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Abstract
The results of a ‘proof-of-concept’ study that examined a new opportunity for using GPS technology in activity 
surveys are presented in this article. The aim is to demonstrate the method of collection and processing of 
individual time-space data via the dual records of a time-space diary and the GPS locator. The GPS technology 
here is not treated as a substitute for the traditional method of diaries; rather, the paper concentrates on 
the potential existing in a combination of these two techniques. The time-geographical approach and the 
corresponding methodology are used in order to assess the complexities of an individual’s everyday life, and to 
capture the spectrum of human activities in a data frame applicable to different analyses in behavioural, social 
and transportation research. This method not only improves the quality and robustness of spatio-temporal 
data, but also reduces under-reporting and the burdens on the respondents.
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1. Introduction
The necessity to capture an individual’s behaviour in time 

and in space is a natural and inherent effort of geographical 
studies. The recording and analysis of varied human 
activities and their interactions in an integrated time-space 
environment is limited, however, by the actual capacities 
of the traditional tools for the collection and processing 
of individual records. One of the approaches facilitating 
tracking of an individual’s activities in the complex of social 
and spatial interaction is time geography. This sub-discipline 
of Geography with a distinct multidisciplinary character, 
established itself in the field of geographical research in 
the 1960s and since then it has produced some successful 
approaches, providing a systematic theoretical and 
methodological frame for the analysis of human activities 
(Carlstein et al., 1978; Hägerstrand, 1970; Lenntorp, 1976; 
Pred, 1981). Time geography enabled a better comprehension 
of an individual’s spatial and temporal behavioural patterns 
and the limitations that restrict them (place of work, 
transport options, administrative barriers, etc.).

In spite of offering such a conceptual apparatus, time 
geography did not avoid criticism for its unrealistic 
assumptions or scarce interest in people’s individual 
motivations and social conditions (Hallin, 1991). The response 
to this criticism has drawn attention to everyday life, where 
the richness and variety of life styles and the formation of 
adaptation strategies prevailed over the exact description 
of spatial mobility (for example, Pratt, 1996; Jarvis, 2005; 
Novák and Temelová, 2012). On the other hand, researchers 
who refused to abandon the effort to gather an exact spatial 
record of individual behaviours, turned to Geographical 
Information Systems (GIS). At the outset, however, an 
individual’s behaviour modelling in time-space was limited. 
Researchers worked exclusively with physical space and 
various simplifying assumptions were adopted. For instance, 
regular distributions of opportunities in space and a uniform 
speed were considered. Although the theory concentrated on 
individuals, the applied part was often based on aggregated 

territories (Kwan, 2000). But GIS has compensated for many 
of the limitations of traditional time-space research methods, 
enabling the capture of activities and an individual’s 
interactions as “processes”, anchored in time and space, as 
the results of interactions of a number of factors.

At the beginning of the 1990s, Miller (1991) had already 
implemented the concept of a space-time prism into GIS. 
He tried to mitigate the assumption of a regular speed in 
the physical environment by the approach of a discrete 
net representation of time-space. This method was later 
used by several authors to derive the potential path area 
of individuals in the research on individual accessibility 
under the effect of time-spatial constraints (Kwan and 
Hong, 1998; Miller and Bridwell, 2009; Miller and Wu, 2000; 
Weber and Kwan, 2002). While some authors dwelled on the 
analysis of an individual’s everyday activities via simple 
time- and space- queries (Ritsema et al., 2005; Shaw and 
Wang, 2000), an effort emerged to include the elements of 
individual cognitive maps associated with spatial behaviours 
into GIS models, which may contribute to a more realistic 
dimension of the individual’s subjective environment to the 
theoretical and analytical bases of spatial analysis (Golledge 
et al., 1994; Kwan, 1998). The results of these analyses, 
however, were limited by insufficient analytical tools for 
realistic representations of the environment (Kwan, 2004; 
Spek et al., 2009), and the lack of detailed individual spatio-
temporal data, as well as limited analytical processing due 
to  a ‘missing’ computing algorithm (Miller, 2005).

The last two decades have brought about a distinct quality 
improvement in the field of computer technology and 
software applicable for the collection, processing, analysis 
and visualisation of large volumes of data. Post-modern 
society, globalisation, the onset and continuous progress 
of informatisation, the development of communication 
technologies (ICT) and adoption of these technologies by 
the public at large, also changed the relationships between 
space and time, and contributed to new incentives for 
human lives. Phenomena, such as ‘virtual mobility’ and 
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the ‘fragmentation of daily activities’, require approaches 
which concentrate on individuals and are able to analyse 
their varied activities and interactions in one integrated 
time-space environment. GIS is an appropriate tool for 
the processing and interpretation of such comprehensive 
data. Applications of GIS were considerably enriched by the 
development of ICT, and their position in spatio-temporal 
research has been strengthened by new techniques, which 
make it possible to track individual movements.

