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A B S T R A C T   

This paper provides insight into how variations in Level of Service (LoS) of a toll road, socio- 
economic attributes, and latent factors simultaneously affect residential location, route, and 
mode choices across population segments in the Jakarta – Bandung region in Indonesia. Three 
discrete choice models were developed based on a stated-revealed preference survey on resi-
dential location, route, and mode choices. Our analysis shows that toll road usage affects both 
residential location preferences and travel behaviour. This influence varies across income groups 
and used travel mode and also depends on trip characteristics. Overall, the respondents in our 
survey prefer toll road options, as also shown by positive attitudes towards the toll road, except 
for low-income respondents and bus users. Furthermore, we found a significant association be-
tween residential location preference and route and mode choices for frequent users of the toll 
road, low-income respondents and residents who live close to the toll road. It means that self- 
selection exists between residential location choice and mode-route choice, and it is linked to 
the distance to the toll gate and frequency of using the toll road. Furthermore, we found that high- 
income car users are the most sensitive to increased travel costs.   

1. Introduction 

In many developing countries, such as Malaysia, Thailand, and Indonesia, the toll is commonly implemented on expressways as a 
way to fund infrastructure construction (Johansen, 1989). The implementation of tolls in urban areas has been found to reduce traffic, 
with some studies finding a decreased number of trips and vehicle per-km driven (de Palma and Lindsey, 2006; Nielsen, 2004). This 
paper aims to gain insight into how variations in Level of Service (LOS) of a toll road, socio-economic attributes, and latent factors 
simultaneously affect residential location, route, and mode choices across population segments, in a developing country context. In 
developing countries, in general, the maximum amount of travel time that people are willing to allocate is greater than in developed 
countries (Banerjee et al., 2007), and the same applies concerning travel budget (Bocarejo and Oviedo, 2012). 
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The implementation of tolls affects travel behaviour, such as changing the time of the trip or reducing the frequency of trips 
(Nielsen, 2004; Vrtic et al., 2010). These behavioural effects may vary depending on the users’ socio-economic background or the trip 
characteristics. Studies in both developing and developed countries’ context showed varied results. For instance, in Stockholm, tolls 
affect high-income groups and residents in the central parts of the city where the toll is implemented, more as they travel more 
(Eliasson and Mattsson, 2006). On the other hand, (van Dijk et al., 2015), who examined toll road impacts in Cape Town, found that 
lower-income people, if necessary, change their usual route to non-tolled roads. 

In Indonesia, low-income people rely on motorbikes (Herwangi et al., 2015), which are forbidden on most toll roads. Thus, this 
population segment is unlikely to travel via the toll road frequently. Although the use of toll roads has been proven to increase 
economic performance in the region traversed by the toll road (Anas et al., 2017; Ardiyono et al., 2018), it is not clear how the 
construction of a toll road affects the travel behaviour of individuals with different socio-economic backgrounds and trip character-
istics in developing country context. 

Toll implementation affects mobility patterns differently in the short-term (e.g. changes in travel pattern), medium to long-term (e. 
g. changes in daily or non-daily discretionary trips1), or even in the longer term (e.g. residential and firm relocation) (Tillema, 2007). 
However, daily travel decisions also depend on life events, such as residential location choice, which at the same time conveys 
self-selection effects. Residential self-selection is well acknowledged in travel behaviour research. Many studies have modelled 
location and travel behaviour simultaneously to identify self-selection process (e.g. Guo et al., 2018; Lin et al., 2018; Tran et al., 2016). 
Therefore, self-selection was controlled in this study. 

Using the construction of the Cipularang toll road in Indonesia as a case study, we examine the decisions regarding route, mode, and 
residential location associated to the toll road. Although the toll road opened in 2005, no data is available on its impacts on route 
choice. Therefore, we conducted a stated preference (SP) experiment for route and mode choices, as well as for residential location 
choice among around 1,600 respondents who live in the vicinity of the toll gates. 

This study differs from earlier studies in the context of toll road usage as it looks at its impact across different population groups and 
trip characteristics. This study is similar with Vrtic et al. (2010) in the sense that both cases used road with tolls, although the ob-
jectives of the construction are different. In many European countries, toll road or road pricing is implemented to reduce congestion. In 
Indonesia, toll is implemented on major highways to help with the construction fund. 

This study also adopts the work of Bhat and Guo (2007) with the joint estimation of residential location and travel behaviour to 
identify self-selection, as well as through the addition of latent variables in the travel behaviour model, which represents the attitude of 
individuals on the toll road and the transport mode they use. These variables are unobservable and we expected them to be key factors 
that characterise the underlying behaviour that leads to route and transport mode selection. It also allows studying the importance of 
self-selection for different population segments, such as high or low-income, which to the authors’ knowledge has never been studied 
in Indonesia context. 

The remainder of this paper is organised as follows. After this introduction, Section 2 describes route and choice behaviour 
modelling related to toll implementation in the literature. Explanation about the case study can be found in Section 3. Sections 4 and 5 
described the data used and modelling approach in this study, respectively. Section 6 explains the model estimation results. Elasticity 
calculation across population segments is discussed in Section 7. Lastly, this paper concluded with Section 8. 

2. Travel behaviour and residential location choice due to a toll road construction: Literature review 

The literature about the impact of toll roads on either mode choice or route choice is vast (e.g. Knorr et al., 2014; Lin et al., 2018; 
Vrtic et al., 2010; Wang and Ehrgott, 2013), as is the literature on residential location choice due to toll road construction (e.g. Tillema 
et al., 2010). Instead of reviewing this literature here, we focus on studies that examined joint route / travel mode and location choices. 

2.1. Self-selection: A joint model of residential location and travel behaviour 

Long-term life decisions, such as residential location choice can influence changes in travel behaviour and attitudes (De Vos et al., 
2018; Van der Waerden et al., 2003). For instance, Handy et al. (2005) observed significant changes in travel mode and car travel 
distances after housing relocation. On the opposite, people can also choose their residential location based on their travel preferences. 
This association is referred to ‘self-selection’ where people select themselves into neighbourhood to enable them to travel with their 
preferred travel mode (Cao et al., 2010; van Wee, 2009). 

As a key issue in identifying the causality between the built environment and travel behaviour, residential self-selection has been 
addressed using various approaches. Mokhtarian and Cao (2008) classified the approaches into seven categories: direct questioning (e. 
g. Farinloye et al., 2019), statistical control (e.g. Ettema and Nieuwenhuis, 2017), instrumental variables models (e.g. Jin, 2019), 
sample selection models (e.g. Cao, 2009), joint discrete choice models (e.g. Bhat and Guo, 2007; Pinjari et al., 2008), structural 
equations models (e.g. De Vos et al., 2020; Scheiner and Holz-Rau, 2007) and longitudinal designs (e.g. Huang et al., 2019). After 
controlling the self-selection, most of these studies found that built environment still has a significant effect on travel behaviour. 

The joint discrete choice modelling approach has been widely used in the literature on residential self-selection as many charac-
teristics are common to both travel behaviour and residential location choice (such as travel attitudes or lifestyle). Thus, the common 

1 Shopping, recreational, leisure and similar other trips. 
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variables should be included as explanatory variables in both residential location choice and travel behaviour models. If they are not 
observed, common unobserved terms should be incorporated in both models (Bhat and Guo, 2007). This implies that residential 
location choice and travel behaviour should be estimated jointly. For example, both Guo et al. (2018) and Tran et al. (2016) inves-
tigated interdependency between residence, job and transport mode, and confirmed that unobserved heterogeneity exists between 
residential location and mode choice. La Paix Puello (2012) also used a joint model to estimate residential location choice and number 
of trips simultaneously. Additionally, Paleti et al. (2013) developed a joint model consisting of six choice dimensions: residential 
location, work location, vehicle ownership, commute distance, commute mode and number of stops on commute trips. 

Those studies considered multidimensional location choice and travel behaviour. Location or built environment can be related to 
accessibility, land use types, network density or block size. Travel behaviour can also include route choice, travel mode choice, number 
of trips, car ownership, time of day, chaining of trips or purpose of trips. As also confirmed in Yang et al. (2019) that the relationship 
between built environment variables and travel behaviours were heavily influenced by the spatial unit at which built environment 
were measured for certain trip purposes. It means that, a different selection of location or travel behaviour dimensions could lead to 
different research results, the so-called issue of ‘systematic comparison’ (La Paix Puello, 2012). Therefore, this issue is taken into 
account in this paper by simultaneously estimating a model for route, mode and residential location choice of toll road users. The 
added value of this paper to the existing literature responds to the impact of transport infrastructure projects on self-selection effects 
since most of choice modelling studies on this topic are focussed on built environment and socioeconomic variables. 

