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Abstract

Understanding mobility behaviour in cross-border regions is a major challenge for trans-
port policies and the wellbeing of people living near national borders. However, the avail-
able relevant information is often limited to a collection of unharmonized national sources.
To overcome this limitation, we propose a methodology for building a pooled travel sur-
vey, by merging microdata from travel surveys conducted independently in different cross-
border areas of the same cross-border region. Anchored in the Luxembourg functional
cross-border region as a study area, this paper provides a general, ready-to-use harmoniza-
tion methodology for pooling travel surveys. It critically discusses the resulting harmo-
nized values of standard daily mobility indicators in regard to the specificities of the study
area. Lastly, it shows that the values for the proportions of trip purposes computed with the
pooled survey exhibit substantial differences from values obtained using only local travel
surveys (up to 6 percentage points, and up to 33 per cent in the total number of trips). This
illustrates the added value of a pooled travel survey compared with an unharmonized col-
lection of local surveys.
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Introduction and objectives

In an increasingly integrated European labour market, cross-border regions raise specific
challenges in managing passenger mobility, especially commuting issues (Chilla and Heu-
gel 2019). The Schengen agreement and the single European market have also encouraged
the growth of cross-border commuting: while around 390,000 cross-border workers were
recorded in the European Union at the start of the 1990s, the increase in their numbers
remained relatively slow until the beginning of the 2000s, rising to 490,000. The accel-
eration is apparent from then on, reflecting in particular the consequent enlargement of
the EU and its labour force: from 800,000 cross-border workers in 2006, according to the
sources, the number reached 1.7 million in 2015 — equivalent to nearly 1 per cent of the
total EU-28 workforce (Fries-Tersch et al. 2017). The magnitude of these flows not only
depends on economic opportunities and wage differentials (Gerber 2020), but also on other
non-economic factors, such as language, transferability of skills and the existence of social
networks that can help reduce the risks associated with mobility (Pires and Nunes 2018).
The cost of travel, transport infrastructures and the distance travelled could also bring
emancipation and resources for the cross-border labour market (Sohn 2014).

In cross-border regions, the national borders and local administrative limits usually do
not capture the functional extension of an employment area (Brunet-Jailly 2005) and in
general, transportation jurisdictions are narrower than the employment area that shapes
passenger mobility. Thus, cross-border regions are heterogeneous in many aspects, includ-
ing the political means and goals with regard to transport and mobility (Dorry and Decov-
ille 2016). This heterogeneity yields inefficiencies in the management of regional transport
systems (Durand and Nelles 2014). They typically fail to properly deal with large com-
muting flows, leaving the road network heavily congested in rush hours, whilst saturation
of public transport causes discomfort and delays. To a lesser extent, non-commuting trips
that people make, for example to attend social events or to go shopping, also contribute
to regional congestion (Schiebel et al. 2015). Coordinated management, based on exhaus-
tive information about cross-border passenger mobility, is required in order to address
these problems. However, an integrated understanding of mobility patterns in cross-border
regions is hard to grasp (Drevon et al. 2018).

To study passenger mobility in a defined area, it is necessary to take into account all
the trips made there. However, they are not made only by local residents in a specific area,
but also by people from outside, who come for specific purposes or are simply passing
through. The proportion of trips made by outside travellers can nevertheless be particularly
important in cross-border areas, where cross-border travellers, especially commuters, inter-
act with local residents on the transport system. As cross-border travellers usually have
specific travel habits (Schiebel et al. 2015), a comprehensive understanding of passenger
mobility in cross-border areas requires a joint assessment of the mobility of residents and
cross-border travellers. However, this joint assessment cannot be made using a mere collec-
tion of unharmonized national travel surveys from different countries. As noted in the next
section, such surveys often comprise the only available information.

To overcome this limitation, the current paper proposes a methodology for building a
pooled travel survey, by merging microdata from travel surveys conducted independently
in different cross-border areas of the same cross-border region. More specifically, anchored
in the Luxembourg functional cross-border region as a study area, this paper has three
goals. The first is to provide a general ex-post harmonization methodology for building and
updating a pooled travel survey. The second goal is to argue for the quality of the resulting
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dataset, by computing and discussing a few standard indicators from travel behaviour
research. The last goal is to demonstrate the added value of the pooled survey, by compar-
ing two values of an areal-based indicator — the distribution of trip purposes for all trips
ending in a given area — computed using the pooled survey and using only local surveys.

In doing so, we aim to sequentially answer the followings, specifically for our study
area: (1) What is the conceptual proximity between local travel surveys in the Luxembourg
cross-border region, and on the basis of which ontology can they be compared? (2) What
are the harmonized and updated values of some standard indicators of travel behaviour in
the Luxembourg cross-border region? (3) What are the distributions of travel purposes for
all trips ending in three specific cross-border areas: namely, the urban neighbourhoods of
Arlon (BE), Luxembourg (LU) and Thionville-Yutz (FR)? Also, are these indices substan-
tially different from estimations using only local travel surveys?

The paper is organized as follows. In Sect. “Data sources on cross-border mobility”,
we present the problem concerning information about cross-border mobility, as well as the
approach of the pooled travel survey, arguing that the latter provides a partial solution to
the former. In Sect. “Detailed reporting of the method”, we detail our study area, as well
as reporting in depth the ad hoc implementation of the pooled survey approach. We strive
to emphasize the challenges of its implementation in an experiment, showing ways that
make it replicable in other cross-border regions. In Sect. “Results and Discussion”, we pro-
vide the results supporting the achievements of the three aforementioned goals, as well as
giving answers to the research questions specific to our study area. Section “Conclusion”
concludes.