Location-aware technologies, such as the global 
positioning system (GPS) and radio-location methods based 
on wireless communication systems, allow measurement 
of basic time- geographic entities and relations at spatio-
temporal resolutions hardly imaginable during time 
geography’s genesis in the mid-20th century (Miller, 2005, 
p. 18). A key role in such an innovation is played by GPS 
technology, which has become an indispensable part of 
peoples’ daily lives and a fundamental tool for spatial 
studies. Time geography has acquired powerful hardware 
and software tools to process large amounts of data with 
high resolution of spatial records. Attempts to develop new 
GIS tools and additional modules are emerging (Buliung, 
Kanaroglou, 2006; Chen et al., 2011; Shaw et al., 2008; Yu 
and Shaw, 2008). Current post-modern society brings to 
the fore fundamental questions for further development 
of time geography (Hallin, 1991; Kwan and Lee, 2003; 
Lenntorp, 1999), as well as the need for a transformation 
of its conceptual and methodological framework (Madajová 
and Šveda, 2013).

The objective of this paper is to present a particular 
framework for spatio-temporal research of human 
behaviours by improving traditional data collection methods 
in time geography – diary surveys – to include GPS-data 
collection. Previous research comparing diary-reported to 
GPS-recorded surveys have generally considered the GPS 
data to be a powerful tool for time-space research (see 
Bricka et al., 2012, for discussion). GPS units themselves, 
however, are not fail-proof and they cannot provide all the 
necessary data for behavioural research. By merging survey-
reported and GPS-reported data collection records into one 
framework, we aim to provide “true” spatial trajectories, 
and to reduce trip and activity under-reporting. Individual 
spatial data have a high scientific potential and have 
acquired considerable importance, especially in diverse 
social and transport studies, but their utilization in human 
(behavioural) geography is rare. Although both data sources 
are relatively frequently used in time-space studies, we can 
find only a few examples of their combined use.

Ohmori et al. (2006) presented the development of a 
GPS-equipped PDA-based activity diary survey system. 
By comparing the activity data collected by the PDA/GPS 
instrument with data from a conventional time-space diary 
survey, it was found that the former method was useful in 
reducing the time lag in data entry. As well, it was shown 
that both the number of activities and total activity time 
recorded were longer in the paper-based survey, particularly 
for in-home activities (Asakura and Hato, 2009).

Millward and Spinney (2011) combined diary records 
and precise GPS tracking in the Halifax STAR (Space–
Time Activity Research) survey. Respondents kept track 
of all the places they visited by carrying a GPS-logger 
and writing travel activity in a log throughout a 48-hour 
period. This innovative survey of both time use and travel 
activity merits the designation of one of the largest GPS 
samples, within the context of a household travel survey 

project, undertaken to date. Unfortunately, it is not clear 
how the data from diary and GPS data were processed, and 
what challenges and difficulties were encountered in the 
development of the methodology.

Since there has been a methodological gap in the context 
of dual diary-GPS surveys, by casting light on this method 
we can evaluate its usefulness in behavioural research. 
Using recently collected GPS data from a medium-scale 
survey (n = 60 individuals), this article attempts to verify 
the applicability of the method based on a dual record using 
the time-space diaries and a GPS-logger. The first part the 
article briefly presents both data sources. Subsequently, 
a detailed workflow of data synchronization is presented. 
The article concludes by comparing this method with two 
alternative ways of time-space tracking.

2. Merging time-space diaries and GPS records
Time-space diaries (budgets) represent the traditional 

method of individual data collection about the everyday 
activities of a population, and appear with modifications not 
only in geographical research but also in sociology, psychology 
and anthropology. Spatial location by GPS is a comparatively 
frequent form of records in transportation studies, but its 
application in behavioural or sociological research is rather 
rare. These tools will be briefly presented in order to introduce 
the methodological procedures used here.

2.1 Time-space diaries
The time-space diary is the traditional tool used in 

order to identify human activities in space and time. It 
is a systematic record of an individual’s time use and a 
fundamental tool for the study of the character, duration, 
sequence, frequency, and the location of human activities 
(Ira, 2001). This (originally) sociological method is used 
for tracking phenomena in an individual’s life in certain 
intervals over a certain period, normally over one day or 
a week. The time-space forms are, as a rule, filled in by 
the individuals themselves and at certain intervals (after 
minutes or hours) from the beginning of the particular 
period, putting down the kind of activity carried out at a 
given moment and place (geographical feature); whether 
they carried out the activity alone or in the company/
interaction with someone else (sociological feature). The 
way they got to the place of the given activity reflects the 
transportation aspect, which, apart from the identification 
of means of transport, also contains questions about any 
means of communication used by the individual during the 
day (telephone, e-mail, chat, etc.).

Time geography research concentrates first of all on the 
activities and the time they required, such that the location of 
activities is often generalised. On the contrary, transportation 
studies focus on paths in space and the activities themselves, 
which leads to the use of the paths, such that activities are 
given less attention (see Bose and Sharp, 2005; Harvey, 2003). 
These two different views are related to two basic types of 
time-space diaries: i) activity diaries; and ii) trip diaries. 
Travelling is one of the activities in the first type, while in 
the second type activities are partially included as a purpose 
of the given trip (trip to work, shop or school). Harvey (2003) 
studies the construction of the two types of diary in detail 
and discusses their pros and cons. He points out the 
deficient spatiality of the two approaches and the need to 
connect the types of diaries in order to obtain the most 
detailed data possible. Although the time-space diaries bring 
unique individual records, the spatial dimension is limited 
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and its verifiability (reliability) is problematic. In other 
words, this procedure is posited on the respondent’s active 
collaboration – a requirement that undoubtedly affects the 
quality of the data gathered (Shoval and Isaacson, 2006). As 
a matter of fact, respondents may report incorrect time and 
spatial coordinates of activities or they may leave out some 
activities. The traditional record does not explicitly show the 
character of trajectories and does not allow for anchoring the 
stations in particular spatial coordinates.

