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Abstract

The exploration of the Mobidrive six-week travel diary data over the last few years has deep-
ened the understanding of the dynamics, the regularity and the variability in daily travel. The
success of the Mobidrive project with the implementation of a longitudinal travel survey and the
subsequent data analysis, motivated to search for mobility data which covers even longer peri-
ods of observation – eventually even capturing the seasonal variations of individual travel de-
mand.

At present, such an innovative long-term travel behaviour data source based on Global Posi-
tioning Systems (GPS) information is jointly processed and analysed at the IVT (ETHZ) and
ROSO / DMA (EPFL). The Borlänge (Sweden) GPS data covers a monitoring period for pri-
vately used cars of up to two years. Travel behaviour and time use research has never had the
opportunity to track individuals for longer than some weeks in order to find out about the sys-
tematic and the spontaneous part of behaviour.

This paper gives an overview of the current status of the GPS data post-processing work and re-
ports on the suitability of GPS travel data for the analysis of individual activity spaces.
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1. The description and measuring of daily mobility

Transport planning and policy have a notable interest in the mobility patterns of persons and
households. Understanding the structures of individual mobility and their connections with
the organisation of daily life and the inner-household interaction better allows to design and
adjust measures to influence travel behaviour according to the current transport policy priori-
ties. This may include for example the necessary reduction of travel demand in congested ar-
eas by land use reorganisation or measures to promote walking or cycling.

For various reasons, the sensitivity of travel behaviour towards supply change (pull strate-
gies) as well as demand orientated measures (push strategies) has long been tested by col-
lecting and analysing data bases on cross-sectional surveys, only. As a consequence, mobility
patterns observed on single days have often been interpreted as optimal decisions of the trav-
eller and as a state of behavioural equilibrium – which is assumed to exist for any point of
time and any situation. Travel behaviour research has consistently questioned this working
hypothesis (see e.g. Huff and Hanson, 1986; Jones and Clarke, 1988), as daily mobility con-
tains a significant amount of variability and flexibility over time. The stability within travel as
well as the deviations from the predominantly routinised structure of daily life can only be re-
vealed by exploring individual panel data, i.e. observations of behaviour of single persons
over a prolonged period.

Individual travel data covering periods substantially longer than one week are rare as data
collection by means of travel diaries is costly and includes the risk of loosing data precision
by fatigue or no-response effects. The 1999-2001 Mobidrive project (see Axhausen, Zim-
mermann, Schönfelder, Rindsfüser and Haupt, 2002) successfully showed that these fears
were in the main unjustified. With the implementation of a continuous six-week travel diary
as core of the project, a current data set of long-term individual travel behaviour is now avail-
able for analysis. The extensive investigation of the data during the last years has led to the
development and the adoption of a range of analysis and modelling approaches for daily
travel and the stability as well as variability within it (see Zimmermann, Axhausen, Beck-
mann, Düsterwald, Fraschini, Haupt, König, Kübel, Rindsfüser, Schlich, Schönfelder, Simma
and Wehmeier, 2001 for an overview of results). A part of the Mobidrive results focusing on
locational choice in travel was presented at the 1st STRC (Schönfelder, 2001).
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A current analysis stream which is adding to the spatial aspect of the Mobidrive data explora-
tion is the visualisation and measuring of human activity spaces (Schönfelder and Axhausen,
2002a; b; Schönfelder and Axhausen, 2003). The identification of revealed individual activity
spaces based on a longitudinal observation of trip making and activity performance will in-
crease transport planning’s ability to realistically define choice set for destination choice.
Furthermore, it allows us to understand the mechanisms of clustering activities around the
important pegs of daily life such as home or work.

The Mobidrive success in data collection and analysis has increased researchers’ interest in
accessing long-term travel data bases which eventually cover even longer periods of observa-
tion. One technical possibility is the collection of travel behaviour data by in-vehicle or on –
person Global Positioning System (GPS) devices. This innovative data collection
methodology is promising especially in the field of route choice analysis where exact choice
data over prolonged periods is quasi non-existent1. The Institute of Transport Planning and
Systems jointly with colleagues of the Department of Mathematics at the EPFL is currently
exploring the potentials of a vehicle based GPS log data source from Sweden for the purpose
of travel behaviour research (Schönfelder, Axhausen, Antille and Bierlaire, 2002). The fully
automatically collected data matches the research direction of the Mobidrive work mentioned
above as it contains movement information for single travellers for up to two years.

This paper gives an overview about both, the recent methodological approaches to capture
human activity spaces based on longitudinal travel data and the initial results of the data post-
processing steps for the GPS log data. The remainder of the paper is organised as follows:
First, a short conceptual introduction into the activity space concept is given in order to out-
line our underlying research interest. The subsequent chapter reports on the structure of the
Borlänge data and the current stage of the necessary data post-processing. Then, a recently
developed approach to visualise and to measure activity spaces is applied to the enhanced
GPS based travel data. Finally, some notes on the analysis so far and an outlook to the future
work conclude the paper.