Data sources on cross-border mobility

Household travel surveys have long been the major source of data (Hubrich et al. 2018)
to help understand passenger mobility and its transport implications. Local authorities
and nation states often carry out such surveys — for example, National Travel Surveys
(or NTS) — with a focus on the resident population and ignoring external travellers; espe-
cially cross-border travellers. Information on incoming travellers’ trips is then traditionally
assessed through vehicle counting data, which is costly and much less informative. The few
exceptions of surveys that address cross-border mobility usually focus on specific aspects
(see Sect. “Definition of the study area”), since carrying out an exhaustive travel survey
in cross-border regions is very difficult for several reasons, for example, survey costs are
higher due to their typically large area. Other potential difficulties can occur that involve
additional costs: language (translations), sampling and contacting people to interview,
and the need to access and to harmonize several international and interregional databases.
Moreover, the difficulties in exploiting different statistical data and integrating different
geographical and institutional contexts are challenging (Decoville et al. 2013).

Altogether, the need for interregional and international coordination is a serious barrier
to overcome. There is a governance issue when different stakeholders and public authori-
ties with different competencies need to manage cross-border territories where equivalent
power may not exist, with different levels of competences related to different NUTS levels
(e.g. state vs region vs municipality). There is currently no harmonized source of data for
passenger mobility at the European level and no harmonized international methodology,
as they are primarily designed to respond to national or regional information needs. There
are only guidelines and recommendations to improve statistical ex-post harmonization
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procedures (Armoogum et al. 2014; Eurostat 2018). Countries that already have a long
tradition of NTS are reluctant to introduce major changes, for the sake of preserving their
long time series.

Among alternative solutions to household travel surveys, new data sources — such
as big data — have raised strong interest in recent years (Ben-Elia et al. 2018). With the
increasing use of smartphones, it is possible to obtain detailed records of people and their
activities over space and time (see the review by Wang et al. 2018). Mobile phone and GPS
routing companies can now provide fine or more aggregated data to complement mobil-
ity survey data. However, several challenges remain before operational use, such as the
control of sampling biases and the difficulty to integrate these new datasets with standard
socioeconomic and demographic statistics. Moreover, the cross-border context brings new
issues in the application of current big data methods (e.g. roaming problems when chang-
ing countries, or mobile phone operators that may be less representative of the population
on one side of a border than on the other).

To build consistent statistics on passenger mobility in cross-border areas, we applied
another solution by constructing a pooled travel survey. We created this pooled survey for
a cross-border region by merging microdata from local or regional travel surveys conducted
independently in different areas. The success of the method relies on the trade-off between
exploitation of the conceptual proximity between independent local surveys, and the assump-
tions required to overcome their differences. In other words, the pooled travel survey is neces-
sarily less complete than any of the local surveys, since only the information common to all
the local surveys is retained. It nevertheless has the advantage of providing consistent infor-
mation about a wider population, which is the union of all the local surveys’ populations. As
it is based on microdata, the pooled travel survey can be regarded as an operationalization
of the first ex-post harmonization methodology considered in Eurostat (2018). Wittwer et al.
(2019) developed a comparable ex-post harmonization method to provide cross-sectional
analysis of mobility in several European cities.

What are the advantages of the approaches using a pooled travel survey? Starting from
microdata from local travel surveys, the pooled survey offers a high degree of flexibility to
retain as much information as possible. It also stands out in terms of lower costs, compared
with a dedicated cross-border travel survey. Thus, its potential impact is substantial given
the possibility of gathering useful information at lower cost. Pooled surveys can accord-
ingly be used to produce consistent information about a cross-border region, and can be
integrated into multimodal transport models. Thus, they ultimately support the elabora-
tion of coordinated cross-border policies regarding transport and mobility. On the other
hand, Eurostat (2018) identified the implementation time for harmonization and the nec-
essary agreements amongst the data owners as two potential difficulties. These issues are
discussed later in the current paper.

Detailed reporting of the method

Definition of the study area

Given a cross-border region of interest with some administrative data about (cross-border)
workers, the goal of the pooled travel survey (providing indicators of travel behaviours and

supporting a transport model) will guide the choice of the study area. In practical terms, it
is necessary to choose a year of reference and a basic spatial unit (BSU). From there, the

@ Springer



Transportation

study area is built up from cross-border BSUs; that is, places where at least one resident
worked in another country of the cross-border region during the year of reference. More
precisely, it is the largest contiguous area made up by cross-border BSUs that have been
covered by at least one travel survey in the 10 years before the year of reference.

The time threshold of 10 years is set arbitrarily and usually results from a trade-off between
the age of the local travel surveys to be pooled and the size of the study area. However, caution
is required, as a larger threshold brings some issues. First, while changes in population numbers
and distributions of socioeconomic profiles can be addressed by reweighting the microdata, the
initial survey still has to contain the desired profiles of residents. Second, the travel behaviour
that will be associated with different socioeconomic profiles will, by necessity, be assumed not
to have changed since the original survey. Yet the longer the time interval, the greater the likeli-
hood that these behaviours will have changed, for example, following changes to the transport
supply. A review of major changes to the transport system during the time interval can help in
assessing the validity of this assumption. The remainder of this section details the definition of
the study area in the building of our pooled travel survey.

This research is actually part of the MMUST project (Modele MUltimodal et Scénarios
de mobilité Transfrontaliers for modelling of multimodal mobility and scenarios of cross-
border transport, see www.mmust.eu), co-funded by the European Regional Development
Fund (ERDF) within the framework of the INTERREG Va Greater Region programme. Its
goal is to develop a multimodal transport model to simulate especially passenger transport
scenarios in a functional cross-border area around Luxembourg. Thus, the pooled travel
survey, its study area and the methodological choices aim to support the transport model.

Luxembourg and its cross-border region offer a striking example of a strong increase in cross-
border passenger flows resulting from European economic integration (Schiebel and Gerber
2015). In fact, the transnational cooperation entity called ‘Grande Région’ — which includes Lux-
embourg and territories in Belgium, France and Germany — has the largest number of cross-
border workers in the European Union, at approximately 250,000 in 2019 (Eurostat 2021). Within
the EU, the largest proportions of commuting to different European countries at the regional level
were observed in Luxembourg province (Belgium), at 32 per cent of the labour force, followed by
Trier (Germany) at 15 per cent and Lorraine (France) at 13 per cent. In this regard, Luxembourg is
a strong attractor and employed approximately 200,000 cross-border workers at the end of 2020.