The traditional form of time-space diary is also applied in 
behavioural research in Slovakia and the Czech Republic, both 
in rural (Ira, 1986) and urban settings (Drgoňa et al., 1994; 
Ira, 2000; Klapka and Roubalíková, 2010; Pospíšilová and 
Ouředníček, 2011). Additionally, Osman (2010), who dealt 
with the specific features of time-spatial behaviour of 
immobile persons, Mulíček et al. (2010), who researched the 
transformation of the post-industrial town in terms of its time 
organisation, and Novák and Sýkora (2007), who analysed 
time-spatial behavioural patterns of suburban migrants, 
based their studies on time-geographical concepts. As well, 
Temelová and Novák (2011) investigated the everyday 
manifestation of increasing cultural and social diversity 
and the variability of lifestyles in the transforming centre 
of Prague, and Temelová et al. (2011) made use of time-
geographical tools in the analysis of adaptation strategies of 
populations living in the periphery.

2.2 The Global Positioning System (GPS)  
in spatio-temporal research

Applications of GPS in research on a population’s time-
spatial behaviour are ever more frequent because of new 
technologies which make possible the tracking of individual 
movements in space. The Global Positioning System is the 
satellite system, formerly used only for military purposes, 
which establishes position and time on the Earth’s surface. 
When the ban on use in the civil sphere was rescinded in 
2000, this technology experienced a dramatic development 
although the actual boom has occurred only in the last 
decade with the increasing accessibility of GPS receivers. 
They have become the everyday companions of people – 
navigation in cars, devices for sport and leisure, or as a part 
of mobile telephones and personal computers (PDAs), where 
they assess a position regarding the particular requests of 
a user. At the beginning, GPS devices were used mainly in 
transportation surveys (Murakami and Wagner, 1999; Wolf 
et al., 2000) to capture ways of transport (via in-vehicle GPS 
systems). Understanding the regularity and the variability 
of individual travel behaviours over time has been one of the 
key issues in travel behaviour research for more than two 
decades (Draijer et al., 2000; Jong and Mensonides, 2003; 
Giaimo et al., 2009; Krygsman and Nel, 2009). Recently, 
such positioning technologies offer a real opportunity 
for innovative research approaches. The feasibility of 
integrating GPS technologies and behaviour surveys has 
already been demonstrated in numerous experiments, 
including a real-time interactive activity diary (e.g. Ohmori 
et al., 2006), or passive monitoring and automatic trip data 
processing, as well as hybrid approaches combining passive 
monitoring and prompted recall interviews (e.g. Auld et 
al., 2009).

The current technologies of GPS route recording possess 
characteristics which make time-space research more 
efficient. They are:

•	 a high spatial and temporal accuracy;

•	 a capacity to capture movement in actual time;

•	 a capacity to record great volumes of data;

•	 an option to acquire automatically some data concerning 
an individual’s activity and movement without the need 
for additional enquiry (beginning and aim of the trip, 
choice of trajectory, distance travelled, speed, etc.);

•	 an option to check the data – for instance, capturing 
unreported activities; and

•	 an option of simple connection with other digital 
databases (public transport network, address points, 
etc.). 

The extent to which the GPS is able to provide more 
accurate information about an individual’s movement 
in space, and whether there is the option for the total 
replacement of the classic data collection method by such 
a technology, is examined in this article. As mentioned by 
Bricka et al. (2012), the role of GPS has been primarily 
designed for the purpose of evaluating the accuracy of 
trip reporting – identifying trips recorded in the GPS data 
streams that were not reported by the respondents in the 
diaries. Analyses of these non-reported trips have provided 
critical insights that have led to improvements in the 
survey materials and data collection methods, resulting 
in improved capture of trips via diaries. The following 
method of time-space recording not only uses the GPS 
device as a supplement for the trip corrections, but also as 
an integral part of research. The key role is played by the 
synchronization of diary data with the GPS record. 

2.3 The synchronization of time-space diary  
and GPS records

The basic methodological procedure for synchronization 
of the GPS records with time-space diaries is presented. 
Synchronization of the two records at first glance appears 
to be a simple process – individual activities should be 
assigned to particular spatial data points, based on time 
consistency between the diary and route record from the 
GPS logger. But the GPS device records continuously the 
position and therefore contains an enormous amount of 
data, which must be adjusted. Respondents, too, do not 
always complete the diaries correctly. This may lead to an 
erroneous interpretation or an over-generalisation of the 
route record. The following steps must be carried out for 
the synchronization of time-space diaries and GPS records. 
Fig. 1 represents the workflow scheme.

Stages are reported in order here. The GPS Data cleaning 
stage: location-positioning errors are inevitable in the data 
obtained by the GPS device. The first step in data processing, 
then, is termed: cleaning. The tracklog contains redundant 
records, which need to be deleted.