                                                
1 The Danish / European Union research project AKTA / PROGRESS (http://www.progress-project.org) uses a

large GPS data set to evaluate road pricing schemes and to detect related changes in route and destination
choice.
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2. Activity spaces: Background, planning implications
and new methodological approaches of measuring

A micro-geographical concept which captures the spatial extent of daily mobility patterns is
the activity space. The activity space concept – which was developed in parallel with a range
of related approaches to describe individual perception, knowledge and actual usage of space
in the 1960s and 1970s (see Golledge and Stimson, 1997 for a discussion) – aims to represent
the spatial unit which contains the places frequented by an individual over a period of time.
Activity spaces are geometric indicators of the observed or realised daily travel patterns (see
also Axhausen, 2002). This is stressed here as related concepts such as the action space (e.g.
Horton and Reynolds, 1971), the awareness space (e.g. Brown and Moore, 1970), the percep-
tual space (e.g. Dürr, 1979), mental maps (e.g. Lynch, 1984) or space-time prisms (e.g.
Lenntorp, 1976) describe the individual potentials of travel – based on spatial knowledge,
mobility resources, the objective supply of opportunities etc.

Activity spaces are defined here as a two-dimensional form which is constituted by the spatial
distribution of those locations a traveller has personal experience (contact) with. The geome-
try, size and inherent structure of activity spaces are determined by three determinants (Gol-
ledge and Stimson, 1997):

• Home: The position of the traveller’s home location, the duration of residence, the
supply of activity locations in the vicinity of home and the resulting neighbourhood
travel

• Regular activities: Mobility to and from frequently visited activity locations such as
work or school

• Travel between and around the pegs: Movements between the centres of daily life
travel

Figure 1 shows a schematic representations of both, the basic concept and a revealed activity
space based on the six-week Mobidrive travel data.
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Figure 1 Simplified activity space representation: Generalisation and actually observed
pattern in Karlsruhe (Mobidrive)*
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a) Adopted from Maier, Paesler, Ruppert and Schaffer (1977) 57
b) Schönfelder and Axhausen, 2003

* Dots show observed activity locations of one respondents over six weeks of reporting

In a wider sense, the activity space comprises those locations of which a traveller has personal
experience, as well as those of which the traveller has second hand experiences through fam-
ily, friends, books, films or other media (the knowledge space) (see e.g. Horton and Reynolds,
1971; Dürr 1979 or Goldenberg, Libai and Muller, 2001). In the following, though, activity
space refers only to the first set of locations, those which a traveller has personally visited.
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For land use as well as transport planning and policy, there exists a range of benefits from a
deeper knowledge of individual activity spaces (see e.g. Dangschat Droth, Friedrichs, Heu-
winkel and Kiehl, 1980), such as

•  better conclusions on the quality and acceptance of the local infrastructure in urban
sub-areas, the frequency of usage and the effectiveness of recent infrastructure im-
provements concerning the change in travellers’ behaviour. This may lead to a more
demand-tailored planning instead of a focus on pre-defined standards and reference
values.

•  better assessments of user groups’ behaviour and elasticities as well as their affection
from general and particular planning measures (e.g. impact opening times, effects of
modified infrastructure schemes on time budgets, potentials effects of growing cen-
tralisation of facilities)

•  improvement of transport modelling techniques, especially by the more realistic de-
sign of choice sets for location and route choice.

2.1 Development of approaches based on the Mobidrive work

Empirical work on revealed activity spaces, i.e. the physical mapping or enumeration of the
places visited by individuals, is rare. Where such work has been done concerning a geometri-
cal representation of personal activity spaces or even the measurement of their sizes, the focus
was mostly on travel potentials or opportunities. This was often inspired by the conceptual
approaches of space-time geography which puts spatial movement into a context of individual
and societal and constraints (Hägerstrand, 1974; Chapin, 1974). Only few studies concen-
trated on the detailed measurement of individual activity spaces (e.g. Dijst, 1999)2.

The Mobidrive longitudinal data structure which gives us a detailed insight into people’s daily
travel behaviour has opened up the opportunity for methodological developments and empiri-
cal work. As the Mobidrive data set contains exact locational data by comprehensive geo-
coding of most of the reported trips (approximately 40.000 made by approximately 320 re-
spondents), the analysis of the variability in spatial behaviour over time is now possible. The
precise locational data was obtained by geocoding the trip destination addresses of all main
study trips. The addresses – including home and workplace locations – were transformed into
Gauss-Krüger coordinates in a WGS 84 (World Geodetic System) geodetic reference system.

                                                
2 It should be noted that there is a range of studies of spatial behaviour and activity spaces on the aggregate level

of sociodemographic groups or zones. Those studies use cross-sectional travel or time-use data.
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The methodological development to capture human activity spaces lead to three measures
(Figure 2) (see Schönfelder and Axhausen, 2002a; b; Schönfelder and Axhausen, 2003):

•  A two-dimensional confidence ellipse (interval) around a suitably chosen centre
point.

•  The activity space measured by kernel densities where again information about the
locations visited is used.

•  The third approach is based on the idea of minimum spanning tree (network), i.e. the
length of the minimum distance routes between the locations visited.