Socioeconomic characteristics are affecting residential self-selection processes and are important to incorporate in location deci-
sion modelling studies. Self-selection is mostly found for residents who have the freedom to choose where to live and it is not applicable 
for urban poor residents as they do not have much freedom to choose where to live (Lin et al., 2018). In a case study for Hanoi, 
Vietnam, Tran et al. (2016) also found that self-selection exists across knowledge-intensive workers’ choice on residential location and 
commuting mode, but not for labour-intensive workers. Furthermore, Guan and Wang (2019) also found within-household in-
teractions to play a role in self-selection processes in Beijing, China, and concluded that the husbands’ travel attitudes generally have a 
considerably greater effect than wives’ on the choice of residential location and car ownership. 

Moreover, it is important to note that, some studies, focusing on land use and travel, had found an association between residential 
location decision and travel behaviour, although it was very specific to transport service (e.g. availability of public transport stops) and 
land-use density (e.g. number of schools in the neighbourhood), for instance in Ettema and Nieuwenhuis (2017) and La Paix Puello 
(2012). Note that other land use aspects (in addition to transport service and land use density) have been found to affect travel 
behaviour as well (see meta analysis by Ewing and Cervero, 2010). 

However, none of these studies, to the author’s knowledge, focused on effects of infrastructure changes (e.g. toll roads) on travel 
behaviour. The importance of analysing these effects is that it helps elucidate the real impact of unobserved attributes on travel de-
mand and, therefore, the estimation of travel revenues. In this study, a joint (simultaneous) model was developed to investigate self- 

Fig. 1. Cipularang toll road location in Indonesia.  
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selection effects in residential location, route and mode choices within the context of toll road usage. This can be done through the 
identification of common random coefficients in both models of residential location and route-mode choice. 

2.2. Latent factors 

Travel mode and route choices are not merely reflected in the observed explanatory variables. Preferences may vary across in-
dividuals regardless of their socio-economic background, such as age, gender, income, etc. To account for this unobserved hetero-
geneity, various studies have incorporated latent factors to model travel behaviour (e.g. Atasoy et al., 2013; Hurtubia et al., 2010; La 
Paix et al., 2013; Yáñez et al., 2010). By taking latent factors into account, it is possible to capture unobserved heterogeneity and 
improve the behavioural representation of the traditional discrete choice model (Walker, 2001). Together with observable factors and 
alternative attributes, latent factors affect individuals’ decision-making processes. 

Most latent factors included in studies of travel behaviour are attitudes. Attitudes correspond to the characteristics of individuals 
and reflect their needs, values, tastes and capabilities (Walker, 2001). Some studies incorporated attitudes that related specifically to 
travel alternatives. For example, Hurtubia et al. (2010) used a latent variable that describes attitudes towards public transport. Yáñez 
et al. (2010) used perceived reliability, comfort and accessibility in the context of mode choice, while Bahamonde-Birke et al. (2015) 
estimated three latent variables in the context of interurban travel: comfort, level of stress and reliability. In order to model route and 
mode choices in the context of a toll road, we also modelled attitudes toward the toll road and people’s current travel mode. 

3. Data and case study context 

The Cipularang toll road connected Jakarta and Bandung, which are two big cities in Indonesia (Fig. 1). The toll road reduced the 
travel time between those cities from around 5 h to around 2 h. A decade after the toll road’s construction, the area along the toll road 
has experienced urbanisation in which there was an increase in residential land use of up to 3% (Andani et al., 2019). 

In the case of this toll road, several studies have been conducted on how the toll road benefitted the area economically. For instance, 
Dorodjatoen (2009) investigated how the intensifying relationship between Bandung and Jakarta with the establishment of the toll 
road affected Purwakarta, a municipality along the toll road (it has two toll gates). He pointed out that the number of large and 
medium-sized industry has increased by almost 15% in the area, stating that the industrial relocation was due to the proximity to 
Jakarta and cheaper labour in Purwakarta. The growth of new settlement areas could also be observed in Purwakarta, and these new 
settlements were dominated by people from Bandung and Jakarta. The Cipularang toll road has enabled them to obtain cheaper 
housing in Purwakarta and access to jobs of the new industries. In terms of regional economic impact, Anas et al. (2017) concluded that 
the existence of the toll road benefits Bandung the most, with freight transportation cost reduced significantly and increases in the 
added value of the processing industry. A significant increase of tourism occurred in Bandung, also boosting the local economy, with 
increased traffic flows from Jakarta to Bandung, notably during weekends, with a 29% average increase in tourists arriving at the toll 
gate in Bandung during 2008–2011 (Adriani, 2013). 

3.1. Survey design and data collection 

A joint revealed and stated preference survey was conducted in the summer and autumn of 2017 to collect data from 1,6222 re-
spondents living within a 5-km buffer from the Cipularang toll road, distributed over 35 sub-districts. Ten sub-districts located between 
6 and 12 km from the toll road were included in the sample as the control area (see Fig. A.1 of the survey areas in the Appendix). The 
number of respondents in each municipality was mainly selected on the basis of the amount of residential land use increase and the 
number of toll gates in target areas. 

Table A.1 in the Appendix shows the proportion among municipalities and socio-demographic representation in our sample 
compared with the population (BPS, 2017). The average household size is not well represented for two over four surveyed locations, 
whereas for all municipalities (in the study area) the average household size is representative of the population. Although, based on 
socio-demographic representation in all municipalities in the sample, the sample appears to be demographically representative. 

The respondents were collected through a door-to-door survey using computer-aided personal interview (CAPI) technology, with 
the aid of a tablet. They were all workers with paid jobs, within the productive age (15–64) and not working from home. Thus, we were 
able to analyse the trade-offs of travel cost and travel time on a regular basis. Lower-income people were deliberately over-sampled 
since we expected the effect of toll road costs on this population group to be greater than on other groups. 

A stated choice (SC) experiment developed in this study followed a fractional factorial design. The experiment only used a subset of 
all the possible alternatives, although still permitting orthogonal estimation (Louviere et al., 2000). The experiment is considered as a 
semi-labelled experiment as it consisted of not only unlabelled alternatives, but also the labelled ones, such as ‘current house’ in 
residential location choice experiment and ‘same mode with toll road’ in route/mode choice experiment. More details on the 
experiment will be explained in the following section. 

2 After some data cleaning, the numbers of sample size used in the model estimations are reduced to 1,123 and 1,084 respondents for the travel 
behaviour model and the joint model, respectively (see number of observations and sample size Table 8). 
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3.2. Stated experiment for route and mode choices 

In the survey, eight choice card sets were provided to the respondents. Each card consisted of different values of monetary travel 
costs and time, pivoted from the real values of the respondent’s recent trip via the toll road. Each respondent was asked to choose 
between four alternatives, which were a combination of route and mode choice: (1) travel via the toll road and use the same mode3, (2) 
travel via the toll road and use a different mode, (3) use the same mode but not travel via the toll road and (4) not travel via the toll road 
and use a different mode. Opt-out choices, such as preferring another mode which is not allowed to travel on toll road (e.g. motorcycle 
or train) or not to travel, were provided as well. The eight choice cards can be seen in Figs. A.2 and A.3 in the Appendix; Fig. 2 contains 
an example of a choice card presented to a respondent. 

The values of travel time and cost in each choice card are pivoted to certain levels, adjusted on the basis of the respondents’ recent 
trips using the Cipularang toll road. By pivoting around the RP data, the SC experiment is more realistic and it enables preferences to be 
expressed in a context that is similar to the actual behaviour of the respondent (Ben-Akiva and Lerman, 1985; Louviere et al., 2000). 

The reason to select these percentages as pivot values relies on the calculation of travel time savings in each district with use of the 
Cipularang toll road. As the survey area covers a wide range of geographical regions, the range of travel times and costs was broad 
among the respondents. We, therefore, classified the pivot levels of each attribute into five categories, as shown in Table 1. Since the 
time-savings, in percentage, are slightly different for some regions, the pivot level was rounded upward. Level 1 shows the average of 
travel time-saving percentage, and Level 2 shows the percentage of maximum travel time savings due to the Cipularang Toll Road4. 

Furthermore, levels of the attribute of travel cost were also pivoted based on the simulation of total travel (out-of-pocket) cost 
changes related to the Cipularang toll road. It was pivoted to four levels which reflect the value of each quartile in the simulation. We 
further verified that the values in the design would cover significant differences in the RP data. 

3.3. Stated choice experiment for residential location choice 

We included four attributes in each choice card (see Table 2): (1) land tax or rent per month, (2) travel (monetary) cost to work, (3) 
travel time to work and (4) distance to the toll gate. The first three attributes are important factors to influence residential location 
choice in many studies. While the latter is the focus of this study to indicate the presence of the toll road. 

In each choice card, the respondent was asked to choose between hypothetical house A or house B, in which each alternative had 

Table 1 
Alternatives’ attributes of SC experiment of route and mode choices.  