The episode of GPS track, during which the individual 
stays at one place (station), can be due to an inaccurate 
satellite signal recorded as a movement. This can lead to 
the formation of a “bundle” of unrealistic movements. For 
instance, GPS units will show dislocation in space even 
when an individual is moving within the same building or 
shopping complex, resulting in activity-bundling within a 
confined space. Bricka et al. (2012) consider the threshold 
of acceptable dislocation to be a challenging issue in trip 
detection algorithms. Therefore the method presented here 
relies on manual identification of stations, using information 
from diaries (stations of home, work...) and map sources (e.g. 
the centre of building where the activity is carried out). By 
identifying an activity and its specific spatial anchoring, we 
are able to clean the GPS recorded track from unrealistic 
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movements, and simplify the path to two points with the 
same spatial coordinates for input and output time of an 
individual at the station (Fig. 2).

To increase the accuracy of the record, it is appropriate 
to integrate and align spatial data with the road and 
settlement network. The record may slightly deflect from 
the road network if the GPS signal is shaded (e.g. in 
transport means). Especially in highly urbanized areas 
with a dense urban structure, the position accuracy of GPS 
decreases. The radio signals sent by the GPS satellites are 
too weak to penetrate through narrow urban canyons. This 
is known as the Urban Canyon Effect phenomenon. Mostly, 
we can correct the inaccuracies in GPS records by adjusting 
points for the transport network and settlement structure 
(Fig. 2). Using a web mapping service application (e.g. 
Google Maps), we are able to get an amount of additional 
information such as public transportation and various 
points of interest.

For the identification of breakpoints, a key step is the 
identification of breakpoints in the route record as, for 
instance, distinct spatial or temporal leaps or an abrupt 
change in speed or direction of movement (Mountain 
and Raper, 2001). Such breakpoints can be used for the 
delimitation of episodes in a respondent’s trajectory (Fig. 2). 

One episode should contain a relatively homogeneous time-
spatial record (for instance a trip by car).

The principal indicators of breakpoints are:

•	 any changes in frequency of the time route record. 
Sudden prolongation or shortening of interval follows 
after a relatively regular time route record;

•	 an abrupt change of speed or direction of movement. For 
instance, change of transport means (car – walking) or 
a 180-degree turn (trip of a parent from home to school 
and back);

•	 leaving the spatial frame (envelope) represented by the 
polygon delimiting a certain scope of a spatial record of 
the position when staying in a station. The merging of 
route points under certain spatial/temporal delimitations 
enables the simplification of the route record.

The indicator of the speed of movement is suitable not only 
for the separation of individual route segments (episodes), 
but it can be also used for determination of the way of 
transport in the case when the information on transport 
usage is missing in the diary. As is obvious from Tab. 1, each 
basic type of transport is characterised by certain mean 
speed. All points of the route segment which have a speed 
recorded in a certain interval identify the particular ways 

Fig. 1: Merging the time-space diary data and GPS tracklog: the workflow scheme. Source: authors
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of transport. For example, certain route segments with a 
speed under 7 km.h−1 represent walking. For a method for 
dividing trajectories into activity (single-mode segments) 
and their classification according to the transportation mode 
used, see Biljecki et al. (2012). An aid for the identification 
of the particular type of transport can also be an observation 
of the used infrastructure (road, rail) and the beginning 
(end) of the route segment, in certain particular places (e.g. 
a stop in the public transport system). The combination of 
GPS and diary data does not require setting tolerances for 
breakpoints and the automatic determination of transport 
means, as mentioned in diary data. The speed data, however, 
make the delimitation of episodes (trips, rides) easier.

For the activity duration and coding, the following is noted: 
as respondents do not put down accomplished activities 
immediately after they end but some time afterwards, 
their actual duration is often biased. While respondents 
can precisely estimate duration of some types of (routine) 
activities (trip to work, trip to language school, etc.), in the 
case of less frequent activities the duration may be rounded 
(e.g. stroll in the park). If such activities do not take place 
in one station only (e.g. in the case of working from home) 
but are distributed among several stations, the duration 
of the activity linked to the given station (e.g. shopping in 
the market) or transport (change of direction and speed of 
movement in the place of the stop, etc.) can be established 

Transport mode Fixed route Fixed stops Average speed  
[km.h−1]

Max. speed  
[km.h−1]

Walk No No 4 7

Tram Yes Yes 20 60

Bus Yes Yes 30 90

Car No No 40–50 130

Fig. 2: Correction of route using multilevel data from tracklog, time-space diary and exogenous data (maps, transport 
lines, various points of interest e.g.). Source: authors

Tab. 1: Characteristics of transport means regarding route record via GPS. Source:authors
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more precisely by means of input and output times. For 
example, if a respondent notes that s/he spent 15 minutes at a 
grocery store, but from the input and output times of the GPS 
tracklog, we find out that the shopping took only 9 minutes. 
Such traceability is crucial in estimating activity duration.

Simultaneously with specifying activity duration, we 
define activities by a coding scheme. Gathering and coding 
activity data requires an understanding of what activities 
should be captured and how they should be structured. 
There are many activity coding schemes (see for example, 
Harvey, 2003) suitable for different research perspectives 
(social, travel, economic, etc.).

As far as synchronization is concerned, the results of the 
adjustments mentioned above are merging the diary records 
(Tab. 2) with those of the GPS logger (Tab. 3), into a single 
table (Tab. 4), which contains the duration of individual 
activities along with their spatial location, as well as the spatial 
trajectories of the individual’s movement. As each activity has 
not only duration but also spatial coordinates, it is recorded in 
the table in two lines (for the beginning and the end points). 
In the case of activities bound to one station, coordinates of its 
beginning and end will be the same and it will be represented 
in time-spatial visualisation (3D) by a vertical line segment.

