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This paper examines the role of perceptions and attitudes in railway station accessibility. We add 
unobserved (latent) variables to the Generalised Transport Access Cost (GTAC) of cycling to Dutch 
railway stations in the metropolitan area of The Hague – Rotterdam. A hybrid discrete choice model 
was estimated for access mode and two latent variables which were obtained through factor analysis: 
perception of station environment (including factors such as the users’ judgement of the station, 
assessment of travel information, presence of high speed trains) and perceived connectivity 
(including factor such as the evaluation of punctuality and the frequency of the train and quality of 
bicycle infrastructure). The estimated individual utility was applied to a station access cost index. A 
comparison between standard logit and hybrid utility functions identifies improvements in the 
utility-based measures by using discrete choice models. Utilities are computed by station departure, 
postcode of residence and neighbourhood. The results show, first, that omitting unobserved effect in 
utility-based measures tends to lead to overestimations of the accessibility levels. Secondly, different 
variations in accessibility levels are revealed, by size of railway stations and urban areas. Finally, the 
results highlight stronger effects of network connectivity impedances than station environmental 
impedances in generalised transport costs.  
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1. Introduction  

Accessibility can be defined and measured in many different ways. Hansen (1959) was the first to 
define accessibility as ’the potential of opportunities of interaction’. Many researchers in transport 
research and different academic disciplines now operationalise accessibility as a function of the 
spatial distribution of activities and the ability and the desire of people or firms to overcome the 
spatial separation between activities. Geurs and van Wee (2004) distinguish four components of 
accessibility; a land use component, a transport component, a temporal component and an 
individual component. In this paper, we focus on the measurement of the transport component of 
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accessibility, which reflects the impedance of travellers to overcome the distance between spatially 
distributed activities.  

In accessibility measures used in urban planning and geography, transport impedance is typically 
expressed in terms of travel distance or travel time. Applications of the Hansen-based potential 
accessibility measure, one of the most often applied accessibility measures; typically travel time is a 
proxy for impedance. In transportation research and planning more comprehensive transport 
impedance factors are used. Travel demand models (in particular discrete choice models) typically 
include a Generalised Transport Cost (GTC) function to measure impedance, represented as a set of 
impedance factors interacting in a GTC function and expressed in monetary or time units. In a cost 
index for an individual travelling between i and j, costs comprises the factors that reflect the ‘effort’ 
by the user. These are, for example, cost per kilometre, travel time per kilometre, value of 
unreliability and inconvenience (Koopmans et al., 2013). However, transport impedance is not only 
related ‘hard’ impedance factors such as travel time and monetary cost elements, but also ‘soft’ 
impedance factors, such as (dis)comfort or physical effort of travelling, accident risk, availability of 
travel information. A body of choice modelling literature is emerging on the inclusion of unobserved 
(‘latent’) variables in choice models to capture attitudes and preferences co-determining travel 
behaviour, e.g. see applications of hybrid mode choice models by Paulssen et al. (2014); Espino et al. 
(2006) and La Paix and Geurs (2015). This line of research did not find its way into accessibility 
research. Up to now, accessibility measures only explicitly considered observable elements (Geurs  
and Van Wee, 2004). This implies that accessibility analysis is scarcely designed regarding 
individual’s behaviour, preferences and attitudes. In this paper, we use an utility-based accessibility 
approach which allows, drawing on random utility theory, the inclusion of both ‘hard’ and ‘soft’ 
impedance factors in measuring accessibility, in this case to estimate an generalised public transport 
access cost index. To the authors’ knowledge, this is the first exploratory study applying a hybrid 
choice modelling framework in an accessibility study. 

In addition, we explore public transport accessibility from two approaches: local and regional. Many 
studies on public transport accessibility focus on the level of service of the main mode of transport 
(e.g., travel time and/or travel cost between origin and destination zones) and lack attention for the 
role of the quality of access and egress modes and transfer points. In accessibility studies, the 
importance of regional versus local accessibility and travel behaviour research has also been noted, 
examining local accessibility to activities within local communities and accessibility to regional 
centres of activities (Handy, 1993). Measures of local and regional accessibility have been developed 
separately, but the connection between these two has been scarcely studied. Here, we reconcile local 
and regional accessibility measures in a single accessibility measure. We represent local accessibility 
in terms of elements that determine the use of access modes, such as network infrastructure in the 
station area, bicycle facilities at the station, and liveliness and quality of the station. Regional 
accessibility is associated with farther destinations potentially reached from the station. Therefore, 
regional accessibility is represented by the factors that influence the use of main modes, i.e. 
frequency of trains, number of intercity trains stopping at the station, in-vehicle travel time, etc.  

The rest of the paper is structured as follows. Section 2 discusses literature on measuring transport 
impedance in public transport accessibility models. Section 3 describes the study area and data used 
in our case study. Section 4 describes the hybrid choice modelling framework used to estimate a 
generalised transport access cost index. Section 5 presents the results, and Section 6 contains the 
conclusions of the paper.  
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2. Public transport accessibility and transport impedance  

A large body of accessibility literature has been built from the 1950ies, and many different measures 
have been taken. The accessibility literature has been reviewed by several authors (e.g., see Handy 
and Niemeier (1997); Geurs and Van Wee (2004); Páez et al. (2012)), some of which focus specifically 
on public transport accessibility (Lei  and Church, 2010; Mavoa et al., 2012). Measuring public 
transport impedances is challenging. Ideally, the four components of accessibility as identified by 
Geurs and van Wee (2004) need to be taken into account: (1) a land-use component reflecting the 
amount, quality and spatial distribution of opportunities supplied at each destination (jobs, shops, 
health, social and recreational facilities, etc.); (2) a transportation component describes the transport 
system, expressed as disutility (or impedance) for an individual to cover the distance between an 
origin and a destination using a specific transport mode; (3) a temporal component reflects the 
temporal constraints and the time available for individuals to participate in certain activities; and (4) 
an individual component reflecting the needs, abilities and opportunities of individuals, e.g. 
depending on people’s income, age, income, educational level and physical fitness.  

