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Summary 

The mobility professionals have debated that the current visions and strategies are insufficient regarding the 

integrated solutions to deal with the emerging accessibility problem faced by the Eindhoven metropolitan 

region. Meanwhile, the Eindhoven municipality has recently launched an “Emission-free” mobility action plan 

including policy measures to stimulate travel mode shift by replacing car travel with public transport and 

cycling for better urban air quality. Therefore, a new idea of the “Blue-sky concept” aims to introduce the light-

rail system with a metropolitan scale of developments. Regarding the conceptual plan, three different light-rail 

connections have the potential to relieve regional mobility issues and reduce the emissions of air pollutants. 

However, the benefits or impacts of this preliminary framework are still questionable and without in-depth 

research. The mobility sectors of both professional and administrative departments have a high interest in 

investigating the development’s influence on individuals’ travel behavior and the derived environmental 

impacts. Thus, the main research objective is to assess the consequences including individuals’ travel patterns 

and emissions after light-rail-related policies are realized. The research question is formulated as:  

How do individual travel patterns and emission change after the light-rail transport development is 

realized in the Eindhoven metropolitan region? 

To evaluate the effects on the individuals’ travel patterns at a disaggregated level, this study has decided to 

apply an activity-based modeling approach (ABM) of travel demand to simulate travelers’ choices under 

different situations of the land-use-transport system. By comparing the characteristics of different ABM 

approaches by three main categories (Constraint-based, Utility-maximizing, Computational process), the study 

has adopted the “Multi-state supernetwork model (MSN)” since it has proven the feasibility to efficiently 

capture the multi-model trip chain between private vehicle network and public transport network. Also, the 

model’s validity and reliability to explicitly simulate multiple-choice dimensions of travelers with an improved 

behavioral basis have been showcased by former applications (Liao et al., 2017; Maas, 2015; Galetzka, 2015).  

For the study area, three spatial levels of the population-scale including the Eindhoven metropolitan area with 

eight additional municipalities (MRE+8), the metropolitan area (MRE) and the Eindhoven municipality (EHV) 

are set up to compare the influential extent based on traveler’s origin. The MSN microsimulation system 

requires the data infrastructure of the study area prepared at the supply and demand side as essential 

modeling input. At the supply side, the model synchronizes different aspects of the land-use environment and 

transport systems including road network, public transport timetable, and activity/parking locations to 

construct a comprehensive policy scenario. At the travelers’ demand side, the study utilizes stated activity-

travel survey results to construct the synthesized population which contains the individual’s information of 

activity participation program, personal or household attributes profile. Initially, this study adopts the travel 

preference parameter settings which were estimated by Arentze and Molin (2013) to define the link costs for 

travel and activity location alternatives. Based on the trial simulation results and research specification, the 

model is further calibrated regarding the parameter settings to improve the model’s predictive accuracy.  

The model simulates the individual travel demand adaptions to the changes under the different land-use-

transport scenarios with metropolitan light-rail services. The simulated trips results regarding each individuals’ 
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activity-travel patterns are aggregated for analysis such as mobility indicators of travel time spent, modal split, 

etc. Also, route choice results are aggregated and visualized using the Geographic Information System (GIS). 

Moreover, this study extended the model application with an additional aspect of assessing emission effects 

by incorporating an air pollutant indicator. This indicator calculates the yearly amount regarding three types of 

air pollutants and its harmful impact which utilized the car traveled length results (Vkm) and vehicle 

characteristics (fuel type, emission standard level) as input variables for environmental effect assessment. 

The model calibration process is conducted by adjusting and finding the most suitable parameter combination 

settings using base scenario datasets to output the comparable travel pattern results with the real-world 

situation (ODiN, 2018). After the model validity of new parameter settings is confirmed, three dimensions of 

policy scenarios concerning different light-rail development-related aspects are formed. The first dimension 

(S1 to S3) concerns only the public transport setting by adding the single light-rail line in the study area based 

on three different connection alternatives (Line A, B, or C) and cut off overlapped routes of NS stop-train. The 

second dimension (S4 to S6) further concerns the land-use location settings including parking price adjustment 

at certain municipalities together with light-rail developments and adding P+R facility locations nearby the new 

public transport hubs. The third dimension (S7 to S10) combines multiple light-rail developments (double or 

triple connections) with parking-related policies to form a comprehensive metropolitan transport network. 

The model estimation process has simulated the datasets regarding a total of ten scenarios and has compared 

the effects with the base situation (S0). Regarding the mobility indicators including individuals’ average travel 

distance (excluding PT mode), average travel time, and modal split, the results have indicated that the parking-

related policies are more effective compared to light-rail development itself on personal transport accessibility 

and travel mode shifting. Especially for scenarios related to Line A option (S4, S7, S8, S10), the effects on 

individual travel patterns are more significant since the influenced connection areas have a higher population 

density, more fixed activity-travel trips occur and more municipalities with parking policies implemented. Also, 

these mobility indicators confirmed that the bonus effect exists with the combination of multiple light-rail lines 

(S7-S10) instead of developing an independent line (S1-S6). With full systematic developments of three light-

rail lines (S10), road usage by private vehicles (car, bike) is increased nearby the regions of new light-rail stations 

while decreased in city center areas. Without considering the capacity constraints, this influence is more 

apparent around the stations that have P+R facilities included. Regarding the emission effects, under the 

combined light-rail scenarios (S7-S10), the air quality is better improved with fewer pollutants generated and 

less human health harm can be achieved.  

To conclude, the study recommends adopting the S7 proposal of two light-rail lines developments (Line A and 

B) since this option has outperformed other policy scenarios according to most of the mobility and emission 

indicators. Also, the parking-related policies are considered an essential instrument to support and stimulate 

the usage of this newly developed public transport system. The scenario considering the three-line connections 

(S10) is not recommended since adding the Line C option in scenarios has limited effects based on the analyzed 

mobility and emission indicators. Besides, the predicted travelers’ demand on Line C appears insufficient to 

sustain the service operation based on light-rail usage and should consider upgrading the current bus transport 

service or introduce High-quality public transport (HOV). 
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Chapter 1: Introduction 

Research about travel behavior in the urban environment is considered essential for assisting land-use 

transport policy decision-making. Emerging mobility concepts are changing the way people travel and require 

advanced research methods to capture behavioral effects. Travel behavior modeling can provide rich and 

useful insights into various mobility concepts in the urban mobility system. However, travel behavior modeling 

practice in the professional sector is still mainly dominated by the classical trip-based demand modeling 

approach (Rasouli & Timmermans, 2014). For the past two decades, it is widely accepted that travel demands 

are determined by a population with the need to participate in activities throughout time and space (Bhat & 

Koppelman, 1999). Activity-based travel models denote a better behavioral representation than the classical 

4-step and trip-based models to explicitly capture individual travel decisions and corresponding travel patterns. 

One of the promising activity-based models namely “Multi-state Supernetwork” is developed by Arentze and 

Timmermans (2004) can capture multi-modal trip chaining in the context of a full daily activity-travel pattern. 

In addition to synchronizing the multi-modal transport network and multiple activity-travel, the modeling 

approach recently developed a more efficient activity-travel scheduling framework by Liao (2013). The current 

framework of the model has increased a higher level of behavioral detail regarding activity-travel decisions 

which provides a simultaneous approach to model activity location, travel mode, route and activity sequence 

choice behavior. The application of the model’s micro-simulation system has demonstrated the improvement 

to predict changes in travel choice decisions regarding the adaption of land-use and transport system and 

suitable for policy assessment at the city or larger metropolitan scale (Liao et al., 2017). The related studies of 

the model have shown the great potential to apply the method in practice and make the supernetwork 

framework operational for travel demand forecasting.  