Area category District Travel time Travel cost 

Level 1 Level 2 Level 1 Level 2 Level 3 Level 4 

I Bungursari, Jatiluhur, Tegalwaru, cParongpong, Sukasari 
(Purwakarta) 

− 5% − 15% − 5% 0% (current) +25% +50% 

II Ngamprah, Cipatat, Darangdan, Cililin, Cihampelas, Plered, Sukatani − 5% − 25% − 20% − 5% +25% +50% 
III Purwakarta, Bandung Kulon, Babakan cikao, Cidadap, Coblong − 10% − 30% − 20% − 10% +25% +75% 
IV Cimahi Utara, Sukasari (Bandung City) − 10% − 40% − 30% − 15% +25% +100% 
V Cimahi Tengah, Cicendo, Sukajadi, Padalarang − 10% − 50% − 35% − 25% +25% +75%  

Fig. 2. Example of the choice card.  

3 During the survey, we asked the respondents about the travel mode they used on their recent trip using the toll road. The options are: (1) private 
car (owned by the respondent / relatives / friends / office / rent), (2) passenger car (taxi, uber, or other similar), (3) shuttle service (minibus), or (4) 
public bus. Therefore, if a respondent used his friend’s car on his recent trip and later he wants to use his own car (or the other way around), it is still 
considered the same mode. It will be different mode if the respondent chooses, for instance taxi, shuttle service or public bus.  

4 That being said, we ensure that the levels of the travel time in the choice cards are experienced or can be easily imagined by the respondent. 
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different attributes. We also included the current house as the third alternative, in which each attribute was assumed to be the existing 
condition. 

4. Modelling approach 

The modelling framework applied in this study is discrete choice model. The assumption of this model is each individual in the 
survey will choose an alternative which has the highest utility. To examine how variations in Level of Service (LoS) of a toll road, socio- 

Fig. 3. Analytical framework for MLM/HCM.  

Table 2 
Alternatives’ attributes for SC experiment of residential location choice.  

Attribute Description Level 

Rent/land tax Monthly rent or estimated land tax (in IDR) − 75%, − 25%, +25%, +75% 
Travel cost to work Total (out-of-pocket) cost for transportation for a day to work (in IDR) 
Travel time to work Total travel time from the respondent’s house to the workplace 
Distance to the toll gate Distance to the toll gate from the centre of the home district (in km) Less than 2 km 

2–5 km 
5–10 km 
More than 10 km  
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economic attributes and latent factors simultaneously affect residential location and route and mode choices5, three logit models are 
developed in this study: (1) a mixed logit model (MLM); (2) a hybrid choice model, in which attitudes towards toll road and the travel 
are incorporated (HCM); and (3) a joint model (JM), to estimate simultaneously residential location choice and travel behaviour. The 
models were estimated using Pythonbiogeme (Bierlaire, 2016). 

4.1. Mixed logit model (MLM) 

This study applied a mixed logit model (see Fig. 3 for MLM/HCM framework) to deal with the sequences of choices and with the 
intrinsic correlation among the choices as the survey collected eight observations correspond to the route and mode choices by a single 
respondent. This is not possible to overcome with the standard logit model. In addition, we used MLM to take into account random 
taste variation or preference heterogeneity (Hensher and Greene, 2003). People with the same socio-economic and demographic 
characteristics could response the survey differently due to certain unobserved characteristics. MLM also relaxes the independence 
from irrelevant alternatives (IIA) assumption of the standard logit model because the ratio of mixed logit probabilities depends on all 
the data, including attributes of alternatives (Train, 2009). 

The utility of individual n relative to alternative i can be written as follows: 

Uni = βXni + μZni + ξni (1)  

where, Xni is the vector of observed variables related to the alternative i and Zni is the error component that define the stochastic portion 
of the utility, along with ξni (distributed iid extreme value). Therefore, the unobserved portion of utility is specified as ωni = μZni + ξni. 
It is also defined as an alternative specific error component which will be estimated in the model. It creates correlation across in-
dividuals and will be estimated in the model. 

According to Train (2009), mixed logit probabilities of choosing alternative i for individual n can be expressed as the integral of 
standard logit probabilities over a density parameters: product across all values of ω, where θ is the vector of fixed parameters: 

Pni =

∫ (
eUni

∑J
j=1eUnj

)

f (ωni|θ)dωni (2) 

Here, 

(

eUni∑J
j=1

eUnj

)

is the logit probability and f(ωni|θ)dωni is the normal density function. 

Simulation is needed to estimate MLM. For any given value for θ, we can create ωr
ni, where r = 1,…, R draws from f(ωni|θ), which is 

used in the estimation of the simulated probability. The simulated probability (SP) is the average of the conditional probabilities over 
the R draws, calculated as follows: 

SPni =
1
R

∑R

r=1

(
eUni(βXni+ωr

ni)

∑J
j=1eUnj(βXnj+ωr

nj)

)

(3) 

Furthermore, the estimated parameters are those that maximise the simulated log-likelihood. It is constructed as: 

SLL(β) =
∑

n
lnSPni (4)  

4.2. Hybrid choice model (HCM) 

Fig. 3 shows the framework of HCM used in this paper. We adopted the methodology proposed in Walker (2001) and Ben-Akiva 
et al. (2002). They developed an integrated model, referred as hybrid choice model, consisting of structural equations of a discrete 
choice model and a latent variable model and measurement equations for the psychometric indicators. 

In Fig. 3, the ellipses represent unobserved (latent) variables, while the rectangles represent observable variables. The latent 
variables are denoted by LVn for individual n. LVn is not an observable variable and should be identified through a set of attitudinal 
indicators. The latent variable models identify latent constructs as a function of the indicators and capture the causal relationships 
between explanatory variables and the latent variables. The dashed arrows from the latent variable to the indicators are the mea-
surement models. The indicators are only used to estimate the latent variables and will not be used in the choice model. On the other 
hand, the estimated latent variables will be treated as explanatory variables in the utility function of choice alternatives, showed by 
solid arrows from LVn to the utility. 

Furthermore, to construct the latent models, an exploratory factor analysis was performed of the psychometric indicators for each 
SC experiment. Table 3 lists the factor loading and the indicators of each factor. Factors were extracted based on eigenvalues greater 

5 As mentioned in Sections 3.2, the alternatives for route and mode choice are (1) travel via the toll road and use the same mode, (2) travel via the 
toll road and use a different mode, (3) use the same mode but not travel via the toll road and (4) not travel via the toll road and use a different mode, 
(5) opt-out choices, such as preferring another mode which is not allowed to travel on toll road (e.g. motorcycle or train) and (6) not to travel. 
Alternatives for residential location choices are (1) hypothetical house A, (2) hypothetical house B and (3) current house. 
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than 1 and selected indicators with communalities greater than 0.50. The extraction method was principal component analysis and we 
used Varimax with Kaiser normalization for the rotation method. Additionally, scree plots, with factors plotted in decreasing order of 
eigenvalue, were used to identify which components to retain here; the addition of one more component does not necessarily add a 
substantial increase to the explanation of variance. Eventually, we obtained two factors that were able to explain 60% of the variance, 
namely ‘attitude towards the travel mode used on a trip via the toll road’ and ‘attitude towards the toll road itself’. 

4.2.1. Model specifications 
For the latent variable model, the distribution of the indicators is conditional on the values of the latent variables fI(In|LVn;α, συ). 

The indicator of the latent model is specified as: 

In = αLVn + υn (5) 

The indicator In of the latent variable LVn; is estimated through parameterα, that needs to be estimated, and υn is the error term, 
normally distributed with zero mean and standard deviation συ. Given the ranges (5 points-scale) and low variability of the indicators, 
a continuous structure provided the best model fit and was therefore used in this study. Bahamonde-Birke and Ortúzar (2017) dis-
cussed this extensively and found that in the case of low variability of the latent indicators, there was no significant difference in terms 
of predictability between treating the indicators as continuous or ordinal structures. 

Furthermore, the distribution of the latent variables is given the observed variables Xn, fLV(LVn|Sn; λ, σω). The structural equation 
for the latent variable is specified as follows: 

LVn =
∑

q
λqSqn +ωn (6)  

where LVn represents the latent variables for individual n. λ is a vector of the explanatory parameters with q elements, while ωn is the 
error term, which is normally distributed with zero mean and standard deviation σω. 

Let ϕ be the standard normal distribution function, the distribution of the latent variables (fLV) and the indicators (fI), are given 
respectively by: 

fLV(LVn|Sn; λ, σω) =
1

σω
ϕ
(

LVn − Snλn

σω

)

(7)  

fI(In|LVn;α, συ) =
1
συ

ϕ
(

In − LVnα
συ

)

(8) 

For the choice model, the distribution of utilities is needed, fc(Un|Xl,Sn,LVn; γ,σξ). The explanatory variables in the choice model 
consists of alternatives’ attributes, travel-related variables, neighbourhood characteristics, housing characteristics, socio-demographic 
variables, as well as the latent variables. In general, the choice model is expressed as the following structural equation: 

Uin = Vin + ξin;Vin =
∑

q
γqXqn +

∑

q
γqSqn +

∑

q
γqLVqn (9) 

Uin is the utility for individual n for alternative i. The random utility here is decomposed into systematic utility and a random 
disturbance. The systematic utility is a function of both observable and latent variables. γ is a set of parameters to be estimated and ξ is 
the random disturbance term with standard deviation σξ. 