After these steps, we are able to import the data into the 
GIS system, which provides comprehensive data on many 
aspects of the environment and transportation systems. 
These contextual data allow the activity-travel data to be 
related to the geographical environment of a region during the 
visualization (see Kwan, 2004). Fig. 3 shows the visualization 
of the time-space paths of two families from the survey.

3. Assessment of accuracy and reliability  
of the combined record

The reliability and precision of the route record were 
tested on a sample of 60 respondents, who obtained a 
small briefcase with the diary and a GPS device. We used 
the GPS logger Holux M-1000C, which has the size of 
a match-box, weighs only 60 g and is able to record the 
position with a precision of  ± 3 metres (66 channels, 
sensitivity	−	162	dBm).	Participants	were	 instructed	 in	
how to carry the GPS logger (e.g. attached to purse, keys, 
or bag) and how to regularly update the diary during 
the 24-hour period (the battery of the device holds the 
charge for around 30 hours). Respondent selection was 
based on the following criteria: testing the survey method 
in varied conditions (town, rural area, shopping mall, 
transport means, etc.), with the aim to optimise the 
setting of record frequency and processing.

The following (recommendations) were identified:

•	 the wearable GPS device should be small in size and 
lightweight, so that it does not bother the respondent 
during the survey. The device may be easily clipped to 
keys, backpack or purse, so that the risks, such as not 
carrying the GPS device correctly or forgetting to carry 
it at all, are minimized;  

•	 it is appropriate to optimize the trip detection algorithms 
by finding a balance between a too sensitive record 
(over-identifying trips) or not sensitive enough (under-
identifying trips). The recording interval should be in 
accordance with the objectives and scale of research, 

Tab. 2: The record from 24-hour activity diary. Source: authors

Tab. 3: The record from the GPS logger. Source: authors.
* Height above ellipsoid WGS84

Time Activity Where? With who? Travel Parallel 
activity

0:00–6:30 sleeping at home  

6:30–6:45 personal care at home  

6:45–6:50 meal preparing at home husband watching TV

6:50–7:05 braekfast at home husband watching TV

7:05–7:15 hosework at home  

7:15–7:30 dressing at home  

7:30–8:00 travel to work husband car  

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

ID-GPS Local time Latitude [°] Longitude [°] Altitude* Speed  
[km.h−1]

1 6:24:33 48.27319 17.016890 179   0.2

2 6:24:38 48.27319 17.016890 179   0.1

3 6:25:11 48.27319 17.016890 179   0.3

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

125 7:23:15 48.27319 17.016890 179   0.1

126 7:24:11 48.27319 17.016890 179   1.1

127 7:24:54 48.27319 17.016966 162 12.1

128 7:24:57 48.27321 17.016756 162 20.0

... ... ... ... ... ...
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0     0.0 48.27319 17.01689 0 S1 S1 384.0

1 384.0 48.27319 17.01689 0 S1 S1     0.0

2 384.0 48.27319 17.01689 0 S2 S1  21.0

3 405.0 48.27319 17.01689 0 S2 S1     0.0

4 405.0 48.27319 17.01689 0 S3 S1 P1 V8 5.0

5 410.0 48.27319 17.01689 0 S3 S1 P1  V8  0.0

6 410.0 48.27319 17.01689 0 S3 S1 P1 V8  15.0

7 425.0 48.27319 17.01689 0 S3 S1 P1  V8  0.0

8 425.0 48.27319 17.01689 0 S4 S1  10.0

9 435.0 48.27319 17.01689 0 S4 S1     0.0

10 435.0 48.27319 17.01689 0 S2 S1 9.9

11 444.9 48.27319 17.01689 0 S2 S1     0.0

12 444.9 48.27319 17.01696 12.1 D D8 8.7 0.1

13 445.0 48.27321 17.01675 20.0 D D8 9.5 0.1

14 445.1 48.27322 17.01660 20.4 D   D8  9.3 0.1

Tab. 4: Route record with assigned diary and GPS data. Source:authors

Fig. 3: The visualization of time-space paths of two families (eight individuals) in Bratislava (Slovakia). Family “A” 
lives in the city centre, family “B” in the suburban zone. The different spatio-temporal pattern is obvious.
Source: authors
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we suggest an interval no longer than 10 seconds, 
respectively 20 meters;

•	 it is also necessary to consider the effect of a “cold start”, 
which can take several minutes to download data from 
the satellites that describe the position and timing of all 
of the satellites in the system. We can avoid this effect 
by updating the navigation message1 just before the 
beginning of a survey.

The two most probable reasons for trips not being 
identified in the GPS unit-based streams, but being reported 
in the survey data, were (i) forgetfulness on the part of the 
respondent to take the device during one or more trips, 
and (ii) GPS device problems (Stopher and Shen, 2011). 
There is not much the researcher can do to counteract the 
unreliability of human memory, but we should consider the 
mis-reporting due to loss of GPS signal (see section 2.3).