Meanwhile, the municipalities in the Eindhoven region draw attention to the accessibility issue with several 

urban economic core areas in the regional agglomeration (Gemeente Eindhoven, 2019). The main issue is that 

the current public transport network connections made destinations less reachable to serve the local activity 

hotspots in the region such as the Eindhoven city center, Eindhoven Airport, ASML industrial hub and High-

tech campus. Also, the regional HOV or bus capacity under the current settings is incapable to contain the 

dramatic growing commuting demand for regional travelers. Mobility professionals argued that the public 

transport system should bring travelers closer to their destination while there is little effect on traveler's 

accessibility if the public transport authorities remain to invest in the current rail network (SpoorPro, 2019). 

However, the accessibility problem of the Eindhoven region has been discussed primarily at the urban level 

instead of a regional scope to date. Therefore, urban transportation professionals have been discussing various 

alternatives to deal with regional capacity and accessibility issues include introducing the new metropolitan 

public transport system (Vermeeren, 2020). During a rail professional conference “De Dag van de Rail” in June 

2019, a ”Blue Sky concept” was proposed by mobility professionals and the municipality of Eindhoven 

(SpoorPro, 2019). The concept suggested introducing a “Metropolitan light-rail system” that could replace the 

current or potential infrastructure for regional access including high-quality public transport (HOV) and stop-

train system (Sprinter). With a collaboration with the province of North-Brabant in the Netherlands, transport 
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policies with hypothetical solutions including proposals such as light-rail network developments are mentioned. 

Also, relevant transport-land-use projects such as the Eindhoven Internationale Knoop XL or new Eindhoven 

Airport station is being addressed by several officially regional vision plans (BRO adviseurs, 2017). 

Consequently, municipal departments within the Eindhoven metropolitan region have actively called for 

impact research and feasibility investigations for light-rail developments (Vermeeren, 2020). 

1.1 Objective 

The ambitious Eindhoven metropolitan light-rail development aims to promote public transport by extending 

the system scale and improving regional connectivity. Rather than investing in the existing infrastructure, the 

policies are planning to introduce a new light-rail transport system and adjusting the current transport 

infrastructure setup. The proposed “Blue Sky concept” (Donners, 2019) has initiated the debate and formed a 

series of ambitious mobility policies with new light-rail line proposals. Nevertheless, most of the policy 

scenarios tend to be optimistic and still hypothetical since the proposal is still at a conceptual phase. The 

construction of new infrastructure in existing urban areas might be associated with substantial costs and 

environmental impact uncertainties. The social benefits after the project realized are rather questionable and 

draw concerns with the feasibility of introducing this concept (Vermeeren, 2020). Consequently, the main 

research objective is to assess the proposed light-rail policy components developing in the future under this 

conceptual plan and framework. To make the proposed alternatives promising and convincing, this study aims 

to assess the likely travel behavior and environmental effects of introducing such light-rail development to the 

Eindhoven metropolitan region. Based on the extensive literature reviews and comparing different activity-

based models, the adopted approach “Multi-state Supernetwork” captures more travel choice facets during 

daily activity participation with higher dimensionalities. These dimensions include modeling the individual 

choice behavior of parking or mode transit during the trip-chain which their outcomes are considered essential 

information for shaping transport policies. Also, without assuming a hierarchical structure of individual 

decision, the traveler’s trip results simulated by this model denote a better behavioral basis that provides 

fruitful information to analyze the mobility and environmental improvements after the developments are 

realized. These insights are expected to support the decision making of the “Lightrail in Brainport Eindhoven” 

projects and better convince the society of the development’s benefits.  

Inspired by the previous study by Liao (2017), the activity-based multi-state supernetwork model will be 

applied to investigate the travel patterns effects of the supplied public transport infrastructure plans on 

individual travel demand. At the supply side, the model synchronized different aspects of land-use 

environment and transport systems including road network, public transport timetable, and activity/parking 

locations as a comprehensive policy scenario input. In this study, policy scenarios of metropolitan light-rail 

development are formed based on the mobility visions by the regional municipalities and professionals. At the 

travelers’ demand side, the modeling approach utilized stated activity-travel survey results as the synthesized 

population input which contains the individual’s information of activity participation program, personal or 

household attributes profile. Also, the study adopts the activity-travel preference parameter settings which 

were estimated by Arentze and Molin (2013) to define the link costs for travel and location alternatives. The 
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modeling process is simulating the individual travel demand adaptions to the changes of the land-use-

transport system. The simulated results regarding each individuals’ activity-travel patterns are aggregated as 

mobility indicators including travel time spent, travel distance, and travel mode choices, etc. Also, the output 

results of the aggregated traveling route choice are displayed on visualized heatmaps using open geographic 

information system software (GIS) to make the simulated results better interpretable. Furthermore, an 

emission indicator of air pollutants is utilized by taking the total car vehicle travel length (Vkm) results as an 

input variable for environmental impact assessment. In short, the model is applied to measure the policies' 

realization consequences on individuals’ travel patterns and emissions of air pollutants, including intentional 

and unintentional effects by the travelers’ demand. Therefore, the main research question is formulated: 

How do individual travel patterns and emission change after the light-rail transport development is 

realized in the Eindhoven metropolitan region? 

Regarding the above research question, more detailed research questions are formulated as follows: 

⚫ How does the new transport infrastructure influence the resident’s travel behavior (e.g. travel time, mode 

choices) of the Eindhoven metropolitan region?  

⚫ What is the development’s effect on individuals’ activity-travel patterns (e.g. route choices) in the daily 

activity schedule? 

⚫ What is the emission effect of air pollutants after the developments realized? 

According to the above research questions, several assumptions are made based on the objectives of the 

proposed light-rail policies in the Eindhoven metropolitan region. The hypotheses are made to compare the 

land-use and transport environment of the year 2020 which is set up as the base situation in this study. First, 

the travel pattern effects after the realization of the metropolitan light-rail system are assumed to decrease 

the population’s travel distance with private vehicles and less travel time spent, which indicates the personal 

accessibility of the study area. Also, based on the objectives to promote public transport, the mode choices 

are expected to decrease the usage ratio on passenger car vehicles. Meanwhile, the route choices of the road 

network are assumed to increase usage along with and nearby neighborhoods of the proposed light-rail routes 

by car or bike travel modes attracted an improved public transport system. Finally, air pollutants are assumed 

to decrease the number of emissions after the light-rail developments since less distance or trips by motor 

vehicles will be traveled. Under different alternative policy scenarios and the variation of land-use-transport 

settings, the application of the state-of-art supernetwork modeling approach is capable to derive the 

information for analyzing the above likely effects.  

1.2 Relevance  

The model application of this study denotes the following societal relevance. First of all, investigating the likely 

travel behavior effects of policy alternatives under the Eindhoven metropolitan light-rail proposal provides 

insights about future transport policies. By applying an advanced activity-based transport model, these insights 
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including mobility and environmental indicators allow the decision-maker to better shape these policy 

instruments with a scientifically analyzed basis and supporting evidence. If the policy alternative contributes 

to positive mobility and environmental influences, the regional populations will also benefit from a better 

urban transport system and improved quality of life after the policy realization. Secondly, the emission 

component has integrated with the simulated activity-travel pattern results for the first time. An official air 

pollutant indicator provided by the European Commission (2020) has utilized for environmental impact analysis 

based on a realistic and reliable vehicle travel distance output. Also, the human health harm index can be 

evaluated by this indicator to supplement the function and add value to the application of the multi-state 

supernetwork approach. On the other hand, for academic relevance, the case study of the light-rail ambition 

plans is provided by the professional sector and will adopt the state-of-art supernetwork model with improved 

space-time constraints for activity scheduling (Liao et al., 2013; Maas, 2015). This study strives to shorten the 

application gap between the academic and mobility professionals by applying the innovated multi-state 

supernetwork approach to policy assessment projects. Throughout the model application process, some 

essential improvement directions are identified together with the mobility professionals for advancing the 

model functionality for a better operational level in the future.  