In our case, the transport modelling perspective of the project imposed fine-grained BSUs
no larger than the LAU2 zones of the Eurostat NUTS nomenclature. From there, the study
area was built up from LAU2 zones in which at least one resident worked in Luxembourg in
2017. More precisely, it comprises the largest contiguous area around Luxembourg made up
by these LAU2 zones, and that have been covered by at least one travel survey since 2010. As
a result, while the Luxembourg functional cross-border region naturally includes Luxembourg
and parts of Belgium, France and Germany, the latter was actually excluded due to the lack of
any survey coverage. More precisely, results of travel surveys were not available at the scale
of the chosen BSUs. Thus, the final study area covers the whole country of Luxembourg, the
Belgian ‘Province de Luxembourg’ and in France, the regions of influence of three institu-
tional entities with spatial planning and transport competences, the SCoTs (in French Schéma
de Cohérence Territoriale): SCol Nord Meurthe-et-Moselle, SCol' Agglomération de Thion-
ville and SCOT Agglomération de Metz (Fig. 1). The study area covers 10,905 km* and had
1,669,095 inhabitants in 2017, including 118,210 cross-border workers employed in Luxem-
bourg (of whom 28% lived in Belgium and 72% in France).

The identification of the relevant surveys must be carried out simultaneously with the
delineation of the study area. Any methodical reviewing is appropriate here, but we underline
that in our case, transport-related public institutions turned out to be insightful sources of
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Fig.1 Study area

information. In the end, the input data for our study area came from eight regional travel sur-
veys, which cover the entire study area with the most recent information (Fig. 2 and Table 1).
The Belgian national mobility survey, BELDAM (2010) (Cornelis 2012) is used to cover the
Belgian province of Luxembourg. Five travel surveys cover the French side of the study area
and were independently carried out by the CEREMA (centre for studies and expertise on
risks, the environment, mobility and development). Luxembourg is covered by the national
mobility survey, LUXMOBIL (2017). The LUXMOBIL survey also sampled cross-border
workers at their place of employment in Luxembourg, regardless of their place of residence.
By comparison, the EMF survey (Enquéte Mobilité des Frontaliers), also focusing on cross-
border workers, sampled them at their place of residence (Schmitz et al. 2012; Enaux and
Gerber 2014). In addition, the LUXMOBIL and EMF surveys focus on different aspects of
cross-border mobility. While the EMF focuses on cross-border workers’ mobility regardless
of their trip purposes and without taking into account the whole population traveling on the
territory, LUXMOBIL considers the mobility of Luxembourg residents and cross-border
workers for any purposes, but does not consider other cross-border non-workers traveling to
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Fig.2 Sampling areas of the eight surveys used in the pooling. Notes: Please see Table 1 for an overview of
the eight surveys. In addition to residents of Luxembourg, the Luxmobil survey also includes cross-border
workers who work in the country, wherever their place of residence

Luxembourg for purposes other than work. These two surveys therefore do contribute, but
cannot substitute for a pooled survey analysis as presented in this paper. The eight local sur-
veys were carried out during a 9-year period between 2010 and 2019. It should be noted each
survey covers different time periods, thus comprising the first issue in the construction of the
pooled composite travel survey, as discussed at the beginning of this section.

Harmonization of the observations

The harmonization of observations is the selection of relevant rows in the microdata from the
local surveys. However, no examination of the microdata is required to infer the selection rules,
given that the local surveys have proper metadata (typically a technical report with the sampling
plan and a copy of the questionnaires). The goal of this harmonization is to avoid exclusion
biases generated by the pooling process. The first step consists of identifying the actual compar-
ison basis of the local surveys; that is, their common conceptual objects, and their definitions,
properties and relationships (in other words, their common ontology). Then, as Wittwer et al.
(2019) explain, this harmonization actually deals with four fields: the surveys’ coverage (e.g.
populations of interest), the surveys’ definitions (e.g. definition of trips), the surveys’ method
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(e.g. sampling design) and defining the surveys’ area (e.g. the granularity of the spatial resolu-
tion varies according to the definition of the statistical units used in each survey).

In the context of a pooled travel survey, the specific goal of the harmonization of the obser-
vations is to identify and control for methodological differences that may introduce exclusion
biases and oversampling biases in the final pooled survey. First, pooling-generated exclusion
bias is explained by the following example: A local survey may integrate teenagers in the pop-
ulation of interest, while another, targeting other goals, may not. Yet once considered together
in a pooled survey aiming to produce indicators about teenagers, this would introduce an
exclusion bias of teenagers in some parts of the study area. Since the information on missing
teenagers cannot be found afterwards, the only way to avoid this bias is to discard the micro-
data for teenagers in all other local surveys. The same logic extends to any kind of sampling
units in the complex sampling plans (households, trips, etc.), as illustrated in our implementa-
tion of the pooled travel survey.

Second, pooling-generated oversampling bias is explained by the following example:
A local travel survey may include non-resident travellers in the population of interest,
whereas another may not. Yet once considered together in a pooled survey, this could intro-
duce oversampling of the residents in certain areas who would have been sampled twice (as
a non-resident traveller in one area, and as a resident in the other). This bias can be limited
by using a reweighting procedure, which is explained in Sect. “Reweighting the pooled
microdata”. The remainder of the current section details the results of the harmonization of
observations from the local travel surveys in the building of our pooled travel survey.

There are six conceptual objects that are present in all or some of the eight local travel
surveys used in this research: households, vehicles, individuals, public transit passes, opinions
and trips. A household is a group of individuals living in the same dwelling (up to 10 members
in the surveys used here). The place of residence, which may be a postal address or another
basic spatial unit such as a municipality, is the location of the dwelling and hence a key char-
acteristic of the household. It should be noted that individuals who divide their life between
two or more regular residences are excluded by some surveys and hence excluded from the
pooled survey (see Appendix Table 8). Individuals are human beings, who are grouped into
households. Vehicles, which are mechanical and potentially motorized means of transport,
are associated with households. Public transit passes and opinions on transport and mobility
are linked to individuals, and both are reported in some of the local surveys. Lastly, trips are
related to individuals, and describe movements over space characterized by an origin, a desti-
nation, departure and arrival times, a purpose and one or several transport modes.