4.2.2. Model estimation for the HCM model 
The probability of individual n choosing alternative i in travel behaviour choice is the probability of the alternative conditional of 

the observed and unobserved variables. It is formulated as: 

P(i, In|Xl, Sn,LVn; γ, λ, α, σξ, σω, συ) = prob{Uin ≥ Ujn, ∀j ∈ cn} (10) 

Table 3 
Factor loadings, with significant variables in bold.  

Statements Component 

Factor 1 : attitude towards travel mode Factor 2: attitude towards the toll road 

I do not have to make several transfers 0.82 0.09 
My mode is safer than the alternative mode 0.85 0.15 
My mode is more comfortable than the alternative mode 0.86 0.18 
I do not have to wait long 0.85 0.10 
There is no/low congestion on the toll road 0.07 0.69 
Driving on toll roads is safer than on non-toll roads 0.09 0.72 
Road signage in toll road is more complete and visible 0.14 0.73 
Toll road has better road surface condition 0.15 0.71 
Easy to reach toll road gates from my location 0.09 0.63  
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where j are the different choices from the choice set (cn) of the individual n. All alternatives are available in our case. 
Utilities of alternatives are measured as binary variables yin, as given in equation below. 

yin =

{
1, if Uin ≥ Ujn, ∀j ∈ cn,

0, otherwise. (11) 

The hybrid choice model is composed of choice i and the latent variable. Thus, we have to estimate the joint probability of 
observing choice i and latent variable, LVn. The latent variable model is first estimated using standard latent variable estimators (Eqs. 
(1) and (2)). Next, the fitted latent variables and their distributions are used to estimate the choice model, in which the choice 
probability is integrated over the distribution of the latent variables. 

The indicators are introduced in the model as the demonstration of the latent constructs. The addition of indicators improves the 
accuracy of structural parameters estimation and enables their identification. Assuming that the error components (υn,ωn,ξn) are 
independent, the joint probability of observing choice l and observable variables In, conditional on explanatory variables Sn is: 

P(i, In|Sn,Xl; γ, α, λ, σξ, συ, σω) =

∫

X*
P(i, In|Sn,Xl,LVn; γ, σξ)fI(In|LVn;α, συ)fLV(LVn|Sn; λ, σω)dLV (12) 

The maximum likelihood can be obtained by maximising the logarithm of the likelihood function over the unknown parameters: 

L =
∑

n

∑

i∈Cn

yinlogP(i, In|Xn, Si,LVn; γ, λ, α, σξ, σω, συ) (13)  

4.3. Joint model (JM) 

We adopted the work of Bhat and Guo (2007) who pioneered the development of a simultaneous joint discrete choice model. Fig 4. 
shows the framework of the joint estimation that accommodates the toll road impacts and other influencing factors on route, mode, 
and location choices. As presented in the figure, two decision processes are integrated simultaneously: the residential location choice 
(RC*) and route and mode choices (TB*). The effect of self-selection is represented by dashed lines, because is unobserved. Both RC* 

and TB* are affected by the same explanatory variables, indicated by solid lines since they are considered as observable. Error com-
ponents ε and ξ also affect RC* and TB*, respectively, which are indicated by dashed lines. 

In the joint model, several parameters are common to both travel behaviour and residential location choice models. These are 
called common random parameters. Their parameters also randomly distributed to account for unobserved attributes (e.g. lifestyle or 
travel preferences). For instance, people who live close to the toll gate would tend to choose route via the toll road as well. Similarly, 
low-income individuals can only afford low housing price that tends to locate far from the toll gates, and thus are unlikely to travel 

Fig. 4. Analytical framework for residential location, route and mode choices (joint estimation).  
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using the toll road. Such unobserved preferences will be captured in the common random parameters in both models. 
The equation of each model can then be written as: 

RC*
in = ASCi +

∑

m
βmXmn +

∑

h
βhShn +

∑

t
θtZtn + εn (14)  

TB*
in = ASCi +

∑

l
γlXln +

∑

p
γpSpn +

∑

t
θtZtn + ξn (15)  

where the utility function of each individual n is expressed a function of the stated choice attributes (Xin) with m and l elements for 
residential location and route-mode choices, respectively; a vector of socio-economic, housing, travel and neighbourhood charac-
teristics (Sn) with h and p elements for residential location and route-mode choices, respectively; a common vector on residential 
location choice and travel behaviour (Zn) with t elements; as well as the error term εn and ξn for residential location choice and travel 
behaviour model, respectively. As described by Bhat and Guo (2007), self-selection can be accounted through the effect of unobserved 
heterogeneity to both RC*

in and TB*
in, that is if common parameter θ is found significant in the joint model. 

RC*
in and TB*

in are formulated in separate equations with the probabilities of each model being estimated jointly. The probability to 
choose specific residential location choice and the probability to choose one option of route and mode alternative set, as the product of 
probability of the residential location choice (PRC

in ) and the probability of the route and mode choices (PTB
in ), as expressed in the equation 

below. The calculations of both PRC
in and PTB

in used the formula of mixed logit probability provided in Eq. (2). 

Pin = PRC
in *PTB

in (16) 

The unconditional probability can be computed as follows: 

P’ni =

∫

PindF(en|Σ) (17)  

where F is the multidimensional cumulative normal distribution, en is a vector that arranges the error terms across all explanatory 
variables and Σ is the corresponding vector of standard errors. Finally, the log-likehood function is then calculated using the formula 
below. 

L =
∑

n
lnP’ni (18)  

4.4. Model applications: Market shares, elasticity and value of travel time savings 

With the developed model, we calculated the market shares and elasticities. By measuring market shares (Wi), the probabilities of 
choosing each alternative in route/mode and residential location choices can be estimated. The estimation of direct elasticities with 
respect to travel cost are also of interest in this study, to show responsiveness of the population to the changes travel cost with regards 
to the alternatives. We calculated aggregate direct point elasticities (Ei

c), assuming that the relative change of travel costs (c) to a 
probability choice is the same for every individual. 

Section 3.1 describes the sample has an oversampling of low-income groups and average household size is not well-represented. 
Therefore, to account for sampling bias, both market share and elasticity are weighted according to the distribution of respondents 
in each municipality and the respondent’s socioeconomic category (e.g. gender, age and household size) in the population dataset. The 
measurement formulas for market shares (Wi) and aggregate direct point elasticities (Ei

c), as provided in Atasoy et al. (2013) and 
Bierlaire (2016) are shown, respectively, below. 

Wi =
1

∑N
n=1wn

∑N

n=1
wnPn(i) (19)  

Ei
c =

∑N
n=1wnPn(i)Ei

cn
∑N

n=1wnPn(i)
(20) 

Here, where wn represents the sample weight for an individual n. Pn(i) is the probability of individual n chooses alternative i. Ei
cn 

is 
the elasticity of the demand of individual n for variations in individual travel cost (cn). This disaggregate elasticity is calculated using 
the formula below (Atasoy et al., 2013), 

Ei
cn
=

∂Pn(i)
∂cn

cn

Pn(i)
(21) 

Furthermore, it is also relevant to estimate marginal willingness to pay (WTP), as the measure of the value of travel time savings 
(VTTS), as plays a crucial role in economic evaluation of transport projects and in pricing policies. It describes how much the travel cost 
attribute is required to change given a one unit change of travel time attribute, such that the change in total utility will be zero (Rose 
and Hensher, 2014). The marginal WTP is defined by the ratio of the derivatives of travel time and costs, assuming a linear utility 
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function and therefore the value is constant across individuals. 

WTPt =
Δxt

Δxj
=

dVni
dxt
dVni
dxc

=
βt

βC
(22)  

where Vni is the utility of individual n for alternative i, βt and βC are the marginal disutilities for travel time and costs attributes. Note 
that, it is also the same for every alternative in the choice set, as the estimated coefficients of travel time and costs are generic. 

5. Descriptive analysis 

In the survey, we collected data about socio-economic characteristics as well as, housing, neighbourhood and travel characteristics 
to support the stated-choice attributes in explaining residential location and travel behaviour of route and mode choices. Table 4 shows 
the descriptive statistics of the data used in the joint model. 

We found non-choosing behaviour in the data, namely 5% and 21% in the SC experiments for residential location choice and route- 
mode choice, respectively. This means that respondents kept choosing the same alternative across the choice sets. The respondents may 
have found the choice sets quite complex or perhaps they were only familiar (or content) with their current condition and, thus, 
preferred the same condition. Concerning residential location choice, this might be an extreme decision for some people. They might 

Table 4 
Statistics of variables in the joint model of residential location choice and travel behaviour (N = 8672).  