1.3 Structure 

This paper is structured into six chapters except for this introduction part. First, chapter two gives an overview 

of the academic literature regarding activity-based travel demand models. Chapter three briefly summarize 

the literature of spatial and transport visions related to the Eindhoven metropolitan region. After the two 

literature review chapters, chapter four discusses the methodology including research design, input data 

preparation, applied multi-state supernetwork modeling approach, and the integrated emission indicator. In 

chapter five, the model calibration process using various datasets of the base scenario and the formulated 

light-rail development scenarios are described. After that, chapter six presents the model calibration results 

and the analyzed light-rail development effects regarding activity-travel pattern and aggregated air pollutant 

emission. Chapter seven summarizes the concluding remarks of the synthesized results and the effect 

interpretation. Finally, discussions of this research paper and future research directions are suggested. 
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Chapter 2: Literature review  

Approaches that predicts the travel demand with activity-based individual behavior has gained momentum in 

the academic field over the past two decades (Bhat & Koppelman, 1999; Rasouli & Timmermans, 2014). It is 

considered as an advanced alternative compared to the classic four-step model, which has more debatable 

limitations but is still a dominant method regarding travel demand research. Based on several criticisms, there 

are increasing advocations of replacing the aggregate spatial interaction model (Four-step trip-based model) 

with a disaggregate behavioral model of travel demand (Rasouli & Timmermans, 2014). First of all, the classic 

4-step trip-based model lacks integrity due to inconsistencies between its various sub-models which were 

mainly separately stage-wise modeled. Secondly, the classic 4-step trip-based model simply assumes the four 

steps are independent with each other. This assumption and the generated modeling results also imply that 

classic four-step models only predict primary policy effects instead of more realistic or complex travel behavior 

or secondary effects regarding external land-use or transport policies. Thirdly, the strong aggregate nature of 

the classic 4-step model causes significant bias since the spatial interaction model is nonlinear. The resolution 

in time and space is considered insufficient, which leads to these shortcomings. Fourth, it lacks realism in its 

human behavioral constructs and decision choice mechanisms. Moreover, behavioral constraints are often 

neglected in these models. Consequently, the activity-based travel demand models have promised to avoid 

the theoretical and applied limitations of the classic four-step models mentioned above. They are founded in 

behavioral theories of choice and decision making on travel demand. The models have improved the sensitivity 

to a broader set of policies, shifting aggregated quantities and relationships to disaggregated models and 

micro-simulations, and improved the interdependencies between different aspects underlying a daily activity-

travel pattern. This chapter of the literature review presents an overview of the academic developments of 

different activity-based approaches.  

2.1 Activity-based models of travel demand 

The academic development timeline of the activity-based model has been identified and categorized based on 

its principle by Rasouli and Timmermans (2014). The “Constraint-based” modeling beginning in the late 1960s, 

“Utility-maximizing” discrete choice models starting a decade later, and “Computational process” models since 

the 2000s. This study has explored the models based on this category and summarized the ideas of different 

approaches in the following section. Besides, model characteristics regarding the treatments of synthesized 

population data source (endogenous by the model itself or exogenous by other sources), individual activity-

travel generation, and activity-travel scheduling method will be briefly described. 

Constraints-based models  

Constraints-based models come from a background of time geography field, where the goal is to check the 

feasibility of certain activity-travel patterns based on a set of space-time constraints typically modeled in a so-

called “space-time prism.” The space-time context includes information about the locations where activities 

could take place, as well as the attributes of these locations (e.g. Opening hours) and the travel possibilities 

between them (e.g. Travel times). Based on these attributes, which may be adjusted to reflect potential policy 
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changes, and observed information about individual activity-travel patterns, a constraints-based model 

attempts to schedule an individual’s activity-travel agenda without violating any constraints. However, 

considering the early model developments, the main limitations are that most models have ignored household 

scheduling (only individual), the space-time attributes (e.g. Travel time) are typically deterministic, assuming 

isotropic conditions over space and time, and do not account for uncertainty in the decision-making processes 

(Rasouli & Timmermans, 2014). One of the noteworthy constraints-based model examples is “CARLA” (Jones 

et al., 1983), a combined algorithm measure to determine a feasible alternative schedule and have applied to 

assess household accessibility. However, without the assumptions of the policy change and the influence on 

travel routines, the CARLA model predicts that individuals will choose the feasible travel pattern which is most 

similar to the current one when adapting to policy implementation. Therefore, the behavioral component is 

still weak compared with the competing approaches during its contemporary. 

Some of the constraints-based models in the past decade have attempted to address some of the above 

limitations. For example, the models by Neutens et al. (2008) and Liao et al. (2013a) extended the model to 

include household-level decision making. This is done by calculating, in addition to individual utility based on 

an activity schedule, a household-level measure of the utility function. Also, many developments have been 

benefited from the emerging technology of Geographic Information Systems (GIS) and the aid of relevant 

computing algorithms. Starting with Kwan (1998), more complicated non-isotropic space-time prisms have also 

been developed. These researchers aim to create a more realistic representation of real-world transportation 

patterns and possibilities by creating context-specific space-time prisms. These travel patterns may, for 

example, vary over time (Fang et al., 2011), or use variable maximum speeds for different segments of the 

space-time path (Downs & Horner, 2012). Uncertainty about the fixedness of so-called “Anchor points” (e.g. 

Home and Work) and the associated accessibility of surrounding activities has also lead to the concept of 

“Anchor regions” where, instead of denoting a fixed accessible area, the boundaries are allowed to vary 

between some fixed minimum and maximum based on a probability of arriving on time (Chen et al., 2013). 

Lastly, research works are being done to better integrate uncertainty components in the decision-making 

process into constraints-based models. Uncertainty about travel time, for example, can affect an individual’s 

likelihood of choosing a certain travel mode or activity location (Rasouli & Timmermans, 2014). 

Constraints-based models have conceptualized activity-travel scheduling within an adjustable space-time 

prism which has proven quite useful, keeping the principles of this model category is still relevant in the 

academic community and influence the component developments of the recent activity-based model (Rasouli 

& Timmermans, 2014). For instance, the “Multi-state Supernetwork” approach has embedded space-time 

constraints to model the selection of activity locations. The destination candidacy of flexible activity locations 

have taken the opening times into account and removes the infeasible alternatives during the simulation 

process (Liao et al., 2013b). 
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Utility-maximizing models 

Utility-maximizing models are developed as a more complex extension to discrete choice models of transport 

mode decision-making, based on the core idea that individuals choose the alternative with the highest 

personal utility. The basis of this type of approach is a nested logit model called the “Daily Activity Schedule 

model (DAS)” which was developed in the late 1990s by Ben-Akiva and Bowman (1998). The model consists of 

five levels of nests (Figure 2.1), starting with the highest-level choice of an activity pattern and then splitting 

into lower levels with different types of tours (home-based or work-based) according to destinations, time of 

day, and travel mode. The approach has applied to the Boston metropolitan area in which the synthesized 

population data utilized the exogenous source of a 24-hour household travel diary survey collected in 1991 

(Bowman & Ben-Akiva, 2001). The upper-level choices of the DAS model determine the lower-level choices 

and conditional lower-level alternatives based on the activity pattern choice notify the upper-level option with 

the greatest expected utility. The expected utility of tours in the activity-travel pattern is represented with the 

sub-model while models of lower-level describe the choices among travel options.  

 

Figure 2.1 Activity schedule hierarchy of DAS model 

(Bowman & Ben-Akiva, 2001) 

The “Prism-Constrained Activity Travel Simulator (PCATS)” (Kitamura & Fujii, 1998) incorporates the idea of a 

space-time prism with scheduling constraints for a nested logit model system. First, a nested logit model is 

used to predict the type of activity which is divided based on location (In-home, near a fixed activity, or other 

out-of-home) based on socio-demographic characteristics and the probability that it is feasible in the available 

time. Another nested logit model is then used to predict the destination and transport mode choice, based on 

local, demographic, and trip characteristics.  