We underline that this ontology seems general enough to provide an overall framework
for the comparison of travel surveys and, accordingly, it provides valuable output for the gen-
eralization of our work. As mentioned above, comparing the local travel surveys in the light
of these conceptual objects exposes differences in the coverage, definitions, method and area
definition of surveys that may induce exclusion and oversampling biases. The encountered
issues are now discussed.

First, with regard to coverage, some conceptual objects are not used in every local survey.
Opinions on transport and mobility are included (in different ways) in all the surveys but one
— LUXMOBIL. Besides, public transit passes are absent in the French surveys. Thus, infor-
mation on opinions and public transport passes are discarded to avoid exclusion biases in the
pooled travel survey. Only information about households, individuals and trips will remain
in the pooled survey (see Table 1). This loss of information has no influence regarding our
application to the Luxembourg area; however, depending on the content of local travel sur-
veys, it may restrict the application of the pooled travel survey method to other purposes.
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Second, for the method of surveys, local surveys have complex sampling plans
based on various cluster sampling structures. The EMF survey, which examines the
population of cross-border workers employed in Luxembourg, takes the individual as
the primary sampling unit. In that survey, cross-border workers are the only individu-
als whose trips were surveyed, and they were asked about their household on behalf of
the other household members. By contrast, in the other local surveys, the household is
the primary sampling unit and all or some of its members were asked about their trips.
Aside from the cluster structure, sampling plans also differ by the sub-population they
use. In some surveys, such as the EMF, individuals surveyed on their trips were deter-
ministically chosen on the basis of their individual characteristics. In other surveys,
such as the EDVM Thionville and EDVM NORD54, they were randomly sub-sampled.
The methodical examination of the sampling plans enables us to split the populations
of interest of each local survey into a set of subpopulations with the associated gath-
ered information. To avoid exclusion biases, only the subpopulations sampled by all
local surveys are integrated into the pooled survey. In our case, facing the constraints
presented in Annex 1, the microdata from our eventual pooled travel survey contains
all the respondents from the local surveys who were living in the study area. While the
values for the socioeconomic variables are available for all of them (variables 1 to 20
in Table 1), only a subpopulation of the individuals older than 11 were asked about the
trips they took on a specific day (for each respondent in all the local surveys, the day of
interest was randomly chosen among working days).

Third, also with regard to the methods, French local transport surveys were carried
out by interviewers, in comparison with the Belgian and Luxembourg local transport
surveys, which were self-administered. As a result, Belgian and Luxembourg respond-
ents were more likely to have forgotten small trips, especially those made on foot. The
resulting bias is clearly apparent in our local surveys, but it cannot easily be disen-
tangled from the other effects of interest, for example, due to a specific age structure
of the local population. Therefore, since omitted short trips could not be subsequently
accounted for, we decided to exclude them from our results altogether to avoid local
exclusion biases. We set a threshold at 5 km on the basis of the content-related pooled
survey, following a natural break of distance distribution of the trips which avoid
excluding too many cross-border trips.

Fourth, for the defining of survey areas, all local surveys except EMF and LUXMOBIL
surveyed residents in mutually exclusive areas (see Fig. 1). In fact, the LUXMOBIL survey
also sampled cross-border workers at their workplace in Luxembourg, regardless of their
residence place the EMF survey, also focusing on cross-border workers, sampled them at
their residence place (Schmitz et al. 2012; Enaux and Gerber 2014). To limit the potential
oversampling bias, we use a reweighting procedure, which is detailed in Sect. “Reweight-
ing the pooled microdata”.

Fifth and last, with regard to definitions in the surveys, local surveys also exhibit differ-
ences in their variables of interest. Thus, similar variables may have different codifications.
For example, the education level of individuals is included in every local survey, but it fol-
lows the different national systems of educational qualifications, and hence the variables
are not immediately comparable. In our Luxembourg case, the same problem occurred both
for current activity status and trip purposes. Identifying variations in the codification of
similar variables, and building new variables to merge them, is equivalent to defining the
variables dictionary of the pooled travel survey presented in the next section.
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Harmonization of the variables

The harmonization of variables involves the selection of relevant columns in the microdata
from the local surveys to avoid exclusion biases generated by the pooling process. The differ-
ence from the harmonization of observations is that dropping variables is not the only solu-
tion: the definition of a new categorical variable that retains the information available in all
local surveys often solves the problem.

The pooling-generated exclusion bias related to surveys’ definition of variables is
explained in the following example. A local survey may ask respondents about their high-
est level of formal education in three categories with ‘higher education’ as the maximal
one. By comparison, another local survey may ask the same question with four answer
categories, ‘Doctorate’ being the new maximal one. If considered together in a pooled sur-
vey aiming to produce indicators about PhD holders, this would introduce an exclusion
bias concerning those with doctoral degrees in some parts of the study area where they are
not separated from people with a Master’s degree, for example. One way to avoid this bias
would be to define a new variable for the highest level of formal education — a variable
that enables the recoding of all the different categorizations of educational qualifications
used in the local surveys. However, if there is at least one local survey that does not ask
respondents about their highest level of formal education at all, then discarding this vari-
able is the only solution. The remainder of this section details the results of the harmoniza-
tion of variables from the local travel surveys when building our pooled travel survey.

First, the age of the respondents was directly asked in all the surveys except the EMF,
which asked for their birth year. As a result, the pooled age variable is the age reached.
This is approximated by the age in completed years for respondents of the EMF survey.