A comprehensive measurement of public transport accessibility provides major challenges. In 
particular, many factors influence the transport component, and there are interactions between the 
four components of accessibility. Several impedance factors ideally need to be taken into account to 
measure the transport component. The transport component comprises time, cost and ‘effort‘ factors 
(see van Wee et al. (2013) for an overview). A public transport trip may involve a (hidden) waiting 
time at origin location, access travel time and cost to get to a public transport stop, in-vehicle travel 
time and costs, transfer walking and waiting times, and egress travel time and costs to get to the final 
destination. Public transport trips also involve ‘effort’ impedance factors such as (mental) strain, 
stress, reliability, physical effort (stairs, carrying luggage, etc.) and feelings of safety. These ‘effort’ 
factors influence the perception of public transport trips and can also influence time valuations. 
Public transport waiting time can for example be perceived as especially burdensome when 
travellers have to wait in uncomfortable environments, such as in cold, warm or rainy weather, or in 
seemingly unsafe or insecure conditions. Individuals and specific population segments (e.g. 
commuters, elderly, man and women) will value these transport impedance factors differently, thus 
creating interactions between the transport and individual components of accessibility.  

Comfortable environments can also affect time valuations. Cascetta and Cartenì (2014), for example, 
show a significant impact of stations architectural quality on the valuation of waiting times at 
stations; a commuter is willing to wait up to 7 min more, or to spend 10 min more to reach an high 
aesthetic station. These results suggest that stations architectural quality affects both accessibility by 
public transport (lower perceived travel time) and accessibility to public transport (a greater 
catchment area). Cartenì et al. (2014) also show that the catchment area of high architectural quality 
of metro Line 1 stations in Naples (also called "Metrò dell'arte") is twice as large as traditional metro 
stations. In addition, Van Hagen (2011), for example shows that waiting experience is also a cognitive 
and affective process which can be influenced. By adding environmental stimuli in the shape of 
music, advertising, infotainment and coloured light, passengers find the wait more enjoyable, useful 
and pleasant. In a visually stimulating (busy) environment, however, that same music affords too 
much arousal, which can lead to mental overload and a more negative station evaluation.  

Applications of public transport accessibility are typically GIS-based and focus on travel distance 
and travel times as observed impedance factors. For example, Gutiérrez (2001) estimated gravity-
based accessibility measure to estimate the effects of a high-speed train line (Gutiérrez, 2001; 
Linneker  and Spence, 1992), distinguishing distance and time. Gutiérrez et al. (2011) studied the 
accessibility of transport nodes, called nodal accessibility, based on travel times between nodes in the 
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network. Hadas and Ranjitkar (2012) estimate a transit connectivity index based the transport costs 
on travel time between stations and transfer time between transport modes. The literature only 
recently acknowledges that not only the places and opportunities that can be reached by transit (i.e. 
accessibility by public transport) need to be taken into account in accessibility studies but also 
accessibility to public transport (walking, biking, etc.). See for example Mavoa et al. (2012) for an 
example of a GIS-based public transport accessibility measure, in which a walkability and public 
transport accessibility index are combined.  

The concept of generalised transport costs was introduced as a function of time and distance 
(Nichols, 1975), as representation of the main forces restricting transport. The concept of transport 
cost has evolved over the years to more elaborated measures, such as direct costs, indirect and 
economic costs (Combes  and Lafourcade, 2005; Zofío et al., 2014), and it represents an important step 
towards a more comprehensive approach to measure the accessibility impacts of  policy strategies 
(Koopmans et al., 2013). De Keizer et al. (2012), for example, used transfer time, waiting time and 
frequency to represent the connectivity of train stations. Accessibility studies which are based on 
outputs from transport demand models or land-use/transport interaction models typically use the 
generalised transport cost concept, using value-of-time values by trip purpose (e.g., see Wang et al. 
(2015); Zondag et al. (2015). However, to the authors’ knowledge, accessibility studies have so far 
focussed on time and cost factors as ‘observable’ factors of generalized cost. Many effort impedance 
factors, attitudes to transport mode and perceptions of transport impedance factors are not included 
and interpreted as ‘unobservable’ elements.  

The challenge is the number of difficulties experienced to represent the ‘soft’ elements in the 
generalised transport cost, precisely because they are not observed. One cannot account units of 
comfort, units of quality of a train station, or units or connectivity. By definition, gravity-based and 
network-based accessibility measures are restrictive to parameters different than travel time, transfer 
time and cost. Utility-based accessibility measures, based on discrete choice models, do allow the 
inclusion of the individual’s perspective to the generalised transport cost. One can measure transport 
impedance as the ‘disutility’ of reaching a destination j from an origin i. The utility of j can be 
weighted by the users who use j as destination from different i points. As any function, it can be 
estimated via a set of coefficients, following a predefined form, i.e. logit. An advantage is that the 
value of utility is unitless. Then, the function can incorporate zonal elements, level of service and 
attitudes of users (soft elements). Therefore, one tacitly states that users may select the alternative 
(destination, station, transport mode, etc.) that maximises their benefit considering both hard and soft 
elements according to random utility theory.  