Another well-known utility-maximizing model is the CEMDEP simulation system (Bhat et al., 2004), which 

models the activity-travel pattern of workers and non-workers at three different levels (pattern, tour, and stops) 

using a series of econometric models brought together in a simulation. The framework system consists of two 

parts including the generation-allocation model and the scheduling model. The first part determines 

household adults’ decision to undertake mandatory (work, study) or optional (shopping, social, etc.) activities 

during the day based on household socio-demographic characteristics (e.g. employment status). The second 

part of the activity-travel scheduling simulator determines the sequencing of activities conducting based on 
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the synthetic population generated in the first part.  

In addition to mobility applications, these utility-maximizing models which are based on the concepts of 

discrete choice modeling and random utility have further inspired practice such as incorporating emission 

components as environmental indicators to estimate pollutants produced by vehicles (Goulias et al., 2011). In 

other words, the recent development of these models has focused primarily on incremental improvements 

and further enrichments to the models so that more detailed results can be applied in practice. 

Computational process models  

Computational process models are developed to simulate more realistic decision-making behavior than a 

simple utility maximization approach, using rule-based decision heuristics. The first conceptual framework that 

has influenced many following models is the “SCHEDULER” by Gärling et al. (1994). It aimed to model how 

individuals choose their activity schedule, based on preferences, commitments, and constraints and planned 

in negotiation with other household members. The subsequent AMOS model (Pendyala et al., 1997) simulates 

potential changes in individual travel behavior in response to travel demand management measures, using a 

neural network to predict the probability of different options (for example, switching modes or departing at a 

later time). The simulation also allows for changes to the activity-travel pattern as part of the response, which 

is evaluated based on a utility function. The same authors of the AMOS model have further developed the 

“FAMOS” model which was inspired by the activity-travel simulator of the PCATS utility-maximizing model 

(Pendyala et al., 2005). The FAMOS model is composed of two components including a synthetic population 

generator and a simulator for activity-travel patterns. By using the exogenous sources of zonal socioeconomic 

data and household travel survey data, the endogenous population synthesizer generates a population of 

households, individuals, fixed activity, and trips agenda. Based on space-time prism constraints, the activity-

travel simulator simulates individual activity-travel patterns under continuous timelines, while considering the 

interdependence between travels regarding trip chaining. 

Besides, among these developments of the computational process approach, another sub-division of this 

model category can be identified. The “Microsimulation” model denotes the computational program that 

operates the simulation process based on the methods to estimate individual ("micro") members’ behavior of 

a population such as people, households (Urban Institute, 2020). An applied example is the TASHA model 

(Miller and Roorda, 2003), the activity scheduling microsimulation approach developed for the Greater Toronto 

Area in Canada. For synthesized population inputs, the household-based trip diary survey was collected 

including information on household attributes, all household members characteristic, and the week-day trips 

made by the member in a 24-h period. The rule-based method (heuristic) generates the individuals’ activity 

schedules and travel patterns with the basis of a typical weekday in 24 hours from all persons in a household.  

In comparison with the sub-division of the micro-simulation model, another category related to the 

computational process approach is the so-called “Agent-based” algorithm that is developed to apply rules for 

reflecting a policy change, better capturing individual heterogeneity and allows interaction during the cognitive 

process. The “Agent-based Dynamic Activity Planning and Travel Scheduling (ADAPTS)” model (Auld & 
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Mohammadian, 2009) can be referred to as this type of approach. The scheduling model of ADAPTS process 

activity planning steps as discrete events where activity planning, decision modification, and schedule 

execution with microsimulation along the same timeline but with the separate stages.  

Starting in the early 2000s, the ALBATROSS model (Arentze & Timmermans, 2000; 2004; 2005) has been 

developed into a quite comprehensive rule-based computational process model. This rule-based approach 

simulates the individual decision-making based on a sequence of 26 decision trees derived employing the chi-

squared automatic interaction detector (CHAID) algorithm. With the heuristic decision-making tree 

(“Scheduling engine”), the model predicts the activity-travel schedule of a maximum of two household heads, 

consisting of many decision steps each with choice probabilities based on contextual characteristics, personal 

characteristics, and the decisions made by the household. Figure 2.2 shows the schematic modeling process 

of the ALBATROSS scheduling framework (Arentze & Timmermans, 2000). In recent years Albatross has been 

further improved, making the model more detailed and systematic and the method has inspired application 

with cases in the Flanders region, Belgium and Rotterdam, the Netherlands. One of the related examples of 

the ALBATROSS approach is the “FEATHERS” model (Janssens et al., 2007). The FEATHERS model is a multi-

agent-based microsimulation system that simulates the decisions of activity-travel scheduling with high space 

and time resolution including re-scheduling and learning processes within a day. The dynamic framework of 

the model was initially proposed to simulate dynamics in day-to-day traffic flows and their environmental 

impacts in the Flanders region, Belgium. The FEATHERS framework consists of multiple computational modules 

which are responsible for data of supply and demand (built environment and travel diaries), population 

(household and personal attributes), scheduling algorithm (based on ALBATROSS approach), learning for 

(re)scheduling, activity-travel execution and other aspects such as statistics or visualization. The approach has 

further applied to evaluate the impact of fuel price (Kochan et al., 2008) and the effects of new public transport 

initiatives on the travel demand (Bao et al., 2015). 

 

Figure 2.2 ALBATROSS scheduling process model (Arentze 

& Timmermans, 2000) 

 

Figure 2.3 FEATHERS agent-based microsimulation 

framework (Bao et al., 2015) 
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However, these computational process models are limited by the fact that the schedule assignment process 

has mostly not been empirically validated by comparing its predictions to observed scheduling practices 

(Rasouli & Timmermans, 2014). Moreover, as argued by Liao et al. (2014), current activity-based scheduling 

models have less attention on vehicle parking choice behavior (e.g. Car or bike) and multi-model trip chain 

between private vehicles (PV) and public transport (PT). Besides, different choice dimensions of activity-travel 

decision-making are often modeled separately or stage-wisely. To better capture, the interdependencies of 

multiple-choice dimensions, a multi-state supernetwork approach (Arentze & Timmermans, 2004) is suggested 

with an improved behavioral basis and has proven suitable for policy assessment application due to its highly 

policy-sensitive characteristic. 

2.2 Multi-state supernetwork approach 

The “Supernetwork” concept was first introduced by Sheffi (1985) and is defined as the network of existing 

transport networks and modeled route. The concept has integrated the road network and the transit network 

by adding transfer links to simultaneously model travel mode and route choice. In further, Nagurney (2004) 

has introduced the transaction links to model activity implementation of virtual travel such as “commuting” 

versus “telecommuting”. Research development works on supernetwork concepts have modeled multi-modal 

trips or trip chains with higher extensions by adding choice dimensions to the network extension.  

Arentze and Timmermans (2004) extended the supernetworks travel demand model from the trip-based level 

into an activity-based level. The proposed schematic framework “Multi-state supernetwork (MSN)” can model 

multi-modal, multi-activity trip chains, and even locations of facilities or services. In other words, the daily 

activity-travel patterns (ATPs) of the individual can be identified by the outcome of modeling the activity-travel 

scheduling. Multi-state supernetwork representations are constructed for each individual and decomposed 

into path choice through the following element and different states of the physical network:  

⚫ Daily activity program (AP): The list of out-of-home activities during the day, available private vehicles, and 

(in-)complete sequence between activities; 

⚫ Activity state: The condition of which activities in the daily activity program have already been conducted; 

⚫ Vehicle state: The location of the private vehicles (in use or parked at particular locations); 

⚫ Activity-vehicle state: The combination of activity and vehicle state. If an individual is conducting an activity, 

the private vehicles must be parked. 

Within the supernetworks, nodes represent actual locations in space, including home, activity locations, or 

parking locations. Between the nodes, the following links are categorized as:   

⚫ Travel links: Connecting different nodes of the same activity state, representing the movement of the individual 

from one location to another; the modes can be walking, bike, car, or any PT modes; 

⚫ Transition links: Connecting the same nodes of the same activity states but different vehicle states (i.e. 

parking/picking-up a private vehicle or boarding/alighting); 
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⚫ Transaction links: Connecting the same nodes of different activity states, representing the implementation of 

activities. 