Second, the item for level of education differs between surveys in accordance with their
population of interest and national education system. An ad hoc correspondence table can
be drawn up by associating education levels that correspond to the same age group of a
regular cursus (see Appendix Table 9). For example, the Belgian level secondaire géné-
ral and the French level secondaire, titulaire du bac are part of the same pooled category
secondaire, as they both designate a qualification achievable in at least 12 consecutive suc-
cessful years of schooling. The resulting pooled variable aggregates from seven to ten cat-
egories of the initial variables into five categories (not including missing values).

Third, in contrast to education level, the variable for activity status could not always be
generated by recoding a single variable. Instead, decision rules implying several variables
were used (see Appendix Table 10). For the BELDAM and EMF surveys, decision rules
were elaborated on the basis of, respectively, four and two variables specifying whether
the individual was at work, a full-time or part-time worker, and whether she/he was a stu-
dent. For the LUXMOBIL and French surveys, a simple correspondence table was used.
The aggregation yields six categories (not including missing values) in the pooled variable,
against nine categories in the LUXMOBIL and French surveys.

Fourth, trip purposes are categorized differently in the local surveys. The French sur-
veys in particular, consider 36 different purposes whilst the others include 11 to 18 pur-
poses. Nevertheless, the additional modalities of French surveys actually indicate a finer
level of detail rather than conceptual differences. As a result, a 12-category trip purposes
variable could be built by correspondence (Table 2).

Sixth, the departure and arrival times of trips are recorded in a comparable way in all
the surveys, but the collection period differs. While it covers a period from 4 a.m. on the
reference day to 4 a.m. the following day, LUXMOBIL shows trips taking place from 0
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a.m. to midnight on the reference day. Thus, only trips that took place between 4 a.m. and
midnight on the reference day were kept in the pooled survey.

Seventh, the last step is the equivalent of a categorization for the geographic variables
(place of residence, and origin and destination of trips). To cover both the study area and the
neighbouring ones, the BSUs are defined for the whole countries of Belgium, France, Ger-
many and Luxembourg. In each country, the BSUs necessarily correspond to the coarser BSU
used by any survey, and not only the local surveys. Thus, it is crucial to the success of the
pooled survey that local surveys use fine-grained spatial units to describe origins and destina-
tions that are located in the neighbourhood of their area of interest, and especially in border
countries. For example, in this study, it is important that a survey carried out in France uses a
fine-grained BSU to describe not only the French territory, but also the Belgian, German and
Luxembourg ones. Fortunately, this is often the case in cross-border regions, and it is certainly
true for the current study area. As a result, in our pooled survey the BSUs are LAU2 zones in
each country of the study area, and national territories for other countries.

After all these steps, we are left with 40 complete variables that are divided into the
three categories of households, individuals and trips (with 8, 12 and 20 variables, respec-
tively). These variables are listed in Table 3. We emphasize that, in the case of a multi-
modal trip, the sequence and locations of intermediate stops to change transport mode are
unknown. Hence the use of binary variables for transport modes reflects the possible mul-
tiple modes of transportation characteristics (see Table 3, rows 35 to 40). The last step in
elaborating the pooled travel survey is to weight the harmonized microdata.

Reweighting the pooled microdata

As with a traditional survey, the weighting step consists of computing estimation weights that
are used to derive the population parameters of interest from the pooled survey. The first step is
to compute the harmonized margins — that is, the margins of the harmonized variables — using
socioeconomic data. Since cross-border regions rarely have ready-to-use harmonized statistics,
this work requires contacting the official statistical institutes of all the countries in the study area.
The second step is of course to perform the weighting of the microdata based on these margins.
In the context of a pooled travel survey, the specific goal of re-weighting the microdata (which
was already weighted once in the original local surveys) is to address the oversampling bias in
areas where residents were sampled by several local surveys (see the example in Sect. “Harmoni-
zation of the observations”). The principle of reweighting is as follows.

First, we assumed the original weights to be best suited to compensate for sampling biases
in the original surveys. This assumption is not only pragmatic (the original surveys comprise
the input in our work and cannot be altered in retrospect), but also reasonable, since all the
original surveys used complex sampling plans and relevant weighting procedures in order to
tackle sample biases such as under-sampling, oversampling and non-response.

Second, we performed reweighting of the individuals present in the pooled survey, using the
harmonized margins over the entire cross-border area and taking the original weights as the start-
ing ones for the weighting process. That is, starting from the vector of weights households or
individuals had in their local travel survey, the weighting algorithm aims to give the closest vec-
tor of weight that matches the harmonized margins. In this way, we compensate for any pooling-
induced oversampling bias while departing as little as possible from the original weights. We
should underline that addressing this bias is the reason why accessing the microdata with the
original weighting is crucial for the reproducibility of the methodology.
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Table 3 Variables dictionary of the pooled travel survey

Level Variable
1 household Household’s ID code
2 household Original local travel survey
3 household Household’s residence location
4 household Country of household’s residence
5 household Number of household’s members
6 household Number of four-wheeled vehicles available in the household
7 household Household’s weight in the original local travel survey
8 household Household’s weight in the pooled survey
9 individual Individual’s ID code
10 individual Age
11 individual Sex
12 individual Highest educational qualification
13 individual Activity status
14 individual Was the individual surveyed about his or her movements?
15 individual Has the individual declared at least one trip?
16 individual Works in Luxembourg and lives elsewhere
17 individual Does the individual own a car driving licence?
18 individual Is a private parking spot available at work or at school?
19 individual Individual’s weight in the original local travel survey
20 individual Individual’s weight in the pooled survey
21 Trip Trip’s ID code
22 Trip Trip’s number in the trip chain
23 Trip Trip’s origin
24 Trip Trip’s origin country
25 Trip Flag. Is the trip’s origin within the study area?
26 Trip Trip’s destination
27 Trip Trip’s destination country
28 Trip Flag. Is the trip’s destination within the study area?
29 Trip Trip’s purpose at destination
30 Trip Departure hour
31 Trip Departure minutes
32 Trip Arrival hour
33 Trip Arrival minutes
34 Trip Trip’s length (km)
35 Trip Trip by feet only
36 Trip Use bicycle or not
37 Trip Use motorcycle or not
38 Trip Use car or not
39 Trip Use bus or not
40 Trip Use train or not

In our pooled survey, estimation weights are computed using a generalized ranking pro-
cedure, implemented in the ICARUS package of the R statistical software (Rebecq 2019).
The final weighting margins contain age, sex, work status (working, retired or inactive) and
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cross-border worker status (yes, no). Most of the statistics used in the weighting procedure
came from the national statistical offices of Belgium (Statbel), France (INSEE) and Lux-
embourg (Statec). The numbers of cross-border workers employed in Luxembourg were
provided by the Luxembourg social security office (IGSS).