The main issue with utility-based measures is the specification of the utility equation, which means 
the composition of impedance factors (both observable and soft factors). Earlier works on public 
transport access can serve to determine these factors. For example, the transport modes used to get 
the station, i.e. shares of bike-and-ride, can vary substantially, even between stops or stations of the 
same type of public transport (Martens, 2004). The built environment of the station (density, 
diversity, etc.) can also vary strongly, which is an important factor in defining the access mode choice 
to public transport (Monteiro  and Campos, 2012). Furthermore, service and quality of the railway 
station and trains play an important role in customer satisfaction, railway station choice and 
propensity to use rail (Brons et al., 2009; Debrezion et al., 2007). The challenge, however, is  an 
efficient and consistent inclusion of quality, and other ‘soft’ elements, as an impedance factor in the 
generalised transport access costs. An extended framework for integrated discrete choice and latent 
variables models, called hybrid choice model, was proposed by Ben-Akiva et al. (1999) and 
generalised by Walker and Ben-Akiva (2002). Especially during the last few years, an increasing 
number of hybrid choice models have been developed in the choice modelling literature, e.g. see 
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Paulssen et al. (2014) and Glerum et al. (2014). Hybrid choice models have proven to be more accurate 
than standard choice models by incorporating unobserved effects. However, Chorus and Kroesen 
(2014) also note the data are almost without exception cross-sectional as far as the latent variable is 
concerned, and as such do not allow for claims concerning changes in the variable at the individual 
level.   

An hybrid choice model for access mode choice was developed in earlier work by La Paix and Geurs 
(2015). The discrete choice was a binary choice for access by bicycle to the train station. The latent 
variable model, representing the ‘soft’ elements, had two forms: perception of network connectivity 
and attitude towards station environment. The hybrid choice modelling framework is able to cope with 
the psychological interpretation of such elements (quality, connectivity, etc.) that vary across 
individuals. This paper builds upon this work, aiming to explore the added value of incorporating 
these ‘soft’ impedance factors in an access cost index of bicycle accessibility to railway stations.  

3. Study area, data and survey 

Our study covers 35 stations in the wider metropolitan area of Rotterdam - The Hague in the 
Netherlands. This area is also known as Randstad South in Dutch policy and planning documents. 
The metropolitan region of The Hague-Rotterdam and surroundings comprise 3 million residents 
and is one the most urbanised area in the Netherlands (see the demarcation of the area in Figure 1). 
The analysis in this paper is mainly based on data from the Netherlands Railways (NS) customer 
satisfaction survey, covering the years 2009-2011. The database comprises survey data of about 
12,000 train passengers in the study area. Figure 1 shows the distribution of the respondents over the 
station areas.  

The variables considered comprise transport and land use variables, socio-economic variables and 
psychometric variables. These variables are briefly explained as follows.  

Transport and land-use variables 
Three types of transport and land use variables are used: travel related variables, station related 
variables and station areas variables:  

- Travel related variables: this information comes from the NS customer satisfaction survey. 
The travel-related attributes include journey characteristics, such as travel time, rush hour 
and payment method.  

- Station characteristics: this information corresponds to the station of departure, such as: the 
number of bicycle parking facilities at the station, number of high-speed trains stopping at 
the station, lighting, availability of travel information, the number of intercity trains and the 
station size based on the Netherlands Railways classification.  

- Zonal variables of station area: number of job positions available within a radius of 5 
kilometres of network distance, and status of cycle routes. The information of job positions is 
obtained from LISA database, which contains employment details on all individual firms in 
the Netherlands (LISA, 2012). The characteristics of the cycle route are obtained from a 
databased from the Dutch Cycling Union (Fietsersbond, 2011); which contains information 
about quality and nuisance of the cyclist route to the station, among others.  
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Figure 1. Stations in the survey area of The Hague – Rotterdam (Randstad South) 
 
The station characteristics and zonal variables were grouped in the 5Ds of transit oriented 
development (TOD concept), developed by Ewing and Cervero (2010), namely: density, diversity, 
design, distance to transit and access to destinations. The TOD concept can be considered a well-
known and complete framework for the analysis of public transport accessibility. Figure 2 shows the 
distribution of these variables in the model specification, which is explained in the following section.  

Socioeconomic variables 
This group of variables considers the traditional socio-demographic variables, such as age, gender 
and occupation, which were obtained from the NS survey. 

Psychometric indicators 
This data come from the Netherlands Railways (NS) customer satisfaction survey, which is carried 
out annually. The survey contains information about the travellers’ valuation of train journeys and 
station facilities. The individual replies on a 10-point Likert scale, in which 0 means ‘cannot be 
worse’, and 10 means ‘excellent’. These statements try to capture the individual’s impression, 
positive or negative. Two latent variables are estimated via a factor analysis, see Section 4. 
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4. Hybrid choice models for generalised transport access (GTAC) 

In this case, the probability function follows the structure of a binary logit model of the logit family. 
Three models were estimated: (1) standard logit model of cycling, (2) a hybrid model including 
‘perceived connectivity’ as latent variable, and (3) a hybrid model including ‘attitude towards station 
environment’ as latent variable. Generalised transport cost are represented by the utility of cycling to 
the station, 𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖. Utility can be treated as the sum of the systematic, representative or observable part 
(𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖), which is a function of the attributes, and the random component: 

 𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛  = 𝑉𝑉𝑖𝑖𝑖𝑖 + 𝜀𝜀𝑛𝑛𝑖𝑖 (1) 

Therefore, the utility of choosing bicycle (alternative k ) is a function of the explanatory variables that 
vary individually and across the station of departure (j), and zonal elements 𝑍𝑍𝑖𝑖𝑛𝑛, both socioeconomic 
and trip related characteristic 𝑆𝑆𝑛𝑛,  and the latent variable (𝑋𝑋𝑛𝑛∗) are expressed as follows: 

 𝑓𝑓𝑇𝑇 (𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛  |𝑆𝑆𝑛𝑛,𝑍𝑍𝑖𝑖 ,𝑋𝑋𝑛𝑛∗  ; 𝛽𝛽𝑖𝑖) (2) 

Here, 𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖 is the utility for individual n for the alternative k, from the residence postcode i, to the 
station of departure j. Note that n is omitted to simplify the equations. 𝑍𝑍𝑖𝑖 is the vector of parameters 
associated to the characteristics of station (i). 