The further improvement by Liao et al. (2010, 2011, 2013b) has developed a more efficient network 

representation for activity-travel scheduling. The approach divided the integrated network into PV networks 

(PVN) for every type of private vehicle (e.g. Car or Bike networks) and a single PT network (PTN) for pedestrian 

and public transport. Based on the logic that only a small fraction of the transport system and few destinations 

are relevant to individuals, the new network structure has reduced and eased the original representation scale 

for constructing personalized transport networks. For example, Figure 2.4 shows the representation of an 

individual making travel choices within a daily activity-program (AP) in which the PVN and PTN are constructed 

in pentagon and hexagon shapes respectively. In general, the multi-state supernetwork is constructed by the 

two main steps for each individual’s daily activity program. First, the network copies of PVN or PTN shapes 

must be created for every possible state, including vehicle state and activity state. Second, PVN and PTN will 

be interconnected by transition links (between PVNs and PTNs) and transaction links (between PTNs and PTNs). 

This example contains two activities of A1 and A2 need to be conducted, two available private vehicles (PV) 

with car and bike. The parking locations (P1, P2 and P3, P4) are respectively for car and bike mode. The left-

hand side denotes the individual chooses car mode to conduct travel, while the right-hand side denotes 

selecting bike mode. However, it is also possible that the individual travels without private vehicles, so the 

connected links will stay at the center column within the PTN. As above mentioned, the representation 

contains three types of links: travel, transition and transaction links. Links between hexagons (PTN) and 

pentagons (PVN) indicate state change and links without direction icon are bi-directed links. According to the 

following illustration of Figure 2.4, this home-based trip chain starts from the first row and center column 

which indicates all the private vehicles must be parked at the initial state. Every link connection of the path 

illustration implies feasible activity-travel patterns for the individual, which represents a particular mode, route 

choice, parking location, or activity location. 

 

Figure 2.4 Example of Multi-state supernetwork representation (Liao et al., 2016) 
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The attributes of each link are dependent on travel mode and activity state since it denotes a particular path 

choice (Bold links in figure 2.4) within the activity-travel patterns (ATPs). The research works for individual 

activity scheduling have incorporated space-time constraints, time-dependent activity-travel component, and 

path-finding algorithm (Liao et al., 2013a, 2013b). In other words, the attributes of the link are possible to be 

time-dependent. For instance, the travel time in the transport network (PTN or PVN) may be affected by 

congestions during a particular time of the day (rush hours). Therefore, each link of the personalized network 

is defined as the utility equation in a state-dependent way described as follows. Intending to maximize 

individual utility, the disutility function aims to be minimized (Equation 1): 

𝑑𝑖𝑠𝑈𝑖𝑠𝑚𝑙(𝑡) =  𝛽𝑖𝑠𝑚 ×  Χ𝑖𝑠𝑚𝑙(𝑡) +  𝜖𝑖𝑠𝑚𝑙 (1) 

Table 2.1 Notation of the MSN disutility function 

𝑑𝑖𝑠𝑈𝑖𝑠𝑚𝑙(𝑡) Disutility or the costs on link l for individual i in activity state s and mode m 

 Χ𝑖𝑠𝑚𝑙(𝑡) The vector of attributes. Time-dependent component is added where t is the arrival time at link l 

 𝛽𝑖𝑠𝑚 
The attribute-vector of weights. The weight factor denotes the individual preference which 

remains stable through time 

 𝜖𝑖𝑠𝑚𝑙 The error term 

For each traveler, the optimal path of the network is determined by the overall routes with the least disutility 

(affected by monetary cost and time spent). Based on the above disutility function (Equation 1), the model 

utilizes the “Dijkstra's algorithm” to identify the most preferred activity-travel patterns for an individual. The 

data input of an individual activity program and travel preference parameters are incorporated at a 

personalized level for micro-simulations. Thus, the model has transformed the supernetwork static context 

into the advanced time-dependent context with space-time components integrated. The seminal 

representation of the “time-dependent multi-state supernetwork” was established. Furthermore, the network 

representation has incorporated emerging modalities such as information and communication technologies 

(ICT), electric bikes (E-bike), and public transport bikes (PT-bike). With new modalities integrated, the model 

approach has strengthened to predict accurate individuals’ activity-travel choices and potentially provide 

interesting insights on activity-travel patterns (Liao, 2013). The most recent model application was conducted 

in the Rotterdam metropolitan area for investigating travel patterns affected by hypothetical land-use-

transport policies (Liao et al., 2017). The study in Rotterdam metropolitan region has utilized a time-dependent 

multi-state supernetwork and analyzed a better detail of travelers’ response behavior than competing 

computational process models described in the previous section (Chapter 2.1), including accessibility indicator, 

modal substitution, and facilities usage shifts under different integrated transport-land use scenarios. Also, 

with the foundation of this research work (Liao et al., 2017), the MSN modeling approach proves the feasibility 

of policy assessment by constructing the synthesized population as travelers data input based on a 

representative sample size in the Rotterdam region using statistical weighting factor adjustments. However, 



 

22 

 

the previous model applications have excluded the data of emerging modalities (ICT, PT-bike, and E-bike) since 

the travel data and individual preference parameters are still insufficient for systematically assessing traveler’s 

response to policy scenarios (Liao et al., 2017; Maas, 2015; Galetzka, 2015). 

In recent academic development, the duration choice of activity and home staying has incorporated utilizing 

space-time extensions (Liao, 2016). Compared to the former simulation (Liao et al., 2013b), the current model 

relaxed the restriction setting of prohibiting the individual choice of flexible duration and waiting at activity 

locations. Also, the setting explicitly specified the home-return behavior in between activity states (10 or 01, 

See Figure 2.4) of the daily activity program. In contrast, the model settings for the most recent policy 

assessment project (Liao et al., 2017) makes individuals depart home immediately without home staying 

during the simulation. Consequently, with this academic development basis, the state-of-art supernetwork 

model has progressed into the “Space-time multi-state supernetwork”. With the space-time multi-state 

supernetwork representation, the model demonstrates the feasibility to capture trade-offs at a higher spatial-

temporal resolution. In summary, the enhanced capability of this modeling approach is suggested to apply with 

operational travel demand forecasting systems in future research and adopt this improved model for policy 

assessment projects (Liao, 2016). 

Application for assessing policy scenarios 

The multi-state supernetwork model has been applied and tested in a few policy evaluation projects. Maas 

(2015) has assessed and visualized the likely effects of Eindhoven municipal spatial policy regarding the traffic 

flows of the Eindhoven inner-ring area. Galetzka (2015) has evaluated the policy effect of a single transport 

node with Transit-oriented development in the Amsterdam metropolitan area. These previous research works 

utilized the samples from the stated mobility surveys MON and OViN as individual activity program input. 

Without simulating a full population size of the study area, the synthetic population was calibrated with the 

sampled individual using the population factor provided by the responsible statistical institution (CBS). The 

sociodemographic distribution (gender, education, and income level) of the simulation agent has ensured to 

be comparable at the whole study area level. They have suggested to further apply the assessment within a 

broader scale of transport dimension and spatial development policies (Maas, 2015; Galetzka, 2015). For 

example, the policy effects of multiple transit-oriented developments within a metropolitan area might provide 

a better and rigorous test result (Galetzka, 2015). Also, apart from the policy scenarios regarding new road 

network settings, likely effects of high-quality public transport (HOV) or park and ride (P+R) facilities related 

policies are recommended (Maas, 2015). Concerning the essential dimensions of activity-based travel demand 

models, there are sufficient and promising research works on activity-travel scheduling using a multi-state 

supernetwork approach with detailed spatial-temporal resolution (Liao et al., 2010, 2013a, 2013b, 2016). The 

approach framework has efficiently represented multi-modal and multi-activity trip chains. The model 

applications have proven suitable for deriving the individual activity-travel patterns (ATPs) to analyze the travel 

behavior response of different land-use and transport policy scenarios (Liao et al., 2017). 
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Model limitations 

Compared with the contemporary activity-based travel demand models, several model limitations of multi-

state supernetwork are identified. According to previous applications, the synthetic population mainly utilized 

the stated activity diary surveys (e.g. MON and OViN survey in the Netherlands) to determine activity 

sequences and locations. However, residential or industrial land-use developments denote the possibility of 

home moving and job changing decision by the individuals. Although the model is highly policy-sensitive, the 

individual’s decisions that affect a part of the population’s home address or employment locations might 

require an external activity generator module to supplement the component. Besides, the current model (Liao, 

2015) is lacking the feedbacks of resulted macro states on individual scheduling behavior. In other words, the 

model can be categorized as a microsimulation system but without a learning process, individual interactions, 

or a (re)scheduling function such as agent-based models. 