Many prior GPS studies have focused on under-reporting 
of trips in household travel studies (see Bricka et al., 2012). 
The potential of combined diary-GPS survey is to identify 
under-reporting of trips and activities in self-reported 
surveys. The under-reporting can be caused by the memory 
decay of respondent, failure to follow survey instructions, 
respondents considering the activities or trips unimportant, 
or unwillingness to report full details (Wolf et al., 2003). 
Oft-forgotten or omitted activities in our pilot survey were 
activities (or trips) that occur as part of a trip chain (e.g. 
waiting at a bus stop, making coffee at work) or activities of 
short duration (under 10 minutes) that were missed due to 
forgetfulness of the respondent, or the lack of importance 
given by the respondent to the activity (mainly activities of 
self-care and communication).

Activities are the crucial element supporting the logical 
structure of a diary, and are the reason why the first column 
of the diary represents the activity record and not that of time 
(Fig. 4). It is more natural and more intuitive to quote: “What 
I am doing”, and specify the time limit of the activity later. 
Open time intervals were used in the diary. Fixed intervals 
(for example 5 minutes) provide a clearer time structure (and 
simplify orientation in the diary), but regarding the option 
to synchronize diary and GPS records their use was not 
necessary, because in many cases it was possible to specify 
time limits of activities to the level of seconds.

There is the option to enclose a table of categories with 
pre-defined activity types for the time-space diary (Fig. 4). 
A respondent then chooses some of the offered activities 
(a comparatively large choice) and puts their codes into 
the diary. On the one hand, this makes the processing of 
data easier, but it also implies the risk of discouraging 
the respondents from participation because it is rather 
demanding. As reported by Kenyon (2006), the use of activity 
codes contributes to perceptions of time-space diary data as 
‘safe’, in terms of privacy protection. On the other hand, 
freedom in activity recording, here preferred, brings the risk 
that the diary will not be kept with sufficient detail. The 
natural effort of a researcher is to obtain the most detailed 
data possible, but it has to be borne in mind that a detailed 
record is not only more demanding on data collection but also 
on processing. Any attempt to reach a high spatio-temporal 
resolution may produce a counterproductive result. As 
Kenyon (2006) reports, there is a danger that, in the effort 

to capture everything, at the end very little is detected. It is 
then appropriate to have the time-space diary adapted to the 
specific features of the given research parameters (transport, 
social, economic, etc.). Enclosure of examples of different 
activities to the diary proved to be helpful (Fig. 4). From 
this process, a more accurate record was obtained because 
the respondents were aware of the degree of specificity of 
the activity records that was expected. The records reveal 
that respondents often found inspiration in an enclosed 
activity list, and quoted such activities which they would 
have previously considered unworthy of recording (personal 
hygiene, surfing on the web, etc.).

4. Alternative ways of time-space tracking
The method of dual GPS-diary records presented here is 

obviously not the only way to track space-time movement. 
The potential use of mobile communication devices in travel 
and behaviour research has been discussed within the field 
for many years. Among many approaches, two general 
techniques are emphasised here with a brief discussion of 
their pros and cons.

The first method is based on tracking mobile telephones 
using the precision of network cells of mobile operators. 
There are different locational methods used by operators 
to determine the position of a mobile phone within their 
network. These locational methods have been an inherent 
component of the mobile phone service since the 1980s in 
order to be able to find where a mobile phone is and where 
a call has to be routed to, as well as to facilitate a seamless 
transfer of a telephone call between base stations, whilst 
the mobile phone is moving through space (Mateos, 2005). 
In general, mobile positioning data are similar to movement 
data gathered using GPS. The mobile positioning data 
have location coordinates and a time coordinate (Ahas 
et al., 2010). The major difference is in the spatial accuracy, 
which depends on the architecture of the GSM network 
and the density of the transmitter stations (Novák, 2010). 
In general the accuracy varies from 100 m (city centres) 
to 5,000 m (rural areas).

The most important research activity in this field in 
Europe is perhaps that carried out by the University of Tartu. 
The experiments in Estonia have used active and passive 
mobile positioning data. Active mobile positioning (active 
tracking) data are collected after a special query/request 
to determine the location of a mobile telephone (Ahas and 
Mark, 2005; Ahas et al., 2010). Passive mobile positioning 
data (passive tracking) is collected from secondary sources 
such as the memory or log files of mobile operators (Ahas 
et al., 2007b, 2008). A detailed insight into the use of mobile 
telephones as part of the study of individual behaviours was 
presented by Asakura and Hato (2004), though they used 
the mobile phones “only” as a tool suitable for tracking the 
movement of individuals without taking into account the 
owners’ (tracked objects) characteristics. On the contrary, 
Ahas and Mark (2005) developed a method describing spatial 
behavioural patterns of individuals based on a combination 
of position coordinates of their mobile phones and personal 
characteristics. They denoted this approach as the social 
positioning method. Using mobile phones as a data collection 
technique became a frequent topic in transport and 

1 The navigation message is a continuous 50 bits/second data stream modulated onto the carrier signal of every satellite. It 
includes information on precise satellite position (ephemeris), satellite clock correction and other parameters. It takes 12.5 
minutes to transmit all of the information.
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behavioural research (Ratti et al., 2005; Raubal et al., 2007; 
Yuan et al., 2012.). Novák and Temelová (2012) have 
examined the possibilities of mobile telephone location data 
combined with deep interpretative interviews.