The three approaches to describe the structure and the size of individual activity spaces are
models of human behaviour and therefore simplifications of environmental perception and
actual decision processes. Nevertheless, they already proved to be powerful for both, visuali-
sation and measuring in initial applications to revealed data. It could be shown that

•  the measures are flexible and allow the researchers to chose the input parameters ac-
cording to the particular analysis interest, such as the interactions between activity
location supply and destination choice

•  the implementation of the measurement is possible within common GIS software
packages.

•  the visualisation of examples is straightforward and enables practitioners to gain in-
sight into the travellers’ mobility routines.

•  the measurement results are consistent with earlier findings on locational choice,
such as the positive relationship of the amount of travel and the number of unique
locations visited.
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Figure 2 Measuring activity spaces: Overview of concepts developed within the Mobidrive
framework
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3. The Borlänge GPS data – an innovative data processing
experiment

The visualisation and measuring of revealed activity spaces requires the collection of long-
term individual travel data which allows the enumeration of places visited over time. From a
methodological point of view, the collection of such data by ordinary travel diary methods
remains costly in terms of survey expenses but especially in terms of the burden for the re-
spondents. Travel behaviour research recently raised the question of more suitable survey de-
signs – not the least based on the experiences with the Mobidrive data collection and analysis
(see Massot, Madre and Armoogum, 2000; Schlich and Schönfelder, 2001).

3.1 GPS data and travel behaviour – a short review

As an additional data collection approach, the use of GPS data for travel behaviour research
has been discussed and tested in transport research since mid of the 1990s (see Wolf, Guen-
sler and Bachman, 2001 or Schönfelder et al., 2002 for an overview of studies). The general
technical approach used in recent feasibility studies is the combination of mobile GPS data
loggers and a Geographical Information System (GIS) (see Draijer, Kalfs and Perdok, 2000
for an example). Principally, vehicles or – in fewer cases – pedestrians or cyclists are
equipped with an on-board / on-body data collection system consisting of a GPS receiver, a
data storage device with a GIS for mapping all movements and a mobile power supply. For
each trip (irrespective of the mode), the respondents switch on the system independently
which starts data transmission to the computer (storage) in short intervals of e.g. 10 seconds.
After data collection (i.e. the tracking of the travellers), the highly-exact spatial and temporal
information is transferred to a conventional PC for processing.

The existing data collection approaches may be categorised as follows (Lee-Gosselin, 2002;
Wolf, 2003):

• GPS based data collection as enhancement of traditional travel diaries

In most of the feasibility studies, the portable or in-vehicle GPS / GIS device acts as
a supplementary means of collecting exact time, location, route choice data. Hence,
the technique substitutes the respective parts of the ordinary travel diary survey and
reduces the reporting tasks of the survey respondents. The remaining trip related in-
formation, such as trip purpose, number of people travelling together or activity ex-
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penses are collected separately either by means of ordinary travel diary forms or
electronic data collection devices such as Personal Digital Assistants (PDA).

• Passive monitoring

Within a passive monitoring framework, the travellers are observed automatically
without providing any additional information on their trip making (no driver-device
interaction). Most of the studies which use passive monitoring are traffic safety
driven. The focus of the analysis here is the style of driving respectively the behav-
ioural reaction of the drivers towards external conditions – the rationale for the drive
and the activity related to the movement are of a minor interest.

3.2 Borlänge “Rättfart” – the background

Transport psychologists from the universities of Dalarna and Uppsala (Sweden) kindly pro-
vided the Institute of Transport Planning and Systems (IVT) with the GPS data set Rätt Fart
which nicely matches the data requirement for activity space analysis.

The traffic safety project Rätt Fart (Right Speed)3, based in the Middle-Swedish town of
Borlänge, is one of the sub-projects of the Swedish National Road Administration initiative
approach Intelligent Speed Adaptation (ISA). ISA aims to influence car and truck drivers’ be-
haviour by in-vehicle information (see Vägverket, 2000a). The ISA sub-projects are designed
to analyse the responses of drivers, ways of integrating interactive technologies into vehicles
and the effect of intelligent speed adaptation systems on road safety and the environment.

Rätt Fart in Borlänge had its focus on provision of information for the drivers using GPS de-
vices. The study was conducted from 1999 to 2001 with about 300 private and commercial
cars which were equipped with GPS and speed adaptation systems over the period of up to 2
years. Each drive’s characteristics such as speed, acceleration, actual time, position etc. was
stored internally for analysis in logs every second respectively every tenth second depending
to the road link used (see below). The GPS receiver itself did not transmit any signal of its
own which prevented external sources to get access to the car’s location or other information.

The data logs from the vehicles as well as supplementary data concerning the acceptance of
the ISA device are analysed right now in terms of traffic safety by researchers of the two
Swedish universities.

                                                
3 See http://www.rattfart.com
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The movement file – of which one half with about 100.000 private car trips is ready for analy-
sis – provides accurate trip-specific information such as times, positions, speeds and path
choices. The area for detailed monitoring was limited, though, to the town of Borlänge plus
some surrounding region – an area with a radius of about 20 km around the town centre of
Borlänge.