The latent variables, soft factors, are a linear function of both transport service aspects 𝑋𝑋𝑛𝑛 and 
satisfaction statements 𝑆𝑆𝑛𝑛. Two latent variables are estimated (1) attitude towards station environment 
(𝑋𝑋𝑛𝑛𝑠𝑠), which is; (2) perception of connectivity (𝑋𝑋𝑛𝑛𝑐𝑐). The latent variables are given by the formula:  

 𝑋𝑋𝑛𝑛∗ = ℎ(𝑆𝑆𝑛𝑛 ,𝑋𝑋𝑛𝑛; 𝜆𝜆𝑛𝑛) + 𝜔𝜔𝑛𝑛 (3) 

In this equation, 𝑋𝑋𝑛𝑛∗ is the generic expression of latent variables. 𝜆𝜆𝑛𝑛 is a vector of unknown 
parameters to be estimated, and  𝜔𝜔 is the random disturbance term, normally distributed, with 
variance. The estimated vectors of parameters 𝜆𝜆𝑛𝑛 and 𝛽𝛽𝑖𝑖  allow to calculate the utility. As in any 
hybrid choice model, for the latent variable model, we need the distribution of the latent variables 
given the observed variables, 𝑋𝑋𝑛𝑛, which can be measured by a measurement model with the 
corresponding indicators. Those indicators were obtained via factor analysis, and discussed in La 
Paix and Geurs (2015). The 𝛼𝛼 parameters in table 1 belong to the measurement model.  

If we assume that the error terms are identically and independently distributed (i.i.d.) and are of 
extreme value type 1 (EV1), then the typical logit model is obtained, as follows: 

 
𝑷𝑷𝒏𝒏𝒏𝒏 =

𝒆𝒆𝜃𝜃𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖

∑ 𝒆𝒆𝜽𝜽𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝒎𝒎∈𝒄𝒄𝒏𝒏
 

(4) 

Here, 𝜃𝜃 >0 is the scale parameter of the EV1 distribution. This model or equivalent variants of it can 
be derived in a large number of ways. And m is the vector of alternatives in the choice set Cn.  

In Figure 2, terms in ellipses represent unobservable (latent) constructs, whereas those in rectangles 
represent observable variables. The right portion of Figure 2 is the latent variable model. The latent 
variable is denoted by Xn∗  for individual n. Xn∗  is unobservable, but the observable variable indicator 
(In) is the materialisation of the latent variable. The dashed arrow from the latent variable to the 
indicator is the measurement model. The indicator is only used to test the estimation of the latent 
variable; it is not used in the model estimation itself. Thus, the indicator is used to identify the latent 
variable, and is introduced as unobserved construct in the discrete choice model by the structural 
equation, represented by the solid arrow from Xn∗  to choice model. The latent variable is predicted via 
a set of parameters.  
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As can be seen in Figure 2, the groups of Design, Distance and Diversity enter in both choice model 
and latent model. Via the simultaneous estimation of both latent and choice model, we allow the 
latent variable model to estimate the best parameter for each explanatory variable as function of the 
psychometric indicators (F1 and F2).  

The variables were distributed between both latent and choice models according to, firstly, their 
nature and location. Specific variables can affect both choice and latent model. For example, variables 
related to connectivity with other public transport modes (BTM lines, sprinter trains, etc.) might 
affect the bicycle choice directly (competitors of bicycle) but it could also affect the perceived 
connectivity of the station, manifested through the indicators. At the same time, connectivity 
variables are used as proxy of station type and size (e.g. larger stations receive more intercity trains, 
and are also endowed by better BTM connection).  

The difference between including a parameter in the choice model or latent model is: the first one 
influences the choice directly, while the second one is influencing the choice through multiple 
indicators, which is more powerful. Table 1 shows the distribution of each specific variable within 
the models. 

 
Figure 2. Analytical framework of the hybrid choice model 

4.1 Calculation of GTAC index  
The access cost accessibility means the generalised costs to reach a station by bicycle, weighted by the 
probability of cycling. This measure is calculated by station, the rank of 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖𝑙𝑙 is called access cost 
index. This measure represents the transport costs faced by residents in postcode j to access the 
station i (Eq. 2), weighted by the probability of a cyclist journey between i and j. The probability is 
calculated with the discrete choice model (Eq. 4). Therefore, the GTAC index is expressed as follows: 
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GTAC 𝑖𝑖𝑙𝑙 =  �𝑝𝑝𝑖𝑖𝑖𝑖𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖𝑙𝑙

𝑖𝑖

 
(5) 

In this equation, pij is the probability of cycling (alternative k) to station j from the origin i, and. Uijk is 
the utility or generalised cost of cycling between i and j. The variations of l represents the three types 
of utility functions where l takes the value 0 if the utility is taken from the binary logit model; and l 
takes the values 1 and 2 if the utility is calculated via the hybrid choice models of perceived network 
station environment and connectivity, respectively. 

4.2 Estimation of hybrid choice models 
As explained in the introduction, the modelling framework of this paper concerns the access mode 
choice to railway stations. The choice set is binary, composed of either using the bicycle to access the 
train station or accessing the station otherwise. The utility function of the choice model consisted of 
variables related to the journey (purpose, time, payment method for train fare, length of the access 
route to the station, etc.), the station (station type, BTM lines, etc.), and station area (i.e. types of job 
positions available in the station area). The two latent variables are integrated in two separated 
choice models. The measurement model of the latent variables consists of psychometric indicators. 
The latent models are described as follows: 

- The latent variable of perceived connectivity is estimated via the zonal variables such as: 
quality of access roads; and station characteristics related to connection with other transport 
modes, i.e. number of intercity trains, quality of unguarded and guarded bicycle parking, 
and number of local trains stopping at the station. The psychometric indicators were two: 
evaluation of punctuality of the train and the evaluation of frequency of the train.  