According to Ahas et al. (2007a), localisation via mobile 
telephones while tracking an individual’s movements is 
more suitable than GPS instruments. Mobile phones are 
widely accessible and technologies facilitating their location 
rapidly advance. It is possible to track a number of people 
simultaneously in real time and to obtain digital location 
data (Ahas et al., 2010). On the contrary, Novák and 
Temelová (2012) point out a possible inadequacy in usage 
of the mobile telephone location data (passive tracking) for 
the analysis of an individual’s behaviour in terms of time 
geography, because the amount depends on the intensity of 
mobile telephone use. Naturally, there is also the question 
of potential privacy abuses of this technology (see Novák 
and Temelová, 2012). Particular attention should be paid 
to the handling of non-anonymous and disaggregated data. 
Some limited spatial accuracy of this method is suitable for 
regional-scale analyses of migration, commuting, traffic 
monitoring, tourism, etc.

The second approach is based on the new generation of 
telephones with the Assisted GPS function (A-GPS). It uses 
a combination of a GPS and a land-based antenna network to 
assist in obtaining a location. This technology was designed to 
supply a solution for locating mobile telephones in a cellular 
network at a resolution greater than the resolution possible 
using cellular triangulation (Shoval and Isaacson, 2006). 
The utilization of smart-phones with A-GPS creates new 
opportunities for time-space research, as it combines the 
high spatial accuracy of GPS and the accessibility of mobile 
phones (for a review, see Wolf et al., 2014). Undoubtedly, this 
method opens up new options for large-scale research, in the 
broadest sense of the word. But, at this time the massive 
utilization of A-GPS in time-space research is limited by the 
distribution of smartphones among the population, and by the 
development of an application to be used for data collection 
in which respondents’ activities will be detected (real-
time questions). Although the distribution of smartphones 
among the population is rapidly growing (with technology 
penetration), there are still mobile device users (e.g. elderly 
respondents) who do not use smartphones, potentially due 
to difficulty or plain dislike of the product. According to 
Wolf et al. (2014), there are still a few technological and 

methodological challenges to overcome before smartphone 
solutions can become dominant in activity and travel surveys. 
As these authors assert, such challenges include: 

a. market fragmentation – it is difficult and costly to develop 
apps for multiple platforms and operating system versions 
to support the majority of participants with smartphones; 

b. power management – continuously logging GPS data will 
rapidly deplete a smartphone battery; and 

c. data plans and associated costs – participants may have 
limitations on their data plans.

Both approaches of using devices owned by participants 
(mobile telephones) can address common implementation 
challenges in GPS-based surveys by: (a) eliminating the 
need to ship out and retrieve GPS loggers; (b) shortening the 
time between travel date collection and data review; and (c) 
reducing costs (Bricka and Murakami, 2012). Localization 
via mobile telephones undoubtedly brings new opportunities 
for time-space research. While the GPS instruments are 
highly accurate and provide a strictly individualised record, 
tracking via mobile phones offers the possibility of (regular) 
collection of a great volume of spatial data. The approach of 
mobile-phone-based tracking has proven its applicability in 
large-scale research (e.g. Ahas et al., 2007b, 2010), but the 
potential arising from the use of A-GPS technology is waiting 
for breakthroughs in the methodology. Tab. 5 summarizes 
and compares selected properties of mobile-phone-based 
localization and localization by GPS (conventional tracking 
by GPS-logger). The purpose of this comparison is to show 
the range of current data requirements in time-space 
surveys to be considered when evaluating various data 
sources to replace conventional surveys.

5. Conclusions
GPS technology seems to be a suitable tool for the 

collection of individually-coded and spatially-located 
data. It not only represents a more sophisticated tool for 
the collection of spatial data but it is also a phenomenon, 
which helps to achieve a more correct analysis of peoples’ 
spatial behaviour. The data obtained by the combined GPS 
device and conventional data collection methods via time-
space diaries, supplement and specify each other. Taking 
into account certain constraints of the GPS technology, 
researchers are able to acquire very accurate and detailed 
individual spatial trajectories. 

Tab. 5: Comparison of basic characteristics of location by GPS and by mobile phone 
Source: authors, characteristics of active mobile positioning data have been processed according to work Novák 
(2010) and Novák, Temelová (2012).

GPS localization Mobile-phone-based localization 
via transmitter stations

Mobile-phone-based localization 
via A-GPS

Principle  
of operation 

Positioning data is collected from 
the memory of GPS device. Passive 
record, with the possibility of setting 
variable parameters (time frequency, 
distance frequency, speed limitation. 

The principle of operation is based 
on localization of mobile phone 
via transmitter stations. We can 
distinguish two approaches: Active 
mobile positioning data is collected 
after a query/request to determine the 
location of a mobile phone. Passive 
mobile positioning data is collected 
from secondary sources such as the 
memory or log files of mobile operators

The principle of operation is based 
on the mobile phones with the 
Assisted GPS function (A-GPS). It 
uses a combination of a GPS and 
a land-based antenna network to 
assist in obtaining a location. Active 
use – respondents use the phone 
application to respond to survey 
questions during the day (activities, 
type of stations, transport means). 
Passive use - all recordings take place 
automatically in the background, 
with the application transmitting the 
captured data for processing
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Tab. 5: continuing

GPS localization Mobile-phone-based localization 
via transmitter stations

Mobile-phone-based localization 
via A-GPS

Spatial  
accuracy

3–20 meters, accuracy is reduces in 
areas with limited open-sky view (e.g. 
in dense forest)

Depends on the architecture of GSM 
network and density of transmitter 
stations. Accuracy varies from 100 to 
5000 meters 

Depends on the device and network 
specifications, in case of combination 
of GPS, GSM and Wi-fi it can be 
up to a few meters. Localization is 
supported also in areas with limited 
open-sky view and confined spaces. 