2.3 Summary 

In the past decade, the paradigm of travel demand analysis has been shifting from trip-based to the activity-

based analysis of travel behavior (Habib & Miller, 2008). The activity-based modeling approach (ABM) of travel 

demand has gradually drawn attention in the academic field. Three main lines of activity-based model 

development are identified with three main categories, beginning in the late 1960s with constraint-based 

models, followed a decade later by utility-maximizing discrete choice models, and finally computational 

process models since the 2000s. Regarding the lack of integration between different steps in the classic 4-step 

model, different activity-based models have shown different levels of integration and developed choice 

interdependency with a behavioral basis. One of the newly developed and promising methods, namely the 

multi-state supernetwork model (MSN) has been applied, improved, and tested in a few policy evaluation 

projects (Maas, 2015; Galetzka, 2015; Liao et al., 2017). The MSN model extracts the traveler's data from the 

stated mobility survey then constructed as the synthetic population for simulation input. Also, based on the 

future policy framework, datasets integrated as land-use-transport scenarios are formulated to represent the 

situation change of the built environment and transport network. The MSN microsimulation system models 

the traveler's adaptions to the situation changes and outputs the affected travel choices results for evaluating 

activity-travel patterns. Based on the main objective to assess the policy effects of developing a new light-rail 

public transport system in the Eindhoven metropolitan region, the study adopts the multi-state supernetwork 

approach since it has proven the feasibility to capture the multi-model trip chain between private vehicle 

network and public transport network. Moreover, the validity and reliability of modeling an individual’s parking 

choice behavior by this approach have been showcased (Liao et al., 2012). Potential effects of new light-rail 

connections and related parking price adjustments that might influence the individual’s parking decisions for 

considering travel mode transfer or route choice behavior will be evaluated based on the simulation output by 

the MSN model. Finally, inspired by the incremental improvements and extended applications of utility-

maximizing models (Goulias et al., 2011), the study would also incorporate environmental indicators regarding 

emission effects to enrich the mobility indicators based on the simulated activity-travel pattern results. 
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Chapter 3: Visions and Ambitions    

This chapter describes the environmental visions and public transport ambitions of the Eindhoven 

metropolitan region. First of all, the mobility visions of the Eindhoven city and its agglomeration area are 

summarized. Among the formulated strategies, the issues or bottlenecks regarding the transport sector will be 

focused on. Second, the environmental policy goals with the focus on emission aspects in the Eindhoven 

municipal area are briefly stated. Third, the proposed metropolitan light-rail ambition plan by the mobility 

professionals are presented. The background motivation, public transport system alternatives, and conceptual 

alternatives will be discussed. 

3.1 Eindhoven mobility vision 

The city of Eindhoven and its agglomeration are often referred to as the “Brainport” region in the Netherlands. 

With strong characteristics of high-tech, design-driven, and dynamic innovations in the manufacturing industry, 

the Brainport region is a top technological region and one of the most essential pillars of the Dutch knowledge 

economy (Gemeente Eindhoven, 2020). The region is based on the administrative collaboration between 21 

municipalities in Southeast Brabant province of the Netherlands which can be also referred to as the 

“Eindhoven Metropolitan Region (MRE)” (Figure 3.1). The municipalities of MRE organize regional policies 

regarding the themes of economy, environment, and mobility. Also, the MRE collaboration is the concession 

granter for urban and regional public transportation which the current operator is “Hermes” company, the 

subsidiary of the “Connexxion” group. 

 

Figure 3.1 Eindhoven Metropolitan Region 

(Gemeente Eindhoven, 2020) 

Brainport Eindhoven region is constantly on the rise and it is recently seen as the second economic engine of 

the Netherlands. Key locations of the region include the Eindhoven University of Technology, the Automotive 

Campus in Helmond, and industrial hubs of large multinationals such as ASML Headquarters, Philips research 

center, and DAF trucks. Furthermore, Eindhoven airport is the second largest international airport in the 

country. With a view of future development, there is a great mobility demand in the metropolitan region. 

However, based on the Dutch daily mobility survey “OViN” from 2012 to 2016, the transport modal split shows 

that the living and working population within the Eindhoven metropolitan area are more dependent on private 
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motor vehicles instead of public transport modes compared to the Dutch national average. Besides, transport 

forecasts indicate that between 2030 and 2040 both road infrastructure and public transport systems on the 

supply side will no longer be sufficient to accommodate the growing number of travelers in the Eindhoven 

region (Partners BrabantStad Bereikbaar, 2015). Many public transport ambitions and the mobility strategy are 

proposing ambitious projects aiming to strengthen the regional and international accessibility of the Eindhoven 

region. From an international point of view, the professionals are seeking better possibilities for seamless 

international connections to Düsseldorf, Aachen, Antwerp, and Brussels. For regional accessibility, the public 

transport developments aim to interconnect the economic hotspots and prevent the foreseeable traffic 

dilemmas (BRO adviseurs, 2017).  

 

Figure 3.2 Travel modal split comparison between Eindhoven metropolitan and the Netherlands (CBS, 2016) 

The “Future Vision Public Transport 2040” (Toekomstbeeld OV 2040) has been initiated by the Dutch central 

government in 2015 (Ministerie van Infrastructuur en Waterstaat, 2019). The vision plan process has turned 

into a joint endorsed ambition for future public transport planning. The stakeholders included the central and 

regional government, public transportation sectors (e.g. NS) and the rail management sector (e.g. ProRail). 

Regarding the public transport outline of the Eindhoven region, the municipality of Eindhoven has closely 

consulted and communicated with the province of Noord-Brabant. The ambitions mainly focus on international 

connectivity, regional accessibility and land-use policy coordination. The vision plan proposes the following 

objectives and the second topic is particularly relevant to this study. 

• Shortening travel times to the Randstad region and better connection to the European high-speed rail (HSL) 

network, including connections to Breda and Düsseldorf 

• Improve HOV accessibility of primary locations and main development hubs in Eindhoven 

• Better coordination of the routing of goods about the city compaction tasks (housing policy) around the public 

transport lines  

Some transport strategies have been proposed to meet the vision objectives. First of all, the intercity train 

between Den Haag, Rotterdam, Breda, Tilburg, Eindhoven, Venlo, and Düsseldorf will be developed and 

supplemented by competitive travel time, schedules, and international high-speed rail transfers. Second, the 
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future main development hubs include Eindhoven Internationale Knoop XL around the central station area 

where it is going to be compacted and transforming towards an internationally high-quality urban environment 

including functions of living, working, staying, and meetups. The transport connections with the top locations 

in the Eindhoven region requires the further development of HOV lines or nodes, including Eindhoven city 

center, Technology University (TU/e), High-Tech Campus (HTC), ASML campus, Strijp-S and Strijp-T areas, 

Brainport Industries Campus (BIC) and Eindhoven airport. Thirdly, policies to block and prevent as much freight 

transport as possible through the city, especially of hazardous substances. With a focus on the second mobility 

strategy, Figure 3.3 shows the Eindhoven environmental vision map of the transport sector showing the main 

urban hubs (red zones) and top economic locations (purple zones) in the Eindhoven municipal area. The flow 

axis with the dotted blue line indicates the transport development vision to bring travelers from inner-city 

Eindhoven to Veldhoven neighborhoods and industry clusters such as the ASML campus. Also, two additional 

HOV line developments are under preparation. The first line aims to connect Eindhoven airport, Brainport 

campus and Woensel neighborhood. The second line is planned to direct the connection from inner-city 

Eindhoven towards municipalities such as Geldrop and Weert. In a broader metropolitan area scale, Figure 3.4 

shows the potential HOV line development vision plan in the Eindhoven region. The regional HOV lines aim to 

connect municipalities such as Helmond, Veldhoven and Valkenswaard since they contribute to a large share 

of mobility trips within the metropolitan region (Partners BrabantStad Bereikbaar, 2015). 