- The latent variable of attitudes towards station environment is estimated via the explanatory 
variables related to the station characteristics. For example: lighting, number of bicycle 
places, availability of travel information. We used the general judgement of the station as the 
psychometric indicator in the measurement model.  

Table 1 shows the model results. The first section presents the estimated parameters in the utility 
function of the binary logit model; second and third section presents the estimated parameters in the 
latent variable models. As can been, all the variables have the expected sign. Variables related to the 
journey (rush hour, education or working purpose of the trip, etc.) are positively associated with 
bicycle use. By contrast, length of the access journey and connection with other public transport 
modes (BTM lines, intercity and HST trains) have a negative effect on cycling to the station, as shown 
in Table 1. Also, the station size (type 1) has a negative effect on both the cycling choice and latent 
model. The station Type 1 defines the largest station size, which are endowed with better BTM 
connection, therefore a negative association with bicycle choice is expected. HST is added in both 
connectivity and station latent models. As we can observe, there is a negative influence since HST 
trains characterize large stations.  

The goodness of fit of the estimated models is shown at the bottom of Table 1.  The best goodness of 
fit is reached in the HCM-connectivity model. Also, this model is better than the standard logit 
model. However, the performance of HCM-station model is the lowest one. For further details, the 
model results are discussed in La Paix and Geurs (2015).  
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Table 1. Variables included in the utility functions Source: La Paix and Geurs (2015). 

 Binary logit: Bicycle  

U0 

HCM  

Station 

U1 

HCM Connectivity 

U2 

Name Value Robust  

t-test 

Value Robust  

t-test 

Value Robust  

t-test 

Variables in binary choice model: 
'cycling' 

      

ASC1 -0.457 -1.43 -1.06 -2.96 -3.67 -17.20 

𝛽𝛽𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛𝑎𝑎𝑐𝑐𝑎𝑎𝑖𝑖𝑎𝑎𝑖𝑖𝑎𝑎𝑎𝑎     0.25 8.99 

𝛽𝛽𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎𝑛𝑛   0.10 3.76   

𝛽𝛽𝑎𝑎𝑎𝑎𝑎𝑎 -0.01 -4.28 -0.01 -3.88 -0.01 -4.87 

𝛽𝛽𝑚𝑚𝑎𝑎𝑙𝑙𝑎𝑎 0.04 0.29 0.04 0.97 0.02 0.53 

𝛽𝛽𝑤𝑤𝑎𝑎𝑤𝑤𝑖𝑖_𝑚𝑚𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎𝑎𝑎 0.48 8.03 0.51 9.15 0.55 9.78 

𝛽𝛽𝑏𝑏𝑏𝑏𝑠𝑠𝑖𝑖𝑛𝑛𝑎𝑎𝑠𝑠𝑠𝑠  0.63 7.68 0.63 7.59 0.61 7.41 

𝛽𝛽𝑆𝑆𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑙𝑙_𝑠𝑠𝑎𝑎𝑏𝑏𝑠𝑠𝑎𝑎 0.41 5.72 0.27 5.17 0.27 5.15 

𝛽𝛽𝑠𝑠𝑖𝑖𝑠𝑠𝑐𝑐𝑎𝑎𝑏𝑏𝑛𝑛𝑎𝑎  0.26 4.92 0.36 5.04 0.44 6.25 

𝛽𝛽𝑠𝑠𝑎𝑎𝑏𝑏𝑠𝑠𝑎𝑎𝑛𝑛𝑎𝑎𝑐𝑐𝑎𝑎𝑤𝑤𝑠𝑠 -0.16 -2.53 -0.21 -3.19 -0.22 -3.39 

𝛽𝛽𝑅𝑅𝑏𝑏𝑠𝑠ℎ ℎ𝑎𝑎𝑏𝑏𝑤𝑤 0.27 5.26 0.28 5.67 0.27 5.52 

𝛽𝛽𝑐𝑐𝑎𝑎𝑤𝑤 -0.08 -1.86 -0.08 -1.62 -0.10 -2.23 

𝛽𝛽𝑎𝑎𝑎𝑎𝑙𝑙𝑏𝑏𝑎𝑎_𝑎𝑎𝑖𝑖𝑚𝑚𝑎𝑎_2 0.07 1.55 0.08 1.55 0.00 0.68 

Density       

𝛽𝛽𝑏𝑏𝑖𝑖𝑐𝑐𝑎𝑎𝑐𝑐𝑙𝑙𝑎𝑎 𝑠𝑠𝑎𝑎𝑛𝑛𝑠𝑠𝑖𝑖𝑎𝑎𝑎𝑎 -0.24 -4.61 -0.24 -4.62 -0.20 -3.92 

𝛽𝛽𝑝𝑝𝑎𝑎𝑝𝑝𝑏𝑏𝑙𝑙𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎𝑛𝑛 -0.01 -1.16 -0.01 -1.19 -0.03 -4.05 