Variables Notation parameter Min. Max. Mean St. dev 

Stated choice attributes 
Travel cost (IDR) γcost 4000 800,000 136,431 123,051 
Travel time (min) γtime 10 450 112 78 
Estimated travel cost of alternative mode (IDR) γcost_othermode 0 800,000 109,960 108,207 
Non-choosing behaviour on route-mode choices βnon-choosing 0.00 1.00 0.05 0.22 
Non-choosing behaviour on residential location choice γnon-choosing 0.00 1.00 0.21 0.41 
Neighbourhood characteristics 
Distance to toll gates (euclidian distance in km) λdist_tollgate 0.63 14.32 5.56 3.48 
Urbanised area (1 = urban area) λurban 0.00 1.00 0.73 0.45 
Dummy of municipalities (1 = yes):     
Bandung λbandung 0.00 1.00 0.09 0.28 
Purwakarta λpurwakarta 0.00 1.00 0.36 0.48 
Cimahi λcimahi 0.00 1.00 0.16 0.37 
West Bandung λwestbandung 0.00 1.00 0.39 0.49 
Control area (greater than5 km distance from toll gate, 1 = yes) λcontrol 0.00 1.00 0.18 0.39 
Socio-economic variables 
Gender (1 = male) γmale 0.00 1.00 0.48 0.50 
Age γage 18.00 75.00 36.63 11.74 
Income groups:      
Dummy of low-income (below minimum wage, 1 = yes) γlow-income 0.00 1.00 0.36 0.48 
Dummy of middle-income (up to 3 times minimum wage, 1 = yes) γmid-income 0.00 1.00 0.54 0.50 
Dummy high-income (more than 3 times minimum wage, 1 = yes) γhigh-income 0.00 1.00 0.10 0.30 
Number of household size γhousemember 1.00 11.00 3.36 1.25 
Dummy of employee (1 = yes) λemployee 0.00 1.00 0.43 0.50 
Dummy of people who are self-employed (1 = yes) λentrepreneur 0.00 1.00 0.43 0.50 
Housing characteristics 
Dummy of housing type (1 = detached house) λdetached 0.00 1.00 0.70 0.46 
Length of residence in current house (years) λlength_res 0.00 65.00 15.50 14.11 
Travel-related variables 
Dummy of travel mode on trip via Cipularang (1 = yes):     
Private cara γcar 0.00 1.00 0.52 0.50 
Passenger carb γtaxi 0.00 1.00 0.02 0.15 
Shuttle service γshuttle 0.00 1.00 0.07 0.25 
Bus γbus 0.00 1.00 0.39 0.49 
Frequent user (travel via the toll road at least once a week, 1 = yes) λfreq-user 0.00 1.00 0.61 0.49 
Dummy of regular mode (1 = yes):     
Private car βcar-user 0.00 1.00 0.10 0.30 
Public transport (including public transport with certain routes and without routes, e.g. taxi) λPT-user 0.00 1.00 0.16 0.37 
Motorcycle λmotorbike-user 0.00 1.00 0.69 0.46 
Commuter (travel via the toll road at least once a week for work purpose, 1 = yes) λcommuter 0.00 1.00 0.18 0.38 
Number of cars owned λcar-owned 0.00 2.00 0.29 0.54 
Dummy of work trip (1 = yes) γworktrip 0.00 1.00 0.23 0.42 
Dummy of non-work trip (1 = yes) γnonworktrip 0.00 1.00 0.75 0.43 
Dummy of work trip - self paid (1 = yes) γworktrip_selfpaid 0.00 1.00 0.14 0.35 
Dummy of work trip – other paid (1 = yes) γworktrip_otherpaid 0.00 1.00 0.08 0.28  

a Owned by the respondent/relatives/friends/office/rent. 
b Taxi, uber, or similar. 
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not find a new house according to their preferences or might not be able to afford it. Omitting those respondents from the sample was 
found to have no influence on the model fit. We, therefore, included this behaviour as explanatory variable in both models. 

Moreover, in order to obtain a reliable dataset, we removed respondents who stated that they relied on the toll road and did not 
have or know any alternative non-tolled route to reach their destinations. This process resulted in 8,672 observations in our dataset for 
the joint model. 

Furthermore, psychometric indicators used in the latent variable model are based on the valuation of the travel mode used on the 
recent trip via the toll road and the toll road itself. Each individual replied to several statements with a 5-point Likert scale, in which 1 
means ‘strongly disagree’ and 5 means ‘strongly agree’ to identify the individual’s perception (see the statistics in Table 5 below). 
Those statements are linked to perceived safety, reliability and comfort, as discussed in Section 2 about latent factors. These psy-
chometric indicators were included in the latent variable model. 

Table 7 
Cross tabulation of mode used on the toll road and income level.  

Mode used on the toll road Income level Total 

Low - income Medium-income High-income 

< IDR 2.5 mil IDR 2.5–5 mil IDR 5–7.5 mil IDR 7.5–10 mil > IDR 10 mil 

Private car 198 140 272 122 74 806 
% in mode used on the toll road 24.6% 17.4% 33.7% 15.1% 9.2% 100.0% 
% in income level 39.3% 35.6% 57.0% 71.3% 96.1% 49.7% 
Taxi 15 8 10 3 0 36 
% in mode used on the toll road 41.7% 22.2% 27.8% 8.3% 0.0% 100.0% 
% in income level 3.0% 2.0% 2.1% 1.8% 0.0% 2.2% 
Shuttle service 46 43 32 16 0 137 
% in mode used on the toll road 33.6% 31.4% 23.4% 11.7% 0.0% 100.0% 
% in income level 9.1% 10.9% 6.7% 9.4% 0.0% 8.4% 
Bus 245 202 163 30 3 643 
% in mode used on the toll road 38.1% 31.4% 25.3% 4.7% 0.5% 100.0% 
% in income level 48.6% 51.4% 34.2% 17.5% 3.9% 39.6% 
Total 504 393 477 171 77 1622 
% total 31.1% 24.2% 29.4% 10.5% 4.7% 100.0%  

Table 6 
Cross tabulation of mode used on the toll road and commuting mode.  

Mode used on the toll road Commuting mode Total 

Private motor-cycle Private car Public transport Other 

Private car 578 126 76 26 806 
% in mode used on the toll road 71.7% 15.6% 9.4% 3.2% 100.0% 
% in commuting mode 49.8% 93.3% 31.0% 31.7% 50.0% 
Taxi 26 4 5 1 36 
% in mode used on the toll road 72.2% 11.1% 13.9% 2.8% 100.0% 
% in commuting mode 2.2% 3.0% 2.0% 1.2% 2.2% 
Shuttle service 111 1 17 8 137 
% in mode used on the toll road 81.0% 0.7% 12.4% 5.8% 100.0% 
% in commuting mode 9.6% 0.7% 6.9% 9.8% 8.4% 
Bus 445 4 147 47 643 
% in mode used on the toll road 69.2% 0.6% 22.9% 7.3% 100.0% 
% in commuting mode 38.4% 3.0% 60.0% 57.3% 39.6% 
Total 1160 135 245 82 1622 
% total 71.5% 8.3% 15.1% 5.1% 100.0%  

Table 5 
Descriptive statistics of the psychometric indicators (evaluation from 1 to 5).  

Statements Notation parameter Min. Max. Mean St. dev 

I do not have to make several transfers αnotransfer 1.00 5.00 3.66 0.89 
My mode is safer than the alternative mode αmode_safe 1.00 5.00 3.39 0.99 
My mode is more comfortable than the alternative mode αmode_comfortable 1.00 5.00 3.40 0.97 
I do not have to wait long αmode_waitingtime 1.00 5.00 3.69 0.88 
There is no/low congestion on the toll road αtoll_nocongestion 2.00 5.00 4.27 0.52 
Driving on toll roads is safer than on non-toll roads αtoll_safe 2.00 5.00 4.16 0.54 
Road signage in toll road is more complete and visible αtoll_signage 2.00 5.00 4.19 0.50 
Toll road has better road surface condition αtoll_roadsurace 1.00 5.00 4.13 0.56 
Easy to reach toll road gates from my location αtoll_reachable 1.00 5.00 4.13 0.51  
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Table 8 
Estimation results (Alternatives of TB: 1 = Same mode, via toll road; 2 = Same mode, no toll road; 3 = Different mode, via toll road; 4 = Different 
mode, no toll road; 5 = Other mode; 6 = Will not travel. Alternatives of RC: 1 = Hypothetical house A; 2 = Hypothetical house B; 3 = Current house).  