3.3 Data processing

It is clear that the Borlänge movement data - which is obtained entirely by passive monitoring
- lacks a range of essential information ordinary travel surveys usually provide. Apart from
the systematic neglect of travelling by modes other than car, there are several data imputation
tasks requested in a comprehensive post-processing strategy. This strategy includes the fol-
lowing:

• Identification of the driver: The system used in Borlänge did not require the driver to
identify himself/herself. With only few exceptions, the private Borlänge vehicles
were used by one driver in general, as only households with the same number of
drivers and vehicles were recruited. Where uncertainty exists, the detailed records of
the driving style (e.g. average speed and acceleration behaviour) may reveal the dif-
ferences.

• Identifying unique origins and destinations of travel: Trip starts and ends are prede-
fined in the Rätt Fart approach by switching on respectively turning off the car
(which includes the ISA device). This automatically starts or interrupts the transmis-
sion of the drive’s characteristics for data storage. However, final positions of drives
to the destinations vary significantly due to transmission inaccuracies or simply by
using different parking spaces for same destinations over the period of monitoring.
Algorithms to categorise unique starting respectively ending points are to be devel-
oped.

• Detecting additional trip ends: Fortunately, durations during which the vehicle does
not move – or in other words, during which zero speed is observed are very rare. Ini-
tial investigations of sub-samples showed that both, transmission problems such as
“lost” signals and periods of zero-speed concern only about 0.1% of all data logs.

• Identification of trip purposes: Together with the identification of the trip-end posi-
tions, the assignment of trip purposes for the observed drives is the major post-
processing task. The trip purpose is central for travel behaviour analysis as it indi-
cates the reason for travelling and therefor is an important determinant for analyses
based on individual utilities (e.g. route choice modelling)
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A reasonable data post-processing and the imputation of essential trip attributes such as trip
purpose are only possible if additional data sources are integrated in the analysis. The fol-
lowing data sources were acquired:

• Local / regional road network

The available road network for the town of Borlänge comprises all public roads in
the monitoring area. The log positions of the GPS trip data are directly connected to
and saved as the network link number and sector, but the positions can easily be con-
verted into XY-coordinates. One of the drawbacks of the digital road network is the
fact that private roads and minor streets are totally missing. This had also implica-
tions for the collection and storage of the trip data as stop positions were not moni-
tored if a link was used which was not included in the data base. In those cases, as-
sumptions about the actual trip ends have to be made based on land-use – trip end
matches in a further analysis.

• Land-use data:

In order to conclude the missing purposes from the local land use pattern, point-of-
interest data, property and parking space information as well as the official land use
plan for the town of Borlänge was acquired.

• Debriefing data (Sociodemographics of a sub-sample of the test drivers)

The GPS data collection period was followed by a debriefing interview (self-
administered, paper based, voluntary) which aimed to gain more insight into the so-
ciodemographics of the test drivers and their mobility routines. The requested infor-
mation included the type of driver (actual test driver or additional driver of the car),
sex, age, home address, yearly income, kilometrage of the last year, number of cars
in household, main obligatory and leisure activities, main shopping locations, share
of non-car travel, access to bicycle, most used modes of getting to particular places,
ownership of season ticket and places the test drivers would never go by car.

• Swedish national travel survey RES

The Swedish RES data set provides a rich source of information about travel behav-
iour of Swedish residents based on a one day recall diary. RES is used as a reference
data base to additionally identify missing trip purposed by comparing RES with the
structural characteristics of the GPS data.

As the GPS as well as the supporting data is limited in its levels of completeness and exact-
ness, the resulting mobility data set will likely not offer entire comprehensiveness – compared
to usual travel diary data. Therefore it needs to define minimum requirements for the quality
of the final data set in order to set a framework for the actual analysis steps. The planned
structure of the data set and its quality of the data is described in following table:
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Table 1 Expected structure of the resulting mobility data set

Expected level of availability
and precision

Variables

Exact values / high accuracy Route choice, departure and arrival times, travel times,
travel distances, speeds

Acceptable precision Trip purposes, activity locations (addresses)
Approximations / assumptions Overall mobility patterns / trip chains including non-car

travel
Missing Activity expenditures, size of company

Analyses implemented so far

This Borlänge data feasibility study is still in an early stage of realisation - nevertheless, sev-
eral data post-processing steps have been already implemented for a small sub-sample of full-
time workers and retirees (N=39) so far:

• Initial cleaning of raw data

The technical shortcomings of the data collection (see above) lead to a large amount
of observed trips with unrealistic attributes such as too short trip durations or im-
probable speeds. The solutions to these problems were already comprehensively dis-
cussed elsewhere (Wolf, 2000; Pearson, 2001; Wolf et al., 2001), especially by de-
fining thresholds of (minimum/maximum) durations which initiates elimination
rules. As initial thresholds, in this study the following figures were used:

Delete trips / activities if...