𝛽𝛽𝑠𝑠𝑤𝑤𝑎𝑎𝑙𝑙𝑙𝑙𝑖𝑖𝑛𝑛𝑎𝑎𝑠𝑠(per squared km) -0.01 -1.21 -0.52 -1.19 0.002 0.57 

𝛽𝛽𝑖𝑖𝑎𝑎𝑏𝑏𝑠𝑠 0.40 3.26 0.38 3.14 0.20 2.51 

Diversity       

𝛽𝛽𝑊𝑊𝑊𝑊_𝐻𝐻𝑎𝑎𝑎𝑎𝑙𝑙𝑎𝑎ℎ -0.21 -0.44 -0.238 -0.49 -0.185 -0.38 

𝛽𝛽𝑊𝑊𝑊𝑊_𝑝𝑝𝑏𝑏𝑏𝑏𝑙𝑙𝑖𝑖𝑐𝑐  -3.23 -4.98 -3.32 -5.08 -2.95 -5.02 

𝛽𝛽𝑊𝑊𝑊𝑊_𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑙𝑙 1.18 1.25 1.05 1.12 0.605 0.66 

Design        

𝛽𝛽𝐴𝐴𝑎𝑎𝑎𝑎𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤𝑎𝑎𝑎𝑎𝑠𝑠 𝑞𝑞𝑏𝑏𝑎𝑎𝑙𝑙𝑖𝑖𝑎𝑎𝑎𝑎 2.40 6.63 2.40 7.78 2.75 9.15 

𝛽𝛽𝐴𝐴𝑎𝑎𝑎𝑎𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤𝑎𝑎𝐴𝐴𝐴𝐴𝑖𝑖𝑐𝑐 𝑛𝑛𝑏𝑏𝑖𝑖𝑠𝑠𝑎𝑎𝑛𝑛𝑐𝑐𝑎𝑎  -1.04 -0.26 -1.04 -4.60 -1.00 -4.49 

Distance (to public transport)       

 𝛽𝛽𝑙𝑙𝑎𝑎𝑛𝑛𝑎𝑎𝑎𝑎ℎ3𝑖𝑖𝑚𝑚  -0.35 -6.21 -0.35 -6.12 -0.33 -5.97 

Destinations (accessibility)       

𝛽𝛽𝐵𝐵𝑇𝑇𝐵𝐵_𝑙𝑙𝑖𝑖𝑛𝑛𝑎𝑎𝑠𝑠 -0.03 -5.24 -0.03 -6.30 -0.03 -6.45 
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 Binary logit: Bicycle  

U0 

HCM  

Station 

U1 

HCM Connectivity 

U2 

Name Value Robust  

t-test 

Value Robust  

t-test 

Value Robust  

t-test 

𝛽𝛽𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎𝑛𝑛_𝑇𝑇𝑎𝑎𝑝𝑝𝑎𝑎_1 -0.27 -4.33 -0.37 -8.29 -0.11 -2.69 

𝛽𝛽𝐵𝐵𝑖𝑖𝑐𝑐𝑎𝑎𝑐𝑐𝑙𝑙𝑎𝑎 𝑝𝑝𝑎𝑎𝑤𝑤𝑖𝑖𝑖𝑖𝑛𝑛𝑎𝑎 𝑠𝑠𝑝𝑝𝑎𝑎𝑐𝑐𝑎𝑎𝑠𝑠) 0.002 9.35 0.002 2.08 0.002 9.67 

Variables in latent models       

𝛽𝛽𝑚𝑚𝑎𝑎𝑎𝑎𝑛𝑛𝐴𝐴𝑎𝑎𝑎𝑎 
  6.15 43.83 5.87 42.52 

Design      

𝜆𝜆2𝑁𝑁𝑆𝑆𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎𝑛𝑛𝑇𝑇𝑎𝑎𝑝𝑝𝑎𝑎1   -0.24 -1.83   

𝜆𝜆𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝐴𝐴𝑖𝑖𝑛𝑛𝑠𝑠𝑎𝑎𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑖𝑖𝑛𝑛𝐴𝐴𝑎𝑎𝑤𝑤𝑚𝑚𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎𝑛𝑛   0.03 0.37   

𝜆𝜆𝐵𝐵𝑖𝑖𝑐𝑐𝑎𝑎𝑐𝑐𝑙𝑙𝑎𝑎𝑝𝑝𝑎𝑎𝑤𝑤𝑖𝑖𝑖𝑖𝑛𝑛𝑎𝑎    0.06 21.03   

𝜆𝜆𝑙𝑙𝑖𝑖𝑎𝑎ℎ𝑎𝑎𝑖𝑖𝑛𝑛𝑎𝑎𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎𝑛𝑛𝑎𝑎𝑛𝑛𝑎𝑎𝑖𝑖𝑤𝑤𝑎𝑎𝑛𝑛𝑚𝑚𝑎𝑎𝑛𝑛𝑎𝑎 
  -0.003 -0.04   

𝜆𝜆𝑞𝑞𝑏𝑏𝑎𝑎𝑙𝑙𝑖𝑖𝑎𝑎𝑎𝑎𝑏𝑏𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑠𝑠𝑠𝑠𝑤𝑤𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 
    -0.02 -1.26 

𝜆𝜆𝑞𝑞𝑏𝑏𝑎𝑎𝑙𝑙𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎𝑏𝑏𝑎𝑎𝑤𝑤𝑠𝑠𝑎𝑎𝑠𝑠 𝑝𝑝𝑎𝑎𝑤𝑤𝑖𝑖𝑖𝑖𝑛𝑛𝑎𝑎      0.003 0.79 

𝜆𝜆𝑞𝑞𝑏𝑏𝑎𝑎𝑙𝑙𝑖𝑖𝑎𝑎𝑎𝑎𝑏𝑏𝑛𝑛𝑎𝑎𝑏𝑏𝑎𝑎𝑤𝑤𝑠𝑠𝑎𝑎𝑠𝑠       0.08 15.29 

Destinations (accessibility)     