Results and discussion

This section presents and discusses some of the main daily mobility indices estimated
using the pooled travel survey. The harmonized mobility indices computed for all residents
in the study area are discussed first. Then, to emphasize the potential of the pooled travel
survey, the proportions of purposes for all trips ending in a selected area, whether made
by local residents or cross-border travellers, are presented for three urban locations in the
study area.

Generalization of the method

The methodology for building a pooled travel survey for a given year of reference in any
cross-border region of interest can be roughly summarized by the following eight steps:

1. Define the goals of the pooled survey.

Gather information about the cross-border labour market and the travel surveys carried
out in the region over previous years.

3. Define the study area according to the goal, by trading-off between (1) its size, (2) the
resolution of the basic spatial units and (3) the time threshold beyond which local travel
surveys are not considered.

4. Analyse differences in local surveys with regard to the coverage, definitions, methods and
area definitions in the surveys in order to identify potential pooling-induced sampling biases.

5. Harmonize the observations by discarding those that raise pooling-induced exclusion biases.

6. Harmonize the variables by recoding into new ones those that raise pooling-induced
exclusion biases, or discarding them if necessary.

7. Compute harmonized margins for the reweighting procedure, using the new harmonized
variables.

8. Reweight the microdata to limit any pooling-induced oversampling bias.

This procedure not only provides transport studies with a ready-to-use yet flexible
methodology, but also offers an opportunity for future research aimed at establishing
pooled surveys that can facilitate comparisons of cross-border regions. In addition,
the ontology we presented in Sect. “Harmonization of the observations” appears suf-
ficiently general to facilitate the realization of step 4 in future implementations of the
pooled survey method. Nevertheless, the generalization of the method and its applica-
tion to other cross-border regions face the potential issues raised in Sect. “Detailed
reporting of the method”. Obviously, the availability of previous local travel sur-
veys, including complete (yet pseudonymized) microdata and exhaustive metadata is
crucial.

In the perspective of generalization, it is worth noting that individual travel habits
that have been surveyed through questions on the frequency of trips instead of being
inferred from trip diaries are difficult to include in the pooled survey because the
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formulations of these questions often exhibit a lot of differences among the original
surveys. A good example from this work are questions about the general frequency
of car use. Every local survey measured frequency in different and barely compatible
ways. The BELDAM survey expresses frequency as a count of days with car use per
week, the French surveys use a count of trips carried out by car per week and LUX-
MOBIL uses a qualitative scale. In the EMF, the frequency of car use is approached
through a distinct census of ‘regular trips’, including variables for the transport mode
and frequency. In this latter survey, the frequency is not a continuous variable but a
categorical one (less than once a week, once a week or more than once a week). Thus,
an important limitation of our work is that the pooled travel survey method may not be
as effective for pooling surveys based on frequency-questions as it is for diary-based
travel surveys.

Beyond the pooled travel survey, we should underline that in addition to the pros-
pects for mobile data that could compensate for certain data deficiencies — par-
ticularly in terms of updating already established traffic models — emphasis should
also be placed on research governance issues and concerted action with regard to the
implementation of transport surveys. Even if a pooled survey provides reliable and
robust statistics, it would be appropriate for mobility stakeholders to work together
upstream between regions in adjacent countries to ensure that comparable survey pro-
tocols are put in place. These should include questionnaires that respect certain exist-
ing and proven European and/or academic standards. For example, we could note the
efforts made by the European Commission’s DG Move to set up a standard European
questionnaire (Armoogum et al. 2014), and the various research initiatives aimed at
improving questionnaires in line with shortened, comparable versions that address
both subjective and objective dimensions (e.g. von Behren et al. 2018).

Harmonized values of standard indicators

In order to critically discuss the quality of the pooled travel survey, the harmonized modal pro-
portions and distribution of trip purposes are presented hereafter. We should emphasize that in
this subsection, the figures per country refer to the place of residence of people travelling. Whilst
the population of interest comprises approximately 1,723,000 individuals and 727,000 house-
holds, the final pooled survey pro&vides a sample of 57,154 individuals (3.3%) distributed in
30,905 households (4.3%). Some 134,304 trips were declared, yielding an estimated 4,663,170
total daily number of trips achieved by residents over the age of 11 in the study area. Residents
in the study area make on average 3.8 trips a day. French residents are the most mobile (4.4 trips
per day), ahead of those in Belgium (3.4 trips/day) and Luxembourg (3.2 trips/day). However,
the estimated proportion of non-travelling residents is roughly equal in France and Luxembourg
(12.3 and 12.1 per cent, respectively), far behind Belgium (34%). As already mentioned, it is not
possible to disentangle the effects of the self-administration of questionnaires from the specifici-
ties of the Belgian Province of Luxembourg, which is more rural than the rest of the study area.
In order to compensate for differences in the way questionnaires are administered
(e.g. Kalfs 1995) in different countries/regions, we had to exclude trips shorter than
5 km. This is not an issue in our application, which is a four-step model of longer
cross-border trips. With regard to the modal proportions (for trips longer than 5 km,
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see Table 4), 84% of them are made by car. This proportion peaks at 88% in France,
ahead of 86% in Belgium and 77% in Luxembourg. By contrast, the proportion of
public transport trips is highest in Luxembourg (15%), ahead of Belgium and France
(both at 7%).

