gramme proceeds as follows:

1.Invoke the routine and a dialogue box is shown on the screen that
prompts the user to click on two zones with the mouse (different
areas or the same two). These two zones are used to specify for
example the constraints in space, i.e. i and j in Equation 1. The
dialogue box is shown in the upper left corner of Figure 8(a).

2.A new box appears that prompts the user to type in the time
constraints associated with i and j above. We also need to specify
the supply source, a variable where the output is written, the type
of AM, the use of the maximising type of AM and a travel time
matrix, Figure 8(a). The summation type of AM is the default
choice. A difference compared to other AMs is that zones outside
the PPA will contribute with an accessibility score of zero.

3.The programme is written to allow the user to work in an inter-
active fashion. The dialogue boxes will remain on the screen until
they are closed. To alter the time constraints, the user just has
to type in new departure and arrival times and the map will be
updated with the new PPA.

Individual AMs do not provide an overall picture of the accessibil-
ity in the system but provide illustrations of the limits of individual
mobility. AMs of this type cannot be used as stand-alone evaluation
tools of changes in infrastructure but are useful for describing poten-
tial impacts on individual mobility of travel time reductions. It is
for instance possible to study the PPA before and after changes in the
transport system or new sets of opportunities generated by alternative
scenarios.
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Figure 9: Picture of dialogue box for path based accessibility.

Path based accessibility

This programme was written to implement the ideas presented in Pa-
per 4. Like the previous programme it is written in a GIS program-
ming language (GISDK). This programme also exists in a loosely
coupled version written in FORTRAN. The comparison of runtime
between the two versions shows a considerable difference in computa-
tional efficiency and thus supports the conclusions in Paper 513. In
this programme different types of impedance functions can be used
(see Figure 9 and what differs compared to a traditional AM is that
this measure is weighted by a travel pattern. This travel pattern is
represented by a matrix that is selected at the bottom of the dia-
logue box in Figure 9). As an option the user can choose whether to
compute accessibility with regard to work or residence.

The parameter value for the parameterised AMs refers to the travel
cost sensitivity with regard to the secondary trip, given a travel pat-
tern. Estimations based on data from the Stockholm region show a
rather high cost sensitivity, which indicates that the secondary trips
are often short. The use of the programme is intended to be simple.

13A problem when using-GIS based programming languages is that these languages
are considerably slower than standard programming languages and thus less suit-
able for computationally intensive routines.
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5 GIS and model estimation

All articles in this dissertation require estimation of logit models. The
model structure (for the mode and destination choice) used through-
out this work is of structured or nested logit type with two choice lev-
els. The model can be formulated with either the destination choice
(”normal structure”) or the mode choice (”reverse structure”) on the
upper level. A third alternative is to keep the λ parameter fixed at
1 and estimate a simultaneous model. The parameters are estimated
using maximum likelihood simultaneously for all parameters. Regard-
less of structure, the model is formulated as a simultaneous choice
of residential zone/employment zone and mode choice conditional on
employment zone/residential zone.

To obtain the parameter estimates of the logit model we have relied
on a software written ”in house”, ester. ester is a subroutine to an
optimisation package ”MINOS” and was originally written by Lars-
Göran Mattsson14 to estimate different transport and location models
for the Stockholm region. One example is the the IMREL model
system (Integrated Model of Residential and Employment Location),
Anderstig and Mattsson (1991). The programme has been enhanced
in several steps to allow for more parameters to be estimated and to
be run in a Windows environment (originally the programme was used
in a UNIX system).

This programme is written for one purpose: to provide estimates
of the parameters of a combined destination and mode choice model
of doubly constrained logit type. For other modelling purposes there
are probably better alternatives available. The advantages are: the
programme can handle many alternatives (particularly good for the
destination choice) and can estimate many constants for the zones
(doubly constrained!). A practical advantage of the current version is
that it can be used from inside a transport-orientated GIS using the
internal data structures and the parameters can be estimated without
knowledge of any additional software (other than the GIS). Given
the Combined Mode and Destination choice model (CMD-model) the
programme is also flexible with regard to the nesting structure of the
model and with regard to modelling location of jobs and households
respectively.

ester has gone through several development stages. For Papers 1
14A separate documentation for ester without the GIS interface is available from
Mattsson (in Swedish).
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to 3 ester was used as free-standing software reading TC input files.
During the work with the two last papers, ester was controlled from
an interface within TC. One of the most important changes include a
generalisation to allow for different numbers of parameters, different
structures etc. without programming and compiling. Other important
changes in the current version are that ester reads TransCAD files as
input data: OD-matrices, travel times, starting values for the opti-
misation solver and settings that control the estimation procedure.
The original version of ester was designed to read input data from
EMME/2. During these changes errors may have been introduced.
The author of this dissertation is solely responsible for any error in
the current version of the programme.