... TRIP DURATION (total travel time) smaller than 30 seconds

... ACTIVITY DURATION smaller than 120 seconds

... observed TRIP DISTANCE is larger than 25 km

... calculated average SPEED for the trip is higher than 50 km/h

Furthermore, the Rättfart data clearly contains journeys outside the Borlänge local
monitoring area. Those trips were also eliminated by identifying the last road net-
work link where the vehicle was observed. If this link matches with pre-defined edge
links of the GIS road network the trips were erased. This potentially leads to an am-
biguous results: On the one hand, it removes stops for the further analysis with no
definable / clear destination and activity duration. On the other hand, it “destroys”
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complete trip chains which can lead to a misinterpretation of the overall daily activity
patterns. This will be shown later and has to be improved in further more sophisti-
cated analysis steps.

• Categorisation and filtering

For most of the travellers, daily mobility differs significantly for weekdays and
weekends. This includes for example the fact that potential trip purposes at identical
locations may differ according to time or days of week. In order to take these as-
sumptions into account, the stop ends were grouped into the blocks weekdays, Satur-
days and Sundays before an assignment of potential trip purposes in the subsequent
pre-processing steps.

Filtering of trips which end in known (public) parking lots: As in many cases a
parking lot could be directly associated with certain activity purposes such as shop-
ping, a distinction between trips to clearly definable parking facilities and other trips
was made.

• Identification of trip end position:

A simple way of graphically clustering different stop ends was applied (Figure 3).
The distances from each stop position to all others within a radius of 200 m from the
respective point were calculated by the GIS. Those stops which have most neigh-
bours (plus the smallest average distance to all other considered points) were classi-
fied as cluster centres. All other – less central – stop ends were then assigned to the
predefined cluster means. In cases where stop ends were associated with more than
one mean point, the nearest cluster centre was chosen as the event destination.

Figure 3 Clustering of observed trip ends (crosses) to unique activity locations (boxes)
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• Identification of trip purposes: The assignment of the unknown trip purposes fol-
lowed a multi-stage approach and focused on a deeper analysis of the cluster centres
identified in the preceding step. The approach mainly considered the sociodemo-
graphic background information available for the test drivers’ and the existing land
use data of the town of Borlänge.

A straightforward identification of the trip purpose was possible when the cluster
centre is spatially identical or very close to the driver’s household location (<200m).
In those cases, the cluster centres as well as the underlying stop ends were assigned
with the trip purpose HOME. Although it is possible that other activities are per-
formed in the direct vicinity of home, there is a high probability that the car is driven
home if parked nearby. Probable mis-assignments which result from this rigid as-
sumption are accepted.

As a second step, the cluster centre positions were compared with both, the available
point of interest (POI) data such as restaurants, petrol stations etc. and the Borlänge
land use pattern (provided in polygons) (see Figure 4). Initially, each POI and land
use class was given a certain probability for a potential activity purpose – by a user-
defined / consistent tabulation.

Figure 4 Identification of potential trip purposes by land use

For the POI, all cluster centres were buffered by the GIS with a distance of 300 m
(distance which is likely to be accepted for a walk from car’s parking place to a fa-
cility) in order to define a catchment area for the available facilities. If a POI was
found within the predefined radius, the related purpose probabilities were assigned to
the cluster centre and stored. If even more POI were found, the probabilities were
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added up by the distinct purposes with a higher weight for points of interest closer to
the cluster centre.

The cluster centre - land use polygon comparison was implemented in a similar way.
Again, the cluster centres were buffered (by 200 m radius) to consider the adjoining
land use type and the predefined activity purposes in a catchment area. The purpose
probabilities (values) of all distinct land uses found were ordered by highest purpose
probability and stored.

“Temporal matching”: Finally, the structural and temporal characteristics of the
stops were compared with the 2000 and 2001 Swedish national travel survey data
(Sika Institute, 2001) in order to get information about the trips’ rationale. The ques-
tion behind this approach was: Given a car movement with certain temporal attrib-
utes such as a travel time of A and an activity duration of B made by a particular per-
son with the sociodemographic attributes X, Y and Z, which is the most probable trip
purpose for this combination (Figure 5)? To find reasonable activity purposes for the
Borlänge GPS data, a multi-dimensional table was created out of the Swedish travel
data as the comparative data base. The tabulation included the variables sex and car
availability of the traveller, his/her occupation status, day of week, trip starting time
and the activity duration and yielded for each of the table cells the mode for the ac-
tivity purpose. This value was assigned to each of the stops as an additional potential
purpose.

Figure 5 Exemplary identification of trip purposes by exploring the structural characteris-
tics of the reference data

Sex Occupation
status

Car
availability

Weekday Activity start
time

Activity
duration [min]