𝜆𝜆𝐼𝐼𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡 
    -0.01 -2.10 

𝜆𝜆𝑆𝑆𝑝𝑝𝑤𝑤𝑖𝑖𝑛𝑛𝑎𝑎𝑎𝑎𝑤𝑤𝑎𝑎𝑤𝑤𝑎𝑎𝑖𝑖𝑛𝑛𝑠𝑠 
    0.05 2.96 

𝜆𝜆𝐻𝐻𝑆𝑆𝑇𝑇_𝑎𝑎𝑤𝑤𝑎𝑎𝑖𝑖𝑛𝑛𝑠𝑠 
  -0.15 -10.31   

𝜎𝜎𝐿𝐿𝐿𝐿   0.06 2.98 0.23 11.59 

Measurement model       

𝜎𝜎𝑝𝑝𝑏𝑏𝑛𝑛𝑐𝑐𝑎𝑎𝑏𝑏𝑎𝑎𝑙𝑙𝑖𝑖𝑎𝑎𝑎𝑎     0.199 12.71 

𝜎𝜎𝐴𝐴𝑤𝑤𝑎𝑎𝑞𝑞𝑏𝑏𝑎𝑎𝑛𝑛𝑐𝑐𝑎𝑎      0.234 13.14 

𝛼𝛼𝐴𝐴𝑤𝑤𝑎𝑎𝑞𝑞𝑏𝑏𝑎𝑎𝑛𝑛𝑐𝑐𝑎𝑎     0.368 20.14 

𝜎𝜎𝑠𝑠𝑎𝑎𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎 𝑛𝑛𝑖𝑖𝑎𝑎ℎ𝑎𝑎 
  

0.805 72.54   

𝛼𝛼𝑠𝑠𝑎𝑎𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎 𝑛𝑛𝑖𝑖𝑎𝑎ℎ𝑎𝑎 
  

0.297 18.33   

𝜎𝜎𝑙𝑙𝑖𝑖𝑎𝑎ℎ𝑎𝑎 
  

0.182 10.11   

𝜎𝜎𝑎𝑎𝑤𝑤𝑎𝑎𝑙𝑙 𝑖𝑖𝑏𝑏𝑠𝑠𝑎𝑎𝑚𝑚𝑎𝑎𝑛𝑛𝑎𝑎  
  

0.241 11.75   

Fit measures   
    

Number of estimated parameters 24 
 

36  35  

Rho-bar  0.157 
 

0.215  0.330  
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5. Applications of the GTAC  
 
This section analyses the utilities and the GTAC from each model. Since in any discrete choice model 
the absolute value of utility is irrelevant; to account for this fact, the researcher must normalize the 
scale of utility (Train, 2003). To overcome this inherent limitation, we firstly stablish natural breaks to 
compare the levels of utilities within each model in section 5.1. We avoid the comparison between 
absolute values of utilities from different models. Secondly, section 5.2 analyses the GTAC by which 
the probabilities obtained from eq. 4 consider the differences between alternatives in the choice set 
(bicycle or otherwise),  according to eq. 5. Additionally, in the section 5.3, we normalize the GTAC as 
percentage over the average in the network to compare the results within models, instead of across 
models. Section 5.4 analyses the rank of the GTAC over the 31 stations in the sample.  

5.1 Weighted utilities by postcode: analysis station catchment area 
Figure 3 shows the average utility by postcode level according to the closest station of departure. The 
shortest route from the residential postcode of each respondent was calculated. Then, each postcode 
is linked to one station, assuming that respondents would use the closest station. The utility by 
postcode is normalized as percentage over the total. Also, a weight is applied according to the 
number of population. 

Figure 3 is a clear representation of the distribution of transport costs over the station influence area. 
As the figure shows, distance from the station is not the only element that influences transport 
impedances of accessing the station by bicycle. Therefore, a cost function including only cost or time 
would be biased. Several postcodes located close to the station show a high level of cost penalties. By 
contrast, other catchment areas present the same impedance levels from the different postcodes in 
the area. Therefore the impedance is independent of the distance from the postcode to the station. 
However, in a number of cases, the postcodes located farther from the station present high 
impedance factors.  
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Figure 3. Utilities of accessing the railway station by postcode, calculated with binary and hybrid choice 
models. Normalization as percentage over the total.  

5.2 GTAC by station and station type 
Figure 4 shows the average GTAC for the stations in the study area, weighted by the probabilities of 
cycling. The results show that the impedances produced by a combination of observed and 
unobservable elements, i.e. network connectivity (U2) and station environment (U1), substantially 
differ from the impedances produced by only observable elements. The GTAC calculated by the 
hybrid choice model including ‘perceived connectivity’ is on average higher than the GTAC 
calculated by the hybrid choice model including ‘attitudes towards station environment’. The 
differences between stations can be further illustrated by classifying the GTAC by station type. We 
use six station types, following the classification of stations from Netherlands Railways by the 
number of train users, city size and location of the station in the city.  

Table 2 shows the total utility by station type, weighted by the number of respondents. The table 
shows that larger station size offer lower accessibility levels for bicycle journeys. According to the 
modelling work, the inclusion of the station assessment tends to decrease the value of the utility. 
Lower GTAC values are measured for smaller stations, such suburban stations which mainly act as a 
departure point (station type 5). 
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Figure 4. Comparison of average GTAC from U0 (logit), U1  (station) and U2 (connectivity) 
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Table 2. Average transport costs (disutility) by station type 
 Examples of 