 

Figure 3.3 Eindhoven environmental visions of transport 

(Gemeente Eindhoven, 2019) 

 

Figure 3.4 Current and potential HOV corridors (Partners 

BrabantStad Bereikbaar, 2015) 

3.2 Eindhoven emission goals 

According to the climate regulation (Klimaatverordening), the Council of Eindhoven municipality has set its 

goal to reduce 55% of CO2 emission from road traffic (excluding motorways) of the Eindhoven city area in 2030 

than the total amount in 1990 and 95% less in the year of 2050. To achieve the CO2 reduction goal, a draft 

action plan for the “Emission-free” Eindhoven mobility was drawn up in March 2017 (Gemeente Eindhoven, 

2017). In the action plan, the authorities have identified which policy approach can be implemented by the 

municipal executive itself including detailed ambitions, intermediate goals, and concrete measures while some 

measures require regional cooperation. Based on the proposed policy measures from the action plan, five 
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strategy lines including the themes of (1) Transport mode, (2) Parking, (3) Smart mobility, (4) 

Communication/Behavior, (5) Spatial planning are distinguished. Besides, the action plan was assessed by 

scientific research to estimate and compare the effectiveness of the proposed policy measures (CE Delft, 2017). 

According to the assessment by the study, the policy measures of implementing emission-free zone within the 

Eindhoven ring road or stimulating “Modal shift” (Reducing car traveled kilometers by promoting public 

transport and cycling) has potentially a major contribution to reducing CO2 emissions. Furthermore, positive 

side effects including improvements in air quality (less NOx, PM2.5 emission) and reducing noise pollution can 

be achieved by the action plan measures. 

3.3 Metropolitan light-rail development 

During a rail professional conference “De Dag van de Rail” in June 2019, mobility professionals together with 

the municipality of Eindhoven have proposed a “Blue Sky concept” (ProMedia, 2019). Mobility professionals 

have argued that mobility strategies including upgrading the HOV system and improving the current railroad 

infrastructure have limited effect on the growing accessibility bottlenecks. With the fast-growing travel and 

access demand of the primary locations and hotspots, professionals have suggested starting to consider a 

metropolitan public transport system with light-rail development. The current operating or planned HOV 

system has been considered as a temporary practice for the transition period of realizing the metropolitan 

transport system. Also, large parts of the Eindhoven region are not accessible by the rail system. Considering 

the rail services of Eindhoven Central Station, the existing stop-train (sprinter) routes for commutes run a half-

hour interval while intercity trains to cities such as Utrecht and Amsterdam offer a ten-minute frequency 

service per hour. Furthermore, the light-rail system has already been developed in four major cities in the 

Netherland with abundant activity-travel data to refer to and extract from the existing databases. However, as 

the fifth-largest city in the Netherlands, the continuous discussion of developing the light-rail system in the 

Eindhoven region has been drawing attention in the past decade (Donners, 2019).  

According to the “Lightrail in Brainport Eindhoven” proposal under the Blue-sky concept (Donners, 2019), a 

series of light-rail development vision (See Figure 3.5) was proposed and the hypothetical routes are complied 

with the mobility vision to bring travelers to primary locations and hotspots of Eindhoven. Moreover, different 

levels of rail infrastructure such as Intercity, Sprinter, provisional light-rail, and HOV system are interconnected 

with regional transport hubs. These transport hubs aim for seamless transit for travelers with (inter)national 

destinations and provide an efficient urban transport system. Also, the “Blue-sky” concept has set its goal to 

have better environmental effects to the region with more efficient use of space and reduction of pollutant 

emissions (such as CO2, NOx, and PM2.5). Based on the proposal, the Eindhoven metropolitan light-rail system 

introduced an additional 81km connection overall. Three potential light-rail lines and its connection areas have 

suggested as follows: 

1. Tilburg – Oisterwijk – Oirschot – Airport – Strijp-S – Eindhoven Station – TU/e – Nuenen – Helmond – Deurne 

2. Den Bosch – Best – Ekkersrijt – Woensel – Eindhoven Station – Geldrop – Weert 

3. Valkenswaard – ASML – High Tech Campus – Eindhoven Station – TU/e – Son – Veghel 
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Figure 3.5 Eindhoven light-rail ambition (Donners, 2019) 

The proposal of the metropolitan light-rail system in the Brainport Eindhoven region has set its goal to relieve 

the public transport bottlenecks. With regional integration, destinations on the outskirts of the city can be 

reached directly from the region, without having to transfer to the city center area. Also, the connections are 

planned to construct the rail infrastructure along Dommelpassage with added leisure externalities which are 

in line with the municipal’s ambitions (Gemeente Eindhoven, 2019). The connectivity of future Eindhoven 

Internationale Knoop XL spatial developments of the central station area will be enhanced by the system. 

Therefore, after initiating the proposal and debate of the conceptual plan, the professionals together with the 

municipality of Eindhoven have called for a feasibility study into such development including topics of 

investment cost, transport or environmental benefits, route design, etc. 

3.4 Summary 

According to the national and regional plans of Future Vision Public Transport 2040 (Toekomstbeeld OV 2040), 

the mobility professionals have argued that there are insufficiently integrated solutions to deal with the 

emerging accessibility problem faced by the Eindhoven metropolitan region. Meanwhile, the assessment of 

the Eindhoven “Emission-free” mobility action plan has indicated that stimulating the modal shift by replacing 

car travel with public transport and cycling is positive to the air quality. Therefore, a new idea of the “Blue-sky 

concept” is introduced to propose the public transport system with a metropolitan scale of light-rail 

developments. As described in the conceptual plan, three different connections of light-rail lines have the 

potential to relieve regional mobility issues and reduce emissions. However, this preliminary concept is 

formulated without an administrative basis or in-depth background research. The mobility sectors of both 

professional and administrative departments have a high interest to further investigate the proposal’s 

feasibility and mobility or environmental benefits.  
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Chapter 4: Methodology 

This chapter describes the research method for assessing light-rail development policies by the multi-state 

supernetwork approach (MSN). The first part briefly summarizes the application process of each essential step 

of deriving the mobility indicators of activity-travel patterns and the environmental effects of air pollutant 

emissions. The second part introduces the microsimulation system of the multi-state supernetwork approach 

and the application method to evaluate the policy effects. The third part states the data preparation tasks of 

essential input files for microsimulation. The fourth part explains the air pollutant emission indicator including 

the parameters and the calculation method.  

4.1 Research framework 

The following briefly describes the research framework of this study. First, raw datasets modification and 

preparation tasks are conducted before the overall data infrastructure of the study area were constructed. The 

preparation process mainly followed the instructions of the explanation document by Liao and Maas (2015). 

However, this research utilized the open-source GIS platform QGIS (Ver. 3.14) instead of TransCAD software 

comparing to the former application for data modification. Therefore, some of the dataset preparation tasks 

such as geo-data of the road network and land-use locations have been adjusted and customized based on the 

available functions and extensions of the QGIS software environment. The data infrastructure of the study area 

performs as the essential inputs of the multi-state supernetwork modeling system. Second, after the model’s 

microsimulation, the system outputs the trip table of every simulated individual in the synthesized population 

which indicated the activity-travel pattern based on different scenario environments. The policy effects will be 

carried out by analyzing the aggregated travel pattern results of individuals and compare the derived mobility 

indicators between different scenario settings. Meanwhile, the route choice effects of the individual indicated 

by the simulated path record on the trip table will be aggregated and visualized with heatmap representation 

using QGIS software. Finally, based on the simulated total car traveled distance (Vkm), an air pollutant emission 

indicator is utilized for estimating the environmental effects of the light-rail developments. 