Most probable
activity purpose

M Self-emp loyed Always Monda y 20.00 60 � Home
M Self-emp loyed Always Monda y 20.00 90 � Leisure
M Self-emp loyed Always Monda y 20.00 150 � Leisure
M Self-emp loyed Always Monda y 20.00 180 � Leisure
M Self-emp loyed Always Monda y 20.00 210 � Leisure
M Self-emp loyed Always Monda y 20.00 240 � Leisure
M Self-emp loyed Always Monda y 20.00 270 � Leisure
M Self-emp loyed Always Monda y 20.00 300 � Leisure
M Self-emp loyed Always Monda y 20.00 330 � Home
M Self-emp loyed Always Monda y 20.00 360 � Home
M Self-emp loyed Always Monda y 20.00 420 � Leisure
M Self-emp loyed Always Monda y 21.00 30 � Priva te business
M Self-emp loyed Always Monda y 21.00 60 � Leisure
M Self-emp loyed Always Monda y 21.00 90 � Daily shopp ing
M Self-emp loyed Always Monda y 21.00 150 � Leisure
M Self-emp loyed Always Monda y 21.00 180 � Leisure
M Self-emp loyed Always Monda y 21.00 210 � Work rela ted
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Final assignment of most probable activity purpose: The preceding analysis and comparison
steps yielded a range of purpose probability assignments which had to be consolidated in one
final activity rationale for each cluster centre. This was done in six hierarchical steps where
the group of clusters to be assigned were reduced after each stage by the ones already catego-
rised. The single steps were:

• Clusters which could be associated with the travellers home address were automati-
cally categorised as HOME.

• For fulltime workers, the purpose WORK was assigned if a) cluster centre was the
second most frequented of all, b) the comparison with the national travel data was
positive for the purpose ‘work’ and c) the activity took place on a weekday (Monday
to Friday)

• Clusters which yielded the same purpose probability by both, land use / POI and
temporal characteristics comparison received the agreed purpose.

• If there existed a difference between the POI / land use based purpose assignment
and the temporal matching, the POI / land use categorisation was preferred. It was
deviated from this rule if the national travel survey tabulation yielded the activity
purpose PICK UP / DROP OFF which is principally independent of any land use at
the point of activity. In this case, the temporal matching was given priority.

• If there was no clear POI / land use assignment possible, the ultimate purpose as-
signment followed the categorisation based on the national travel survey grouping.

The steps were entirely implemented in the ARCINFO GIS environment using the ARC
Macro language (AML) (see Samaga, 2003). The whole procedure was designed to allow
easy modification of the imputation framework by adding more sophisticated identification
steps such as for example discriminant analysis for the temporal matching or a Bayesian up-
dating of the probabilities.

The resulting sample data base

The small test sample which was extracted for the initial imputation of the missing trip infor-
mation consists of 28 fulltime workers and 11 retirees (Table 2). As sociodemographic infor-
mation such as exact home and work address, temporal routines etc. was not available for all
Rätt Fart survey participants, those test drivers were chosen who provided sufficient informa-
tion for the imputation work.
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Table 2 Test sample characteristics

Characteristics Minimum Maximum

First / last date of
monitoring 9 October 2000 14 August 2001

Number of monitored
days (including
immobile days)

24 231

Mobile days 19 208

Observed trips 66 1185

The imputed GPS trip data does not entirely correspond with available cross-sectional travel
data which is not illogical if considering the unique longitudinal structure of the Rätt Fart
data, the limitations of the small test sample and the ad-hoc extraction of the reference data
base. Whereas the number of car trips is consistent with the information provided by the
Swedish national travel survey (RES), the Borlänge test drivers made considerably shorter
drives – concerning the trip distance as well as the trip duration (Table 3). At this stage of the
analysis, it is difficult to assess if the GPS data collection method yields systematically differ-
ent results compared to ordinary paper based travel diaries or if the recruited test drivers in
fact show a dissimilar travel behaviour including a different structure of daily car usage. Fur-
ther detailed investigations will give more insights.
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Table 3 Post-processed Borlänge GPS data base compared with 2000/2001 RES data
(Swedish national travel survey) *: Selected mobility charcateristics

Retirees Fulltime workers
Variable

RES Borlänge GPS RES Borlänge GPS

Mean number of daily
trips (Std.)

3.8 (3.8) 4.3 (2.8) 4.8 (5.7) 3.9 (2.4)

Mean daily trip
distance [km] (Std.)

24.6 (33.7) 16.3 (12.5) 32.0 (45.3) 13.2 (11.3)

Mean daily trip
duration [min] (Std.)

44.1 (55.2) 31.8 (22.4) 58.7 (82.1) 24.4 (18.2)

* Local car trips made by respective groups; Sample sizes: RES weighted by sex and age,
N(Fulltime workers) = 1516, N(Retirees) = 440; Borlänge: N(Fulltime workers) = 28,
N(Retirees) = 11

The shares of the single purposes (10 categories) principally show the same pattern as the
(weighted) Swedish reference data. The main problems are the differences in the shares of the
PRIVATE BUSINESS, WORK RELATED BUSINESS and DAILY SHOPPING purpose.
This may be due to many things. For example, the areal land use information and the avail-
able point of interest repertoire which are important bases for the trip purpose assignment
procedure allow an ambiguous and partly fuzzy categorisation of the detected trip ends.
Buildings with a certain land use categorisation may be visited by the test drivers because of
several reasons – for example, a bank can act as work place, a place to do private business or
a location where family members may be picked up or dropped off. Even if integrating the
temporal characteristics of the respective trip (e.g. start time or activity duration), the trip pur-
pose assignment may be misleading in some cases. Furthermore, the land use data base as
well as the points of interests available appears to be insufficient at this stage and have to be
completed in the next imputation steps. Finally, it should be noted that the test sample is ex-
tremely small and there contain considerable biases.
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Table 4 Initial Borlänge GPS trip purpose assignment compared with 2000/2001 RES data
(Swedish national travel survey data): Trip purpose shares [%]