stations 
U0 % over 
Average  

Station U1 % over 
Average 

Connectivity U2 % 
over Average 

Count 
N 

1- Very large station in the 
centre of a large city 

Rotterdam CS, 
the Hague CS 

163% 130% 134% 4323 

2- Large station in the centre 
of a medium-sized city 

Leiden CS, Den 
Haag HS 

24% 53% 56% 3983 

3- Suburban station Rotterdam 
Alexander 

146% 164% 132% 902 

4- Station in a small town or 
village 

Rijswijk, 
Zoetermeer  
Delft Zuid  

107% 103% 104% 618 

5- Suburban station with 
departure function 

 Rotterdam 
Noord, Den 
Haag Moerwijk 

83% 97% 92% 884 

6- Station outside a small 
town or village 

Barendrecht, 
Voorschoten 

104% 96% 102% 182 

Total      10892 

 
Table 2 shows that most of the larger stations are linked with high GTAC levels, but we can observe 
a few exceptions when other stations are at close distance and catchment areas are overlapping.  
Stations in medium-sized cities are more attractive for cyclists than stations in big cities. For example, 
the probability to cycle to the station in The Hague is 15%, which is less than half of the percentage 
for Leiden (44%). This is consistent with the impedance factors. The average disutility faced by 
travellers from The Hague Central station is -1.8, which is more than the average disutility in the 
network captured by Leiden (-0.27). As can be observed in Table 2 and Figure 4, large stations in the 
centre of medium-sized cities (i.e. Gouda and Leiden) are the most accessible stations by bicycle in our 
sample. Similarly, suburban stations present high accessibility levels by bicycle.  

Another way to compare the different GTAC indices by station is to provide a ranking, instead of 
comparing utility values directly. Table 2 provides this ranking by station type,  Figure 5 shows the 
rank of access cost index for 31 train stations in the network, ordered from largest to smallest in 
GTAC-U0. The smaller the rank values, the better accessibility. As can be observed in the figure, the 
rank of access cost fluctuates from one index to another. We can also deduct that, in a number of 
stations, the rank based on GTAC-U1 is more pessimistic than the ranks based on GTAC-U0 and 
GTAC-U2. Similarly, the rank based on U2 is the strictest one. The main conclusion that emerges from 
here is that perceived connectivity is an important attribute of accessibility measures. The ranking 
process allows comparing the different access cost indices. Therefore the differences highlight the 
potential biases that one could incur latent perceptions are excluded from accessibility measures.  
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Table 3. Rank of GTAC by station type 
Station Type N Rank with U0 

- logit 
Rank with 
U1- station 

Rank with 
U2- connectivity 

1- Very large station in the centre of a 
large city 

2 6 6 4 

2- Large station in the centre of 
medium-sized city 

5 1 1 1 

3- Suburban station 4 5 3 5 
4- Station in small town or village 4 2 2 2 
5- Suburban station with departure 
function 

13 3 5 3 

6- Station outside a small town or 
village 

2 4 4 6 

 
Furthermore, Table 3 clearly illustrates that the relative position of station types varies with 
perceived station access and perceived connectivity. The largest stations in the network, the Hague 
CS and Rotterdam CS, have better network connectivity but a poorer perceived station environment, 
which is partly due to poor bicycle parking facilities in the period 2009-2011. The NS customer 
satisfaction survey also confirms that train users are not satisfied with bicycle parking facilities at 
large railway stations as parking demand at these stations exceeds supply. In contrast, large stations 
scored better once considering the connectivity of the station in the calculations of GTAC from the 
Eq.5.  In contrast, smaller stations (type 6) have lower connectivity by public transport and are better 
accessible by bicycle; therefore those stations scored lower in the GTAC-U2 than GTAC-U0.  
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Figure 5. Rank of train stations by  GTAC  index  
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6. Conclusions and discussion 

In accessibility literature, most of the studies use travel time as impedance factor, or a generalised 
cost combining travel time and travel cost. In this exploratory paper, we examined the added value 
of incorporating ‘soft’ impedance factors in railway station accessibility, i.e. ‘perceived network 
connectivity’ and ‘perception of station environment’, using a hybrid choice modelling framework. 
In addition, we examined the role of public transport accessibility at the regional level (represented 
by factors such as number of intercity trains stopping at the station, and in-vehicle travel time) on 
local station accessibility by bicycle.  

The results show that, firstly, user perceptions of network connectivity and, to a somewhat smaller 
extent, the quality of station environments have a clear impact on Generalised Transport Access Cost 
levels. The analysis of GTAC by station type shows that bigger stations have better network 
connectivity but have larger impedances for cyclists. This is mainly due to poor quality of parking 
facilities provided at these stations. The spatial representation by neighbourhood and postcode 
allows demonstrating the variations within the catchment area of the stations. For example, there is 
observed heterogeneity in travel cost among neighbourhoods located in the same distance band from 
stations of departure. Therefore, the results show the potential bias of basing cost functions in 
accessibility modelling only on distance or cost.  

In future research, this work could be extended to egress and to verification of the direct implications 
of these impedances on transit share. Secondly, a joint accessibility measure could be elaborated. The 
accessibility from i to j would include the impedances given by access and egress, additional to the 
transport cost given by in-vehicle time. Similarly, based on this choice model a log sum measure 
would be a step forwards this measure, which would provide the utilities from an origin i to all the 
possible destinations j. Fourthly, the ranking of the access cost index developed in this paper allows 
the analysing in relative terms, but the monetization of the utility would provide more clear 
interpretation.  

In this paper we illustrate that accessibility models can be more theoretically and behaviourally 
sound by including both hard and soft impedance factors, but using complex hybrid choice models 
at the same time it increases its complexity, cost of calculation, data need and the difficulty of 
interpretation. Balancing rigour and usability is a well-known issue in accessibility studies, e.g. see 
for discussions also Handy and Niemeier (1997); Geurs and van Wee (2004); Hull et al. (2012).  Geurs 
et al. (2010) concluded earlier that complex utility-based accessibility measures are an elegant and 
convenient solution to measuring accessibility when a discrete travel demand model is already 
available. The barriers of including soft factors in accessibility models will be probably only be 
overcome if hybrid choice models are becoming the state of the practice in transport demand 
modelling.  
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