Impediment  
to accuracy

Urban canyon effect, start up time to 
first fix, unreal records while staying 
in buildings.

Variable connection of non-movement 
mobile phone to different base 
transceiver station („hand over noise“)

Depends on the device and network 
specifications

Frequency  
of record Seconds Minutes Seconds

Survey size Sample group Sample group or all mobile phone users Sample group

Requirements Open-sky environment (view of three 
or more GPS satellites) GSM signal coverage 

Specialized application transmitting 
the captured data, connection to an 
internet servis provider. Data access 
(which can cost money) depends on the 
data plan with the mobile operator. 

Battery 
preservation

Depends on battery life, usually 18-30 
hours.

The need to have charged mobile 
phone allows practically unlimited 
endurance.

The need to have charged mobile 
phone allows practically unlimited 
endurance; however, using GPS 
reduces battery life.

Cooperation 
needed

Demands a higher level of cooperation 
from the subject, especially during 
a multi-day record (forgetfulness to 
take the device, switch off the device, 
battery discharge)

The need to have a mobile phone 
during whole day contributes to the 
reliability of data collection

The need to have a mobile phone 
during whole day contributes to the 
reliability of data collection.

Type of data 
obtained

Geographic coordinates, speed, 
distance, altitude, time Geographic coordinates, time

Geographic coordinates, speed, 
distance, altitude and time. Activities, 
transport means and other survey 
questions can be asked via special 
application. 

Privacy 
User controlled. Personal contact 
with the respondent allows obtaining 
informed consent.

Passive localization: the need to 
apply an anonymisation algorithm 
to the raw data before processing. 
Active localization: personal contact 
with the respondent allows obtaining 
informed consent. 

Location using the system is user 
controlled. Personal contact with the 
respondent allows obtaining informed 
consent.

Processing
The need of cleaning the record of 
unrealistic trajectories (mostly during 
the stay at confined area)

The need for “cleaning” algorithms to 
eliminate unrealistic records, which 
are caused by variable connection 
of non-movement mobile-phone to 
different base transceiver station

Depends on survey application 
architecture

Overall 
characteristic

Position and time accuracy allow to 
record not only time-space path, but 
also identify vehicle used, or time and 
space collocation (e.g. members of 
household). Higher demands on the 
cooperation are in the necessity to 
recharge the batteries if the survey 
exceeds 24 hours. Carrying GPS device 
can sometimes be annoying even 
when the size of the device is compact 
and wearable. The costs of data 
collection (hardware and labour costs 
of data collectors) is acceptable and is 
compensated by the quality of data.

High penetration rate of mobile 
phones in population enables 
large-scale tracking surveys, 
possibility of continuous recording 
over longer periods of time, less 
expensive in terms of hardware and 
communication costs. Unresolved 
legal and ethical issues. Dependence 
on cooperation with mobile operators.  

High penetration rate of mobile 
phones in population enables large-
scale tracking surveys. Automated 
collection of real-time data is possible. 
However, it is neccessery to develop 
an application for data collection 
in which respondents’activities 
will be detected. Few technological 
and methodological challenges 
to overcome. Some population 
groups (elderly people) may not be 
represented in the data sample.
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Synchronization and linking with the diaries yields a 
powerful tool for spatio-temporal research, facilitating an 
insight into the complexity of everyday spatial and social 
interactions of individuals. The principal positive features 
of the methods presented here include their high levels of 
spatio-temporal accuracy, the option to reveal unrecorded 
activities and the record of speed, or the option to interlink 
the route record with different digital databases (public 
transport network, shops, address points, etc.).

Future time-space surveys will undoubtedly rest on 
automated data collection, using mobile telephones with in-
built GPS modules and communications with the user via 
specialised applications. Providing respondents with the 
option to use their own device for data collection can reduce 
costs, as well as increase the likelihood that the respondent 
will remember to carry the device. Research in the field of 
location-based technologies using the advanced architecture 
of various software applications (Raper et al., 2007; Lathia 
et al., 2013; Wolf et al., 2014), which are able to capture 
individual behaviours in real time, also seem to be very 
promising. Some population sub-groups, such as the elderly 
or low income residents, has  been slower to use consumer 
products such as smartphones and, therefore, may not 
be represented in the data samples  (how many people 
use smartphones?, and is the user group demographically 
biased?). Therefore, to provide a representative sample, it is 
necessary to design a universal survey system that requires 
a minimum operation of data collection devices. From this 
point of view, the method of a combined GPS-diary records 
system, as presented here, can be considered a formally 
simple, practically very reliable, and an affordable way of 
recording individual spatio-temporal data.

Time geography does not answer a lot of why and how 
questions, but that is due to its general nature. What it does 
is to form a basis for asking these types of indispensable 
questions (Lenntorp, 2003). In a similar view, we should 
consider methods of space-time research as general 
methodological bases rather than as precisely calibrated 
tools. The method presented in this article allows a deeper 
understanding of the organization of everyday activities 
and the spatial trajectories of individuals, and there are 
many areas in social science research where this method 
can be fruitfully applied. In particular applications, it is 
necessary to adapt the parameters and scale of the method 
for local circumstances.
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