Retirees Fulltime workers
Trip purpose

RES Borlänge GPS RES Borlänge GPS

Pick up / Drop off 6.8 7.0 8.9 8.6

Private business 4.6 10.0 3.7 8.2

Work related 0.1 9.8 8.3 5.7

School - 0.1 0.0 0.1

Work 0.3 - 16.0 10.2

Daily shopping 12.4 4.4 6.1 1.5

Long-term shopping 8.6 7.3 5.7 7.9

Leisure 20.7 23.6 10.6 20.4

Other 5.2 - 4.1 -

Home 41.3 37.8 36.6 37.4

* Local car trips made by respective groups; all days; RES weighted by sex and age,
N(retirees) = 1516, N(fulltime workers) = 440; Borlänge: N(Fulltime workers) = 28,
N(Retirees) = 11

Another consistency check of the trip purpose assignment can be done by having a closer look
at the daily level of activity performance. Figure 6 shows the aggregated activity pattern of a
selected Borlänge test driver over the days of the monitoring period. Each dark box represents
the performance of the given activity category or immobility on the respective monitoring day
(ordered by the day of the observation period). Here, it does not matter if the activity was per-
formed once or several times per day. It can be seen that the weekday blocks with the activity
WORK were clearly identified for this test driver which here matches with his/her description
of daily life and the common working days assumptions. This visual analysis reveals also the
weaknesses of the initial imputation process and the quality of the GPS data itself: As there
are a considerable amount of mobile days for which there was no way back home identified –
indicating incomplete daily trip chains- there seems to be a mistake in the initial data cleaning
(see above), the trip purpose assignment or the consistency of the data collection and storage
itself. For some of the test drivers, about 25% of the monitored days do not have a complete
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trip chain with a final trip to home. Further efforts have to be done to eliminate this short-
coming.

Figure 6 Activity pattern of one selected Borlänge test driver over the monitoring period
(Full-time worker)

Nevertheless, the imputed Borlänge trip data confirms earlier findings of the Mobidrive
analysis work on long-term spatial mobility. This is true for both, the number of unique loca-
tions the test drivers go to and the amount of variety seeking in locational choice. The share of
trips to unique locations was previously unknowable, as cross-sectional surveys cannot pro-
vide a credible estimate of this parameter. The available long-term travel data now permit an
impression of this aspect of spatial choice behaviour (Figure 7). If the number of unique loca-
tions grows consistently with the number of trips, then variety seeking, for its own sake, be-
comes a credible explanation of these choices.
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Figure 7 Relationship between amount of travel and unique locations visited
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The Borlänge data indicates that there seems to be an almost unlimited number of places peo-
ple know, because even after half a year of reporting there are still places the test drivers “dis-
cover” as new (i.e. never visited before) destinations (Figure 8).

Figure 8 Variety seeking in locational choice – Amount of locations which have been never
visited before over the monitoring period
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Summing up these findings briefly, two aspects should be stressed:

1) The post-processing of the passively monitored trip data which aims to provide essential
information for travel behaviour analysis has so far provided mainly consistent but also
few ambiguous results. There is need for a refinement of the methodology and especially
for an enlargement of the reference data base for identifying the trip purposes (e.g. further
point-of-interest data).

2) Although the data base is restricted to local car travel only and there is space for meth-
odological improvements, the resulting data base already shows potentials for intense
spatial and temporal investigation of daily life travel. As Mobidrive, the data set reveals
the variability and stability in trip making and activity performance over time.
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4. Applications of the activity space concepts to the post-
processed Borlänge data

Turning finally to our actual research interest, i.e. the description of realised activity spaces, a
recently developed measure is applied here to the imputed GPS travel data. As an example,
the kernel density approach is chosen which considers activity space as an area of activity /
trip intensity (density).

The intensity area is estimated using a kernel density approach. The basic process behind the
estimation of kernel densities is a transformation of a point pattern (such as the set of activity
locations visited) into a continuous representation of density in a wider area. Generally spo-
ken, the estimation is an interpolation or smoothing technique which generalises events or
points to the area they are found in. The interpolation then leads to a calculation of a value for
any point, cell or sub-region of the entire area which characterises the density.

Kernel densities have been already applied successfully to large cross-sectional data sets
(Kwan, 2000; Buliung, 2001). Modern GIS applications include tools to calculate such den-
sity measures effectively4. The density values are assigned to the cells according to the kernel
densities estimated for the underlying point pattern.

For the actual density estimation, a variety of approaches exist (for overviews see Silverman,
1986 or Fotheringham, Brunsdon and Charlton, 2000). Probably the most common approach
is the fixed kernel method (also applied here). A symmetrical – variably distributed – kernel
function is placed over each data point (Figure 9). For all locations in the entire area – not
only for the data points – the overlapping values are summed which yields the density or in-
tensity estimate. This automatically leads to a smoothing of the surface where the level of
smoothness depends on the bandwidth of the kernel function which is analogous to the width
of ordinary histogram boxes. The bandwidths may be varied according to the necessary de-
gree of smoothness – with greater smoothing at bigger bandwidths or values of the smoothing
parameter. The GIS finally may represent the resulting estimates for all grid cells as a con-
tinuous surface.