The last version of the programmes appears as an integral part
of the GIS but consists of three different parts, 1) an optimisation
programme – MINOS15, 2) a subroutine to MINOS – ester where the
ML-problem is defined and 3) an interface – ”TC-est” between TC
and MINOS+ester. MINOS and ester are both written in FORTRAN
and are compiled and linked to one single executable unit while the
interface is written in a macro language (GISDK) internal to the GIS.
The interface provides input data to ester through files all written in
TC’s file format. The output from ester is parameter estimates that
can be read by TC and the scenario calculation routines (see below).
Part of the parameter data in the doubly constrained model is of a ge-
ographic nature (the balancing parameter associated with each zone)
that can e.g. be mapped. These parameters are then used within the
GIS to compute scenarios and calculate accessibility measures. This
solution is chosen in order to provide a smooth integration between
the GIS and the estimation programme. The user will only be con-
fronted with the interface which looks like a standard TC dialogue
box. Everything behind will be invisible to the user. TC-est appears
as an integral part of TC and does not visually differ much from any
other routine. The programme structure and the information flows are
illustrated in Figure 10. The estimation programme is still a separate
executable unit and thus loosely coupled to the GIS. One difference
between this coupling and several other loosely coupled programmes
is the fact that we have access to the source code both of the interface
that calls the programme and the estimation programme itself. This
enhances the integration but it is nevertheless – loosely coupled.

15Murtagh and Saunders, 1995
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Figure 10: Data flows in TC-est.

6 Analysis of flow data

Papers 2 and three are concerned with the analysis of local spatial
non-stationarities in flow data. Both papers draw heavily on the Gi-
statistic developed by Getis and Ord (1992) and Ord and Getis (1995).
Local measures of spatial association would hardly exist without GIS
and the implementation platform is thus given. Despite this we made
our first implementation in a free standing programme and relied on
manual import and export of data between GIS and our programme.
In Berglund and Karlström (1999a) we realized our mistake and con-
clude by writing:

”In the perspective of the growing interest in explorative spa-
tial data analysis (ESDA) methods [see, e.g. Anselin and Bao
(1997), Unwin (1996), Ding and Fotheringham (1992)], it is a
natural next step to implement the Gij statistic more fully in-
tegrated with a GIS. In the same way as the Gi statistic has
been implemented as macros in GIS software such as ArcInfo
[Ding and Fotheringham (1992)] and ArcView [Scott and Lloyd
(1997)], we think it would be worthwhile to implement the Gij

statistical measures of local spatial association in transporta-
tion related GIS, such as TransCAD.”

To immediately remedy what we failed to do we wrote a programme
closely coupled to a GIS which is available along with a technical
report (Berglund and Karlström, 1999b). We present the ideas behind
this programme briefly in this section.

The concept of the weight matrix is central in spatial statistics.
The weight matrix defines a neighbourhood of different objects in
space in a way which is operational from a computational point of
view. Ideally weight matrices should be derived from theory. How-
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ever, this is not simple and one often has to turn to what is practical
and convenient. One of the advantages of being inside a GIS and
in particular in a transport-orientated GIS is that it is simple to con-
struct weight matrices of different types. In Paper 2 we define a metric
in flow space which is based on a single spatial weight matrix and in
that sense analysis of flow data does not differ from analysis of scalar
data.

In order to make some general tools for spatial analysis available in
our transport modelling environment, we included a few simple rou-
tines such as: variable standardisation, row standardisation of spatial
weight matrices, converting a continuous spatial weight matrix to bi-
nary, computing the first order spatial lag and computing the Gi- and
G∗

i -statistics. Manipulation of weight matrices is applicable to analysis
of both flow and scalar data while the other tools only apply to scalar
data. Although the analysis of flow data is fundamental to transport
analysis, analysis of scalar data is also relevant in a transport context.

To compute the Gij as in Berglund and Karlström (1999a) we need
a spatial weight matrix and flow data associated with geographical
objects (compatible with the selected weight matrix). All data are
defined from windows menus as for all programmes written within the
framework of this dissertation (see Figure 11). Flow data are stored
in a standard TC matrix. The resulting matrix of Gij-statistics will
also be in matrix form. However, this matrix will not be displayed
directly. Instead, an array from the matrix will be written for display
to a column in the relevant attribute table. The array is defined by
a mouse click on the map. Any thematic map of the highlighted field
will be updated every time a new area is selected. Once the matrix
of Gij is computed, the result can be displayed interactively by using
the OD-button (see Figure 11) and clicking on areas on the map.
This is an example of interactive analysis of flow data. As noticed
several times in this introduction and in Paper 5 the computational
performance of GIS programming languages is not very strong. The
computation time may be considerable if the data set is large.