These figures can be understood in light of the geography of the study area. The
population density in Luxembourg was 233 inhabitants per km? in 2018; far higher
than the values in the French and Belgian sectors of the study area (respectively, 155
and 64.3 inhabitants per km?). Thus, places of interest are closer to each other and
better connected to the public transport network. Apart from geographical concerns,
Luxembourg also has a history of public transport policies, and these reached a peak
in 2020 with the free public transport policy (Diederich 1998). Moreover, the afore-
mentioned congestion of the road network in Luxembourg adds another incentive to
use alternative means of transport.

With regard to the distribution of trip purposes, for those of more than 5 km (Table 5),
we note that travelling for work is very apparent on all sides. It is shopping purposes that
differ between France and the other areas; for the rest of the activities, the results are quite
similar.

As in the previous results, in Table 6 we consider residents of the MMUST perimeter
who travel on a working day. On average, with trips of more than 5 km, the residents con-
sidered make 2.6 daily trips.

European trends for daily trips are around an average of 3.54 per traveller, with all
trips (short or long) combined (Armoogum et al. 2014, p. 88). This difference can easily
be explained by the relatively long travel times and distances for all travellers within the
MMUST perimeter. Among them, those from Belgium cover the most distance on aver-
age (almost 70 km per day), with an average total travel time of around 1.5 h per day.
Travellers from Luxembourg logically cover the smallest distances (45 km), close to the
European average (regardless of distance, see Armoogum et al. 2014), but with a rela-
tively long travel time (82 min).

Proportions of trip purposes for travel ending in urban districts

We lastly illustrate the potential of the pooled travel survey to produce new mobility
indices. In contrast to the harmonized distribution of trip purposes discussed in
Sect. “Harmonized values of standard indicators”, the figures per urban area for the

Table 4 Modal shares per region Countries Active modes Car Public Motorized

of residence for traveller trips of .
MMUST t t Itimodal
more than 5 km (in %) ( ransport  mulimoda

perimeter)

Belgium 2 86 8 4
France 1 88 8 3
Luxembourg 2 77 15 5
Total 2 84 10 4
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Table 5 Trip purposes per

region of residence (MMUST Main activity Belgium  France  Luxembourg
perimeter) for trips of more than Go to work 30 24 36
5 km (in %)
Go to school 8 8 9
Accompanying 14 15 11
Grocery and shopping 15 21 8
Leisure, visit family-friends 21 24 19
Personal services, health, other 10 8 18
Total 100 100 100
Table 6 DiSt,ance’ time and Countries Average Average time  Number of trips
number. of trips: average per (.iay (MMUST perimeter) distance (km) (minutes) (average)
and region of residence for trips
of more than 5 km Belgium 67,85 88,95 2,57
France 65,90 87,52 2,68
Luxembourg 45,13 82,48 2,44
Total 58,99 86,01 2,58

proportions of travel purposes presented in this section refer to the urban area where the
trip actually took place, regardless of who made them (residents or not). More precisely,
we computed the proportions of trip purposes for all trips ending in a selected area —
regardless of whether conducted by local residents or cross-border travellers — for three
areas of the Luxembourg cross-border region. The district of Arlon (in Belgium), the city
of Luxembourg (in Luxembourg) and the Thionville-Yutz district (in France) are three
main urban areas with different profiles. The district of Arlon ranks second in terms of
population, with 61,899 residents and an employment area of 17,819 jobs. Luxembourg
City has a larger population, with 114,084 residents, and is a major employment area with
153,611 jobs. Lastly, Thionville-Yutz has 61,439 residents and 17,999 jobs. Geographically,
Arlon lies at the Belgian-Luxembourg border, while Thionville-Yutz is roughly 15 km away
from the French-Luxembourg border. Luxembourg City lies approximately equidistant to
the Belgian and French borders, roughly 15 km from each.

The total number of trips and shares of trip purposes that end in a selected area were
computed using both local surveys and the pooled survey, and are presented in Table 7.

First, the number of trips made in the three areas are substantially higher in the
pooled survey (by between 10 and 33%). This confirms and quantifies the presence
of cross-border travellers in these areas. The increase is especially large in Arlon
(33%). The higher proportion of trips made by cross-border travellers is unsurpris-
ing, as Arlon is located on the border. Two patterns appear with regard to the changes
in proportions of trip purposes, which reflect specificities in the reasons for trips by
cross-border travellers. On the one hand, in Arlon and Thionville-Yutz, the proportion
of trips to work has the highest increases: respectively, +2.89 and +4.98 percentage
points (pp). This confirms that the trips made by cross-border travellers in these areas
are essentially to go to work, and quantifies the areal intensity of this cross-border
interaction. In Arlon, the second-highest increase is observed in trips made for per-
sonal services (4 1.10 pp), whilst in Thionville-Yutz, the second-highest increase is
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observed in travel for taking courses (4 1.70 pp), which is consistent with the pres-
ence of cross-border students. In both areas, the major decreases in proportions of
travel purposes are found in trips made to drop off or pick up someone (-2.36 pp
in Arlon, -1.5 pp in Thionville-Yutz) or to go home (-0.04 pp in Arlon, -6.04 pp in
Thionville-Yutz). This result seems natural, as those two purposes imply that travel-
lers either have a house in the area — which by definition is only the case for resi-
dents — or have acquaintances living in the area, which is more likely to occur for
residents due to the spatial proximity of their living places.

On the other hand, the pattern is different in Luxembourg City: the shares of trips
made to go to work and for work duties decrease substantially (respectively, -3.52 pp and
-0.10 pp) whereas all the other proportions increase. The reason for this striking pattern
is to be found in the specificities of the local survey. The Luxmobil survey not only tar-
geted Luxembourg residents, but also cross-border workers. As a result, the cross-border
trips made by cross-border workers were captured, particularly their ‘go to work’ travel,
but not such trips made by people who were not cross-border workers, and hence can only
have other purposes than going to work. In that area, the pooled survey essentially includes
cross-border trips made for non-professional purposes, which is different from the two
other areas studied here.