 

Figure 4.1 Research framework flowchart 
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Study area 

The settings of the study area are structured at three different spatial levels for effect analysis. The levels are 

determined based on the “Lightrail in Brainport Eindhoven” development framework regarding the proposing 

light-rail connection area and the existing public transportation concession area. Therefore, considering the 

hypothetical metropolitan public transport development scale, the three spatial levels are prepared as:  

(1) The city of Eindhoven (EHV): Only the Eindhoven municipal area is considered to analyze the planning 

scenario effects as the main urban region within the metropolitan area. 

(2) The Eindhoven metropolitan region (MRE): The administrative cooperation between 21 municipalities 

in the southeast of the North-Brabant province and is the so-called “Brainport” region of the 

Netherlands. Also, MRE is the concession area for the regional public transport system. 

(3) The extended Eindhoven metropolitan region (MRE+8): Based on the light-rail proposal, the study 

area further includes the additional 8 municipalities along the corridor which extends the study area 

to Tilburg, 's-Hertogenbosch, two other major urban regions in the North-Brabant province. Therefore, 

the boundary of the study area will fully cover the potential light-rail connections with the inclusion of 

these 8 municipalities which makes the study area have 29 municipalities in total. 

 

Table 4.1 Municipality list of the study area 

MRE area (Red color) 

Asten / Bergeijk / Best / Bladel / Cranendonck / Deurne / 

Eersel / Eindhoven / Geldrop-Mierlo / Gemert-Bakel / Heeze-

Leende / Helmond / Laarbeek / Nuenen / Oirschot / Reusel-

De Mierden / Someren / Son en Breugel / Valkenswaard / 

Veldhoven / Waalre 

MRE+8 area (Green color) 

MRE area and 

Boxtel / 's-Hertogenbosch / Haaren / Oisterwijk / Sint-

Michielgestel / Tilburg / Vught / Meierijstad 
Figure 4.2 Study area of the Eindhoven metropolitan (1:300000) 

(OpenStreetMap, 2020) 

Figure 4.2 shows the boundary between the three spatial levels of the study area. The red area shows the 

boundary of the Eindhoven municipality and other municipalities in the metropolitan region (MRE) with a total 

area of 1,438.54 km² (CBS, 2020). According to OViN 2015-2017, residents living in the Eindhoven municipality 

have fixed activities such as work, education and sports with 84.7% of activity-travel trips conducted within 

the MRE area. Meanwhile, the MRE residents living outside of Eindhoven city have 82% of fixed activity trips 
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within the MRE area but only 30.4% of work trips in the Eindhoven municipal area. The green area indicates 

the extended study area with eight more municipalities involved and with an additional area of 687.65 km². 

Therefore, the total study area is 2,126.19 km².  

The population of the overall study area is 1,364,831 at the end of January 2020, which 781,001 lives in the 

MRE area and 234,565 in the city of Eindhoven (CBS, 2020). To show the population distribution within the 

study area, the following Figure 4.3 displays the population density map between the 29 municipalities (CBS, 

2020). The residents of the study area mainly agglomerate in the main municipalities including Eindhoven, Den 

Bosch, Tilburg, and Helmond. Besides, a relatively dense population is observed along with the municipalities 

of Veldhoven – Eindhoven – Helmond corridor compared with other municipalities in the study area. This 

information on population density distribution will provide evidence for effect explanation of result analysis. 

 

Figure 4.3 Population density (Residents per km2) 

between municipalities in the study area  

The multi-state supernetwork only simulates the respondent samples of the extracted population from the 

activity-travel diary survey. Consequently, the population weighting factor provided by the CBS (Statistics 

Netherlands) will be utilized to correct and avoid sampling bias of the mobility survey. Despite the application 

will not simulate the exact population size of the study area, the sample size of the synthesized population will 

be scaled up by extracting 13 different years of survey results (MON 2005-2009 and OViN 2010-2017) to 

increase the total travelers' amount for micro-simulation. After the model application, different travel pattern 

effects regarding the residents of the three spatial levels and emission impacts of the overall study area will be 

compared. The results are expected to provide insights for the policymaker to develop suitable connections 

areas of the light-rail plan and evaluate the mobility or environmental influence after the realization of new 

public transport infrastructure and related policies. 
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4.2 Micro-simulation system  

The multi-state supernetwork (MSN) simulation program is written in C++ language with three main parts of 

modules including: “snk_main”, “snk_construction”, and “snk_path”. The main parts of the module have 

corresponded to the “Micro-simulation” block regarding the application flowchart in Figure 4.1 of the previous 

section. The “snk_main” module defines the entry point for the overall console application. The program starts 

with asking which scenario will be simulated and then importing all the prepared files of the synthetic 

population, policy scenarios, and individual parameters. A detailed explanation of these data structures is 

presented in the following 4.3 section. Based on the imported data and the given activity program, the 

“snk_construction” module generates the PV network and PT network of each individual. The PV networks are 

determined by the vehicle availability of each individual based on the personal profile attributes. In this version 

of the modeling system, private vehicles are only categorized with cars and bikes for simulation. After all the 

PVNs and PTN are prepared, the supernetwork structure of each simulated individual will be constructed such 

as the representative example of Figure 2.4 in chapter two. For each individual, every possible activity or 

parking location is determined by the location choice model, and the interconnected links are specified by the 

supernetwork structure. Afterward, the “snk_path” module finds the optimal path for each individual based 

on the constructed supernetwork and the given activity-travel program. The following briefly summarizes the 

model components of location choices under the “snk_construction” module and trip table outputs derived 

from the “snk_path” module. Other model components are discussed in the next chapter (Ch5) since it 

requires calibration based on the study needs including the activity-travel preference parameter related to the 

interconnected links of supernetwork. Finally, geographic visualization tasks for result analysis are described.   

Location choice  

The location choice of the multi-state supernetwork denotes the decisions of where the activities are 

conducted and where the vehicle is parked. During the modeling process, the activities are categorized as 

flexible or fixed regarding the activity type in the stated activity program from the mobility survey MON/OVIN. 

Departing from and returning to home are considered as fixed activities at the start and endpoint of the activity 

sequence. Therefore, location alternatives only exist with flexible activities that are essentially surrounded by 

two fixed activities. In the location choice model, the link cost disutility function represents an individual’s loss 

compared to conducting the flexible activity at a hypothetical ideal location (Liao et al., 2011). Regarding the 

multi-state supernetwork representation, the parameter weight of location choice defines the cost of 

transaction links for conducting activity at an alternative location. Following the previous applications (Liao et 

al., 2017; Maas, 2015; Galetzka, 2015), the disutility function for selecting activity locations are specified as: 

𝑑𝑖𝑠𝑈𝑓𝑛  =  𝛼𝑓𝑛 +  𝛽𝑖𝐴𝐷
∗ × ln (1+𝑎𝐷𝑖𝑠𝑡𝑓𝑛) − 𝛽𝑖𝑆

∗ × 𝑠𝑖𝑧𝑒𝑓𝑛  (2) 

Regarding Equation 2, 𝑑𝑖𝑠𝑈𝑓𝑛 is the choice-related disutility of conducting flexible activity f at location n, 𝛼𝑓𝑛 

is the base utility, 𝑎𝐷𝑖𝑠𝑡𝑓𝑛 is the travel distance from the previous activity location to n, 𝑠𝑖𝑧𝑒𝑓𝑛  is the floor-

space size for fn, and  𝛽𝑖𝐴𝐷
∗  and 𝛽𝑖𝑆

∗  are parameters for travel distance and size respectively. Since the current 

supernetwork model finds the matching activity location at a 4-digit postcode level, 𝛼𝑓𝑛  represents the 
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specific constant value for each 4-digit postcode area. The parameter weight value for the location choice 

function was estimated based on the stated location choice indicated with the 4