7 Scenario calculation

In Paper 5 an additional (and central) part of the model system is
introduced – the scenario calculation module. This module contains
what is often referred to as a 4-step transport model. Our model is
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Figure 11: Dialogue box where the computation of the Gij- statistics
is controlled.

of traditional type including traffic generation, combined mode and
destination choice and network assignment from TC. The programme
takes care of definition of input data and feedback loops between the
demand side and the supply side, see Figure 12(a). The ambition with
the programme is to provide a flexible tool for scenario calculation
and consequently all parameters and input data can be changed. The
number of socio-economic groups can be altered under global settings
(G settings in Figure 12(a)).

Zone-based input data can be stored in any type of TC data file
and OD data are stored in TC matrices. The initial traffic generation
step is entirely zone-based and the parameters are typed in a dialogue
box, see Figure 12(b). The programme saves the parameter values
from the previous session together with the corresponding values of
the variables and these values will be used as default for the next
session. Since the programme for estimation of the parameters of the
combined mode and destination (CMD) choice model is produced ”in
house” the parameters are written to a parameter database that can
be read immediately by the scenario programme. The CMD can be
altered in four ways 1) number of modes (currently less than three)
2) nesting structure 3) computation of residential or job-based travel
demand model 4) definition of travel cost variable (see Figure 12(c)).
Currently the assignment algorithm cannot be substituted without
modification of the source code.
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The output will be standard TC files (matrices and tables). As
default, output data are written to separate matrices with one layer
for each socio-economic group.

8 Concluding remarks on the use of GIS in trans-
port modelling

The main use of GIS in transport planning is data collection, man-
agement and display of model inputs and outputs. There is however
also an emerging (research orientated) literature where the analytical
benefits of GIS are taken advantage of. Examples of the latter are sys-
tematic design of traffic analysis zones compared to ad-hoc solutions
and analysis of model output. The analysis of model output can be
enhanced by inspiration from spatial statistics.

The use of GIS in transport modelling requires high quality of
the data which results in a time-consuming start up process if no
readymade database is available. If the problem at hand is to be
solved once and the database will be of limited use afterwards, it may
be appropriate to consider another modelling environment due to the
initial cost.

The principles for model integration outlined in this introduction
differ in a few important respects from many other similar approaches.
Most important is the use of one commercial software and the decision
to let all additional programmes be subject to modification to allow
smooth integration. The programme environment used so far can
be further developed to greater flexibility. One of the advantages of
working with GIS is the open database provided by such systems which
makes analyses and presentation of results simple and user friendly.

Based on the experiences from putting together the tools presented
in this introduction, we can now summarise a few findings. In Table
2, a subjective grading of GIS with regard to some essential tasks in
the modelling process is provided. Performance with regard to (wrt)
user refers to efficiency in interaction between model and analyst.
Computational performance refers to the efficiency of the software
when it has received its instructions.

General geographic data management routines in GIS have the
capability of handling any type of data that may be of interest for
modelling purposes. Since GIS is essentially an information manage-
ment system, it is not surprising that performance with regard to any
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Table 2: Grading of GIS functionality in transport modelling.

Model task Performance
wrt user

Computational
performance

Manage data Very good Good
Generate input data Good Good
Quality control of input data Very good Good/Poor
Hypothesis generation Very good Good/Poor
Model estimation Poor Poor
Model evaluation Good/Poor Poor
Generate forecasts/scenarios Good Poor
Presentation of results Very good Good

type of data handling is good. Visualisation of data is an important
step in the modelling process, errors are detected and hypotheses gen-
erated. The drawback of GIS in this situation is observed when going
beyond the simple query and visualisation tools in GIS. Then there
is a need for own programming. Since a programming environment
is provided by most software providers, this is not a problem for the
advanced user. However, for the regular user the lack of built-in tools
is clearly a shortcoming.

The core of the modelling process, the model estimation, often
takes place outside GIS-based systems. This makes the modelling
process far from being an interactive process between modelling, visu-
alisation and evaluation. One of the expected benefits from working
with GIS is the possibility of carrying out the modelling process in
an interactive fashion. With the systems available today, this is not
possible. Model evaluation suffers from the same problems as quality
control of data, i.e. the tool box consists of simple tools and if you
want to go further you have to do your own programming. If you do
your own programming you will run into problems with computational
performance if the size of your problem is large.

Generation of forecasts and scenarios involves organisation of lots
of data both as input and out put. In this part we can rely on one of the
strong sides of GIS. Data management and the interface programming
facilities available in most GIS make this convenient with regard to
the user. However transport modelling is computationally intensive
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and running times of several days are not uncommon. Computational
efficiency is thus important. In this respect, GIS-based systems have
a lot to prove. Our present application involving a four step transport
model with feedback loops (see Paper 5) illustrates the performance
gap between GIS and standard programming languages.

Presentation of results constitutes the analyst’s means of commu-
nicating with the decision makers and the public. Even though this
is not formal modelling, this part should not be underestimated and
cannot be excluded from the modelling process.
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