Variables Notation 
parameters 

MLM HCM Affected 
alternative in 
TB 

Affected 
alternative in 
RC 

JM 

Est. ta Est. t   Est. t 

Alternative specific constants ASCA – – – – – 1 − 3.64 ¡9.25 
ASCB – – – – – 2 − 4.06 ¡8.25 
ASC1 7.63 11.80 – – 1 – 6.80 11.09 
ASC2 5.46 8.42 4.99 11.95 2 – 4.71 7.76 
ASC3 6.97 10.72 − 0.62 ¡9.91 3 – 6.19 10.14 
ASC4 5.97 10.13 5.17 12.95 4 – 4.59 7.39 
ASC5 2.76 5.72 1.91 4.99 5 – 2.24 5.43 

Trip characteristic via the toll 
road (in TB) 

γcost_toll_travel − 0.01 ¡14.55 − 0.01 ¡11.01 1, 2, 3, 4 – 0.00 ¡11.40 
γtime_toll_travel − 0.01 ¡8.17 − 0.01 –22.04 1, 2, 3, 4 – − 0.01 ¡6.77 
γworktripselfpaid 1.33 1.78 2.05 3.08 1 – 2.30 3.69 

2.06 2.78 2.92 4.04 2 – 2.87 4.25 
1.00 1.93 1.90 2.80 3 – 1.87 2.98 
2.09 3.01 2.88 4.06 4 – 3.17 4.19 

γbus_users 0.17 5.13 0.25 7.72 2, 4 – 0.64 4.39 
Daily travel characteristics (in 

RC) 
βcost_daily_travel – – – – – 1, 2, 3 − 0.30 ¡5.25 
βtime_daily_travel – – – – – 1, 2, 3 − 1.17 ¡11.96 

Neighbourhood/housing 
characteristics 

βrent*high-income – – – – – 1, 2, 3 0.50 5.64 
γurban 0.95 4.98 0.82 5.56 2  0.66 3.91 

Individual and household 
characteristics 

γage 0.01 2.23 0.01 2.87 1, 3 – – – 
γgender 0.27 1.92 – – 1, 3, 4 – 0.26 1.76 
γhigh-income 0.13 2.49 0.39 1.93 1 – – – 
βmid-income – – – – – 1,3 − 6.86 ¡6.52 
γmid-income 0.27 5.43 0.80 7.28 1, 3 – 0.45 3.08 

Common random θlow-income − 1.62 ¡6.22 − 0.96 ¡4.11 1, 2, 3, 4 1,3 − 1.31 ¡4.53 
θlow-income-std – – – – 1, 2, 3, 4 1,3 0.38 1.79 
θdist_tollgate − 0.09 − 1.71 0.00 − 0.02 1, 3 3 − 0.23 ¡2.88 
θdist_tollgate_std – – – – 1, 3 3 − 0.06 ¡2.85 
θfreq_user − 0.55 ¡4.36 − 0.70 ¡6.38 2, 4 3 − 0.56 ¡3.80 
θfreq_user_std – – – – 2, 4 3 − 1.42 ¡5.16 

Latent variables (in TB) γLV_currentmode – – 0.77 6.09 1, 3 – – – 
γLV_tollroad – – 1.33 11.51 1, 3 – – – 

Non-choosing behaviour βnon-choosing – – – – – 3 – – 
γnon-choosing 3.24 3.70 2.91 12.35 1 – 2.55 5.92 

Error components σsigma_ houseA – – – – – 1 4.42 13.32 
σsigma_ houseB – – – – – 2 4.34 12.33 
σsigma_ houseC – – – – – 3 6.52 8.72 
σsigma_ ST 1.29 14.10 − 1.13 ¡15.20 1 – − 1.05 ¡9.99 
σsigma_ SNoT − 1.35 ¡14.29 − 1.39 ¡16.20 2 – 1.11 7.66 
σsigma_ DT 1.10 12.52 0.98 12.81 3 – 0.72 5.08 
σsigma_ DNoT 1.29 10.21 1.33 11.51 4 – 0.66 1.90 
σsigma_ OM 3.25 15.60 3.34 20.53 5 – − 2.97 ¡10.21 
σsigma_ WNT − 3.36 ¡10.34 3.03 11.70 6 – − 2.58 ¡7.42 

Intercept λintercept1 – – 3.84 78.25 LV1 – – – 
λintercept2 – – 1.17 1.65 LV2 – – – 

Location λbandung – – 0.07 1.63 LV2 – – – 
λcimahi – – 0.07 1.62 LV2 – – – 
λpurwakarta – – 0.08 2.19 LV2 – – – 
λdist_tollgate – – − 0.03 ¡4.30 LV1 – – – 
λcontrol – – 0.12 3.28 LV2 – – – 

Travel characteristics λdaily_PT_user – – 0.16 2.68 LV1 – – – 
λbus_user – – 0.03 4.00 LV2 – – – 
λfreq_user_ – – − 0.06 − 1.55 LV1 – – – 

Individual characteristics λhigh_income – – 0.20 3.15 LV1 – – – 
λlow_income – – − 0.17 ¡3.50 LV1 – – – 
λlow_income – – 0.18 3.37 LV2 – – – 

Indicators on latent variable of 
attitudes towards the travel 
mode 

σnotransfer – – − 0.11 ¡4.89 LV1 – – – 
αmode_safe – – − 0.27 ¡10.08 LV1 – – – 
σmode_safe – – − 0.02 − 1.13 LV1 – – – 
αmode_comfortable – – − 0.26 ¡10.69 LV1 – – – 
σmode_comfortable – – − 0.04 ¡2.18 LV1 – – – 
αmode_waiting-time – – 0.04 1.70 LV1 – – – 
σmode_waiting-time – – − 0.14 ¡6.25 LV1 – – – 
σtoll_safe – – − 0.61 ¡17.09 LV2 – – – 
αtoll_signage – – 0.04 2.21 LV2 – – – 

(continued on next page) 
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In contrast with toll road operation in Europe, which is dominated by commuter traffic, the Cipularang toll road traffic in Indonesia 
is dominated by leisure trips, which we also found in our survey. Leisure trips took up 73%. Furthermore, we found that mode use on 
the toll road was dominated by car at 50%, followed by bus at 40%. However, in daily life, commuting was dominated by motorcycle 
use at 72% (see Table 6), which is in line with several earlier studies in Indonesia (Herwangi et al., 2015; Susilo et al., 2007) . As is 
visible in Table 7, low-income respondents also used the car as to travel via the toll road, taking up second place (at 39%) after the bus 
(49%). Low-income respondents were found to use the toll road rarely; only 15% of them travel via the toll road at least once a week. 

6. Model estimations 

For MLM, we tested several model specifications to arrive at the final mixed logit model that we used to estimate the joint model 
(JM). This model uses error components to capture panel effects. HCM contains latent variables of attitudes toward current mode and 
the toll road. Furthermore, mixed logit model of residential location choice is incorporated in the joint model. We estimated common 
parameters of both models with the standard deviations to investigate the association between residential location, route and mode 
choices. 

Table 8 presents the estimation results of each model. Estimated alternative specific constants (ASCs) and t-test shows that un-
observed factors or unexplained noise is smaller in HCM than in other models, with the inclusion of the latent variables. The results 
across the three models also show that both observed and unobserved variables are essential to explain travel behaviour. 

Furthermore, from the results of the alternative specific constants (ASCs) in MLM and JM, it can be seen that the respondents 
preferred travel options that made use of the toll road (Alternatives 1 and 3). From the results of JM, the negative signs of both ASCA 
and ASCB for the case of housing means that both are less likely compared to the current house. Moreover, ASCA is less negative (has 
smaller magnitude, thus smaller disutility) than ASCB, then it is more likely to be chosen. Since both referred to non-labelled alter-
natives (hypothetical housings), we can say that the respondents preferred their current house. Those results are consistent with the 
estimation of the average market shares for both route/mode and residential location choices, as showed in Fig. 5. Alternatives 1 and 3 
(same mode via the toll road and different mode via the toll road) in route/mode choices are estimated having 40% and 24%, 
respectively, of the market shares; higher than the rest alternatives without the toll road. Moreover, hypothetical house A (32%) is 
showed to have higher market share than hypothetical house B (29%). Total probability of choosing those hypothetical housings is 

Fig. 5. Average market shares estimated for route/mode choices (left) and residential location choices (right).  

Table 8 (continued ) 

Variables Notation 
parameters 

MLM HCM Affected 
alternative in 
TB 

Affected 
alternative in 
RC 

JM 

Est. ta Est. t   Est. t 

Indicators on latent variable of 
attitudes towards the toll 
road 

σtoll_signage – – − 0.70 ¡17.91 LV2 – – – 
αtoll_nocongestion – – − 0.33 ¡12.77 LV2 – – – 
σtoll_nocongestion – – − 0.17 ¡7.01 LV2 – – – 

Goodness of fit:  
Number of estimated parameters: 27 52   37 
Final log likelihood: − 10,614.48 − 93,389.78   − 14,366.28 
Rho-square-bar : 0.34 0.52   0.48 
Akaike Information Criterion (AIC): 21,330.88 186,793.81   28,806.56 
Bayesian Information Criterion (BIC): 21,522.66 187,163.18   29,068.07 
Number of observations: 8,984 8,984   8,672 
Sample size: 1,123 1,123   1,084  

a t-test values: significant at 95% confidence level; t-test values: significant at 90% confidence level. 
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61%, higher than the probability of choosing the current house (39%). Therefore, we can say that most of the respondents wanted to 
relocate. 