Discussion

In a European context involving three different countries, this article presents the possi-
bilities offered by combining several national or regional mobility surveys, subsequently
making it possible to feed, among other things, a traffic model in the general framework
of an Interreg project. As a result of a very large amount of supporting secondary data, it
has been possible to drastically limit the costs of fieldwork, while giving five undeniable
aspects of added value to the daily travel survey data, despite nevertheless presenting cer-
tain limitations.

The first added value is the harmonization of the databases, thus allowing them to be
compared on three national sides. This remains rare at a European or even global scale, with
a particular difficulty being the existence of comparable data between the sides (Chilla and
Heugel 2019). The second added value is the improved estimation of the number of trips at
the individual level, both in spatial and temporal aspects, representing undeniable support
for the development of sustainable policies (Liang et al. 2020). First, at the spatial level of
the statistical areas considered, the confidence intervals narrow in most regional cells. At
the temporal level, adjustments were able to be made according to a common recent period
(2017) for all data. The third added value is the sharing of knowledge of the field in rela-
tion to surveys on both sides of borders, whether referring to the design of the samples,
the survey modules or the exploitation of the results themselves. The fourth added value is
the possibility of delivering to stakeholders and political decision-makers results that are
common to all three sides. These results are more recent, more extensive in terms of spa-
tial coverage and at lower cost due to the use of secondary data. This indicates a certain
willingness to engage in cross-border governance at the European level in order to facili-
tate its territorial integration (Decoville and Durand 2021). The fifth added value lies in the
future use of the results at the individual or household level in different European countries,
particularly through the introduction of open-access data sharing. This research perspective
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would make it possible to strengthen our knowledge of border areas and, if necessary, com-
pare it with that of other researchers and other study areas, thereby broadening the scientific
community. The methodological aspects underpinning the pooled travel survey will also be
shared, so that some of these aspects can be emphasized to other actors involved in sur-
vey designs. For example, German stakeholders (e.g. The Federal Ministry for Digital and
Transport; BMDV) may choose to complete their national travel questionnaire, at least in
the border regions of Saarland and Rhineland-Palatinate, to cover the same standards linked
to the 40 variables selected in our pooled survey. This will not only enable us to start from a
broader common base, but also to analyse survey results that are more comparable between
the border regions, and ultimately to develop an integrated traffic model with the German
counterparts.

Nevertheless, in the age of digitalization, we may consider new collection meth-
ods that would make it easier to cross borders while ensuring homogenization of
the protocols and the recent and promising information that can be obtained. With
information and communication technologies, new perspectives are emerging for the
study of people’s daily mobility, and have the potential to offer real alternatives to
traditional transport surveys (Bonnel et al. 2017). Whatever their purpose, these tech-
nologies usually automatically and passively produce large masses of data. Because
of the size, this data has the advantage of being able to incorporate larger samples
(close to exhaustive), with greater spatial coverage (not limited to the residents of a
given area), and longer temporal coverage (well beyond the traditionally used week-
day). The most interesting and promising solution is based on the mobile phone that
most people carry with them during the day. The relevant data offers the possibil-
ity of tracking door-to-door movements and can be used to satisfactorily reconstruct
the origin destination flows (Raballand and Le Corre 2018; Dypvik Landmark et al.
2021). However, there may be limitations in less densely populated areas, where there
are fewer flows and therefore fewer mobile phone antennas, and where short trips
are not well covered. This means that whatever the type of data collection procedure
— Computer-Assisted Telephone Interview (CATI), Paper and Pencil Personal Inter-
view (PAPI), Computer Assisted Web Interview (CAWI) or Computer Assisted Self
Interview (CASI) — there is no real best method in terms of the validity of the results
(Kalfs 1995). It may be more important to improve each type of procedure in order
to combine them more effectively in their application (De Leeuv 2005). This could
bring together the socio-demographic characteristics of the people interviewed, while
associating them with a map-based questionnaire and/or GPS location via mobile
phones (with active or passive use). These studies are more research oriented, with
high costs; however, they remain a source of inspiration for future work (e.g. Chaix
et al. 2019; Cuignet et al. 2020).

These approaches would be even more complex in cross-border territories, with
the need to collaborate with different national mobile phone operators. Some recent
experiences already exist in the cross-border region of Luxembourg or in Northern
Europe in combining a big data approach, cross-border mobility patterns and social
media data (e.g. Jarv et al. 2022; Aagesen et al. 2022). The design of a common and
interoperable cross-border mobile data management and analysis platform could be a
major step forwards, fed with data from the main national operators. However, they
need to be willing to join such an initiative and share comparable datasets, capable of
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being harmonized. This would ensure a continuous or pseudo-continuous update of
the traffic models.

Conclusion

This paper has presented a step-by-step methodology for constructing a pooled travel
survey to support transport research and spatial planning in cross-border regions.
Based on an applied research project aimed at building a transport model for the
cross-border region of Luxembourg, we have demonstrated the operationalization of
the pooled survey in this specific context. First, related to research question 1 (see
Sect. “Introduction and objectives”), we have shown that the eight initial surveys we
used, share enough concepts to identify a common ontology — including households,
individuals and reported trips — that is rich enough to underpin a pooled survey. In
addition, a pooled survey was successfully built, including information retained for
40 variables and 57,154 individuals. This is enough to feed a transport model and
demonstrates the feasibility of the pooled travel survey, while providing a ready-to-
use yet flexible methodology. Second, with regard to research question 2, we have
shown that the harmonized indicators provide values that are meaningful with respect
to the other cross-border regions, as well as to the specificities of the Luxembourg
region. This critical discussion supports the validity of the pooled travel survey as a
source of indicators of mobility and travel behaviours. Third, for research question
3, we have shown that the values for the proportions of purposes for all trips ending
in selected urban districts computed with the pooled survey exhibit substantial dif-
ferences from the values obtained using only local travel surveys (up to 6 percentage
points, and up to 33 per cent in the total number of trips). This illustrates the added
value of a pooled travel survey compared with an unharmonized collection of local
travel surveys.
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