                                                
4 ArcInfo was also used in this analysis.
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Figure 9 Kernel estimate showing individual kernels

Source: Adopted from Silverman (1986) 45

Considering a grid structure in which single points are substituted by grid cells, the base ker-
nel density is given by:
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τ bandwidth or smoothing parameter

K kernel function (to be further specified)

di distance between grid point s and the observation of the ith
event

The kernel function K itself may have different forms such as normal, triangular or quartic.
The results do not differ significantly as long as the distribution is symmetrical. In the fol-
lowing, a quartic kernel function (see Mitchell, 1999 for details ) – is used which leads to the
following kernel density
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A particularity of the quartic function – e.g. compared to a normal distribution – is that out-
side the specified bandwidth τ, the function is per definition set to zero – with implications for
the behavioural model. This means that activity locations outside a specified radius do not
contribute to the density estimation of the particular point (cell) in space. In other words, a
quartic distribution of the kernel function adds weight to locations closer to the centre of the
bandwidth than those further apart (see NedLevine and Associates, 1999 for characteristics of
the different kernel forms).

Figure 10 shows a visualisation of kernel densities for one Rätt Fart test driver. The observa-
tion period covers 4 months form April to August 2001. It shows nicely the variation in size
and structure of the locational choice patterns over the week with a large activity space during
the weekdays, similar densities for weekdays and Saturdays in the city centre area and around
the home location as well as the reduced local travel intensity on Sundays.
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Figure 10 Visualisation example: Activity space compared by days of the week*

* Retiree, male, 71years; observation period: app. 4 months; grid cell size: 500*500 meters,
activity locations weighted by frequency of visit, bandwidth: 1000 m

Turning to the measuring method, the size of the activity space can be measured as:

- the number of cells for which the density exceeds a certain threshold (i.e. > 0)

- the intensity of space usage given by the sum of the densities for all grid cells.

In the Mobidrive analysis, the latter measure turned out to be problematic if – as shown in the
figure above - the activity locations are “weighted” by the frequency of visit. In this case, the
results highly correlate with the trip frequencies, i.e. the overall amount of mobility on the
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particular days. One could ask if an indicator for the size of individual activity spaces is useful
which tells us that the structures of spatial mobility are tied to the pure amount of travel? At
the same time, though, the measure and the outcome of the investigation strongly confirms
our expectations. It indicates that the usage as well as the up-to-date knowledge or urban
space is a function of the amount of contact a traveller has.

Figure 11 shows the calculation results based on the first measure, i.e. aggregated area of all
cells for which the density exceeds a certain threshold 0. The results are related to the amount
of trips and the number of unique locations over the GPS monitoring period. For the calcula-
tion of the kernel densities a GIS grid cell size of 500*500 meters was chosen with a kernel
bandwidth (radius) of 1000 meters. The results again indicate that there is a strong relation-
ship between the amount of local travel and the size of the activity space. Due to the small
sample size there is no consistent tendency to be found for the differences between the two
sociodemographic groups. The issue of activity space size influencing factors, such as soci-
odemographics or location of households with the urban area will be highlighted in future in-
vestigations.

Figure 11 Area with positive kernel density (locations not weighted by number of trips to
places visited) [km2]
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5. Concluding remarks

The results of the initial data processing steps have shown that the usage of the Borlänge GPS
data set for travel behaviour analysis is promising but connected with a range of inherent data
difficulties. The challenges for the future methodological refinement within the post-
processing procedure are:

- a more sophisticated methodology to beforehand detect and improve the structural
inaccuracy of the available GPS data, i.e. the elimination of falsely reported stops
and the imputation of missing trips (e.g. to home)

- the development of more sophisticated approaches to assign trip purposes to the
stop ends of the GPS monitored trips; this includes the completion of the refer-
ence data base (land use, point-of-interest data etc.), the incorporation of individ-
ual trip making and activity performance regularities as a further step of the multi-
stage approach and

Nevertheless, it seems worthwhile to consider the GPS data base as input data in models of
spatial behaviour. The research work adds substantially to the expertise on the implementation
of passive monitoring for travel behaviour surveys. From a methodological point of view, the
usage of the longitudinal data base for mobility analysis is unique and will enrich travel be-
haviour research’s tool box on data processing and analysis.

Furthermore, the Borlänge data set will provide us with unique findings on the variability of
revealed human activity spaces. Even considering the limitations of the data set with car travel
only, the knowledge about spatial navigation and usage will be significantly improved. This is
also true for the issue of regularity in locational choice which has not yet been discussed
deeply in travel behaviour research. Apart from the geometrical representation of human ac-
tivity spaces and the measuring of their sizes, the following analysis will concentrate more
deeply on the inherent structures such as the activity and travel times within subregions of the
activity space, the clustering of activities around the pegs of daily mobility and the interac-
tions of activity densities with infrastructure supply.
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