Table 8 shows the goodness of fit. Analysing the values of rho-squared, we can observe that the HCM has the best fit. Since these 
models have different parameters sets and structures, the AIC and BIC were calculated; they indicate that the HCM yields the most 
robust results. It means that latent variables represent behaviour better than the simultaneous estimation of the unobserved effects. 
However, it is important to highlight that the joint model incorporates both phenomena of residential location choice and travel 
behaviour, whereas the HCM only represents travel behaviour. When comparing the HCM and JM models with the standard mixed 
logit model (MLM), we can observe that both models perform better than the standard MLM. It means that unobserved effects are well- 
represented, as latent constructs and self-selection. While this means that the statistics are informative, when interpreting the statistics, 
one should also look closely at the estimation results. 

6.1. Results from travel behaviour models (MLM and HCM) 

The estimation results from MLM and HCM reveal that travel costs and time variations affect the model negatively and this is 
consistent in all models. Regarding trip characteristics via the toll road, people who travelled for work trips and needed to pay for these 
own trips without getting reimbursed valued options without the toll road more than other travellers. In addition, bus users preferred 
alternatives without the toll road. As Table 8 shows, bus users were dominated by low-income respondents who thus tried to avoid high 
travel costs. Other socio-economic characteristics that are significant to explain route and mode choices are age and gender. We found 
that age and gender (male) are positively correlated with choosing toll road options. 

In HCM, two latent variables were estimated manifested by psychometric indicators, as described in Section 4.2: (1) attitudes 
towards the current mode and (2) attitudes towards the toll road. Both latent variables have a significant influence on the choice for 
travel route and travel mode; and are positively associated with the toll road options (alternatives 1 and 3). A positive attitude towards 
the current travel mode and towards the toll road positively affects choice options, including travelling via the toll road and still using 
the same mode, in line with Chen and Wen (2014). 

The indicators used in the measurement model of latent variable of attitude towards the current mode were ‘no transfer’, ‘safety’, 
‘comfort’, and ‘waiting time for the mode’. Table 8 shows that all indicators were significant at the 95% confidence level, except for the 
indicator of ‘waiting time’, and thus adequately explained the latent variable. This result implies that the respondents preferred a travel 
mode that offered safety, comfort and convenience (with fast and direct service), consistent with similar studies on mode choices (e.g. 
Habib et al., 2011; Johansson et al., 2006). 

Furthermore, the indicators that represent attitude towards the toll road are ‘safety’, ‘signage completeness’, and ‘no congestion’. 
The indicators are highly significant, indicating the representativeness of the latent variable through this measure. These results are in 
accordance with previous studies related to route choice. The safety of a route is obviously important from a driver’s viewpoint and 
Wachs (1967) has shown that safety becomes more important to drivers as the trip distance increases. The Cipularang toll road is a 
regional toll road that connects two metropolitan areas and is, thus, dominated by long-distance trips. For this type of trip, drivers 
normally rely on signs along the road (Wootton et al., 1981). Moreover, as found in many behavioural studies (e.g. Papinski et al., 
2009), people prefer to avoid congestion and maximise route directness. 

The respondents in our study, in general, revealed a positive attitude towards the Cipularang toll road, as shown by positive values 
in all location-related variables. Respondents living in more than 5 km from the toll gates also perceive the toll road positively. 
Moreover, although bus users preferred not to travel via the toll roads, as evident from Table 8, they still perceived the toll road 
positively. Low-income respondents had negative attitudes towards their current travel mode yet perceived the toll road positively. 
These respondents had the lowest average satisfaction with their current travel mode, in terms of safety, comfort, and waiting times. 

6.2. Self-selection test: Joint model (JM) estimation results 

Self-selection between residential location, route, and mode choices was identified through estimating JM6. Table 8 shows that 
most parameters in JM remain significant with similar values resulting from both MLM and DCM after simultaneous estimation. 
Among those parameters, three are common parameters in both residential location and route/mode choices: distance to toll gate, 
frequent user of toll road and low-income users. These parameters were firstly tested as specific parameters for RC* and TB*, and 
similar parameters were then tested using a t-test if they were not significantly different. Equal values of estimated parameters 
indicated a share of unobserved factors. Common random parameters, with mean and standard deviation, were then further estimated. 
The random parameter represents the person’s tastes and varies over the decision-makers rather than being fixed as in standard logit 
model (Train, 2009). 

The negative signs on two alternative specific constants (ASCa and ASCb) in the joint model, which reflect hypothetical relocation, 
indicates that the current housing is preferred. Moreover, the three common parameters were found to be significant in the joint model 
at 95% confidence level, except for standard deviation of low-income that is significant at 90% confidence level. This indicates an 

6 It is also interesting to incorporate common random parameters in the latent variable models. For example, those who have a positive attitude 
towards the toll road may tend to choose the housing alternatives close to the toll gates in the SC experiment. However, it was not possible to 
conduct since the similar parameters in the latent variable models were found to be significantly different. We thank the anonymous reviewer for 
this. 
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association between residential location and route/mode choices, interpreted as self-selection. This association indicates the inter-
action between the direct impact of the toll road in terms of travel behaviour and the indirect impact of the toll road, namely stim-
ulating people to relocate. 

The results also show that low-income respondents preferred opt-out choices, which were to not travel via the toll road and to 
choose a mode which is not allowed to travel on toll road (such as train or motorcycle). This supports the findings of Herwangi et al. 
(2015) that lower-income individuals in Indonesia are still highly dependent on motorcycles for travel, and therefore not allowed on 
the toll road. In addition, this result strengthen the argument of several authors (e.g. Louviere and Hensher, 1983) who indicate that 
having a ‘no choice’ alternative enables a more realistic experiment as well as predictions of total demand. 

Additionally, there is an association between residential location choice and route and mode choice; low-income respondents who 
selected opt-out choices also preferred to relocate. This implies dissatisfaction with their current situation. As also mentioned in 
Andani et al. (2020), the decision to remain or relocate from one’s current residence is greatly influenced by the level of satisfaction 
with the current neighbourhood and housing. 

Respondents who frequently travelled via the toll road would not choose options without the toll road. The negative sign (-0.56) of 
the common random parameter of frequent user added on alternative 3 (current house) of the residential location choice in the joint 
model (JM) indicates that frequent users of the toll road also tend to relocate. Moreover, we found that respondent living close to toll 
gates would prefer to use the toll road, and those respondents were likely to stay in their current residence. This is in line with the 
results found in Andani et al. (2020) with the same case study, that satisfaction with neighbourhood is inversely proportional with 
proximity from toll gates, and therefore, respondents living in proximity from toll gates were likely to remain in their current resi-
dence. On the contrary, people were less satisfied with the size and affordability of their housing if they were living closer to the toll 
gates, probably due to higher rents or land taxes. Moreover, statistics from the household survey also showed that 42% of the sample, 
which stated to remain in their current residence, are all moved in before the Cipularang was built. This result indicates that the current 
situation of the respondents affected their choices, consistent with the work of Habib and Miller (2009) in relation to the role of the 
status quo in housing choices. 

7. Model applications 

The model output of the joint model was then used to estimate value of travel time savings (VTTS) and elasticities for various 
population segments. We based the population segments on the respondents’ travel and socio-economic characteristics, as they 
significantly explained travel behaviour in the choice model. As we were focusing on how the toll road affects travel behaviour, we 
used travel cost to estimate the elasticities. 

Table 9 shows the elasticities of the probability of choosing the four alternatives in the stated choice experiment. Overall, elasticity 
of the respondents in this sample is − 0.29, meaning that the increment of travel costs by 1% decreases the probability of choosing the 
same travel mode and travel via the toll road by 0.29%. Regarding the alternative, it can be seen that alternatives with toll road have 
higher elasticities than alternatives without toll road, indicates toll road users are more sensitive to travel cost increments than non-toll 
road users. This elasticity results, moreover, vary across various population segments. 

In contrast with other studies (e.g. Musso et al., 2013), we found high-income users showed the highest elasticity, which can be 
explained by the fact that the travel mode for trips via the toll road for high-income users was dominated by car use (96%). Kayser 
(2000) found similar results in the case of increases in petrol price and argued that this was perhaps because of the greater proportion 
of trips taken by high-income respondents. Low-income respondents already make little use of the toll road and this leaves little room 
for reductions. Furthermore, we found that low-income respondent mostly travelled by bus and, thus, were less sensitive to increased 
travel cost (smaller elasticity value). 

Car users showed the highest elasticity and VTTS, compared with respondents who use a bus or shuttle service. This result is in line 
with what was found by Belgiawan et al. (2018), who estimated point elasticities of travel cost with regards to road pricing 

Table 9 
Weighted average of the aggregate direct point elasticities.  

Population segments Same mode, via the toll road Same mode, no toll road Different mode, via the toll road Different mode, no toll road 

All − 0.291 − 0.101 − 0.327 − 0.049 
High-income − 0.418 − 0.154 − 0.521 − 0.079 
Low-income − 0.279 − 0.105 − 0.295 − 0.053 
Car users − 0.410 − 0.129 − 0.509 − 0.050 
Bus users − 0.149 − 0.071 − 0.108 − 0.051 
Shuttle service users − 0.218 − 0.073 − 0.238 − 0.031 
High-income car users − 0.444 − 0.162 − 0.543 − 0.078 
Low-income car users − 0.440 − 0.142 − 0.551 − 0.051 
Frequent users of the toll road − 0.352 − 0.121 − 0.391 − 0.058 
Infrequent users of the toll road − 0.195 − 0.072 − 0.230 − 0.034 
Trip less than 2-hours − 0.174 − 0.061 − 0.175 − 0.029 
Trip more than 2-hours − 0.442 − 0.154 − 0.526 − 0.074 
Work trip − 0.372 − 0.139 − 0.392 − 0.068 
Leisure trip − 0.274 − 0.093 − 0.318 − 0.044  
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implementation in Jakarta. They found that car users (with an elasticity of − 0.42, which is similar to the result in our study) were more 
sensitive to increased travel cost than public transport and motorcycle users, and thus concluded that implementation of a toll could be 
a good policy to reduce car usage. Similarly, Li et al. (2011) found a higher cost elasticity for car users than for public transport users in 
Singapore, implying that changes in usage costs have a great impact on car users who drive to work and has no impact on public 
transport users. Their results are consistent with ours, where the elasticity of bus or public transport users is very small, the lowest 
among the respondents. 

This result can be explained because travel cost for car is also higher than other modes in the sample. The average travel cost for car 
per trip is 11.5 EUR7, meanwhile the average travel costs for bus and shuttle service per trip are 4.6 EUR and 6.7 EUR, respectively. 
Thus, increased travel cost for car will have more impacts on the utility. Furthermore, Table 10 presents the VTTS by different user 
characteristics for a given mode (car and non-car). High income car-users, as expected, have a higher VTTS than low-income users. This 
is consistent with the literature (e.g. Shires and De Jong, 2009) that VTTS increases with income. High-income non-car users probably 
do not travel via the toll road frequently, thus, resulting in low VTTS. 

Car users who travelled via the toll road infrequently have a higher VTTS than non-car users and frequent users of the toll road. This 
can be explained by the fact that the infrequent users travelled normally for a long trip and therefore, are willing to pay higher to 
reduce the travel time. Finally, we also estimated the VTTS by the residential location type and found that car users who lived in rural 
area has the highest estimated VTTS compared to other groups. This type of user is likely to have long commute and have limited travel 
mode options. This result is in line with Schmid et al. (2019), as they also argued that the residential location type has the strongest 
impact on user-type VTTS differences. 

8. Conclusions 

Our study aimed to provide insight on how variations in travel time and cost of the Cipularang toll road, socio-economic attributes 
and latent factors simultaneously affect the residential location, route, and mode choices across population segments. The Cipularang 
toll road, in the Jakarta-Bandung region in Indonesia, was used as the case for this study. The analysis is based on a RP/SP survey with 
1,600 respondents. We developed three discrete choice models to investigate route and mode choices: (1) a mixed logit model (MLM), 
(2) a hybrid choice model (HCM), and (3) a joint model of residential location choice and travel behaviour (JM). The main conclusions 
are as described below. 

Firstly, our analysis shows that the toll road affects both residential location preferences and travel behaviour. This influence differs 
between (income) groups, travel mode groups and on trip characteristics. In general, our respondents preferred using the toll road even 
if toll fees increased significantly, which is also reflected in their positive attitude towards the toll road. However, bus users and low- 
income respondents would rather not travel via the toll road. Respondents who travelled for work and needed to pay for their travel 
would value options without the toll road higher than options with the toll road. Moreover, the results also showed that people whose 
incomes are at least three times the minimum wage were found willing to pay higher land taxes to live closer to the toll road to capture 
travel time benefits. 

Secondly, we further found evidence of residential self-selection, for low-income groups, frequent users and respondents living 
close to the toll road. This self-selection indicates the interaction between the direct impact of the toll road -in terms of travel 
behaviour- and the indirect impact of the toll road, that is, location decisions of households. As discussed in the introduction, this paper 
explicitly analyses the effects of transportation infrastructure on self-selection, as the measured distance to toll gate. The estimated 
parameter indicates that respondents living close to toll gates would prefer to use the toll road, and those respondents were also likely 
to stay in their current residence. Low-income respondents preferred opt-out options, which were to not travel via the toll road and 
choose a different mode instead (such as train or motorcycle), and tended to want to relocate. This implies dissatisfaction with their 
current situation, as also shown by their negative attitude towards their current travel mode, and they would rather choose a different 
situation. Also, frequent users of the toll road would not choose options without the toll road and tended to relocate. Respondents 
living close to toll gates would also prefer to use the toll road, and those respondents were likely to stay in their current residence. 

Thirdly, we found that controlling for travel and socioeconomic characteristics is important to investigate the changes in demand to 

Table 10 
VTTS estimations (EUR per person hour).  

Population segments Car Non-Car 

All respondents 5.3 3.1 
Low-income 4.6 2.9 
High-income 6.5 1.8 
Frequent users 5.4 2.6 
Infrequent users 6.5 3.6 
Rural 9.2 8.5 
Urban 5.4 2.5  

7 1 EUR is equivalent to IDR 16,273, using the currency rate as of 31 May 2020 
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travel via the toll roads. For example, high-income respondents and car users were found to be the most sensitive toward increased 
travel costs. High-income car users are also willing to pay higher to reduce their travel time than their counterparts. 

From a methodological perspective, we found that the inclusion of attitudinal effects in the hybrid choice model and a self-selection 
test via the joint model also improved the model’s performance. We can, therefore, conclude that both observed and unobserved 
factors are essential to explain choice for a residential location, travel mode, and travel route. 

The results of this research highlight potential implications for decision-makers at the relevant authorities that transport policy 
should address its equity implications. In this paper, we have shown that low-income respondents prefer non-tolled road options, 
allowing them to travel using the cheapest travel mode (train or motorcycle), which may result in longer travel times. In contrast with 
higher-income respondents, who prefer to use toll roads, and therefore shorter travel times. This is bringing disparity in accessibility 
levels, where the high-income population can access more places in a shorter time. Concerning long-term decisions, such as residential 
relocation, low-income respondents tend to want to relocate. On the other hand, high-income respondents are willing to pay higher 
land taxes to live closer than 5 km to the toll road to capture travel time benefits. Members of this population group also travel more 
frequently using the toll road. These findings indicate that people with higher incomes benefit stronger than individuals with lower 
incomes 

This study contributes to a better understanding of the impact on individuals of the establishment of a toll road in the short and long 
term. There are several directions for future research. This study can be extended to incorporate medium-term decisions, such as 
vehicle ownership, in response to the toll road’s existence. Future research should also focus on the behaviour of frequent users and 
their preference towards the residential location. We were not able to do this because of sample limitations. 
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Appendix 

See Figs. A1–A3 and Table A1. 

Fig. A1. Survey areas.  
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Fig. A2. Example of choice card sets of a respondent (Choice sets 1–4).  
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Fig. A3. Example of choice card sets of a respondent (Choice sets 5–8).  

Table A1 
Representation of socio-demographic characteristics in the sample (comparison with population data in 2016).   

Purwakarta West Bandung Cimahi Bandung All municipalities 

Residential land use increased after toll road construction 
(ha)* 

1718.7 1176.5 1012.7 620.0 4527.9 

Number of toll gates in the study area* 3 2 1 1 7 
Number of population* 143,561 (24.0%) 167,261 (27.0%) 214,231 (34.5%) 99,821 (14.4%) 624,874 
Number of respondents (sample) 624 (38.5%) 504 (31.1%) 306 (18.9%) 188 (11.6%) 1,622 
Gender proportion Population** 50.9% 50.8% 50.4% 50.5% 50.6% 

Sample 63.1% 46.7% 28.8% 49.7% 49.9% 
Average productive age Population** 34.5 n.a. 34.8 35.4 35.2 

Sample 37.8 35.7 37.1 36.7 36.9 
Average household size Population** 3.8 3.7 3.7 3.8 3.7 

Sample 3.3 1.2 3.3 1.4 3.4  

* Data in selected 45 villages. 
** Data in the municipality levels. Source: BPS (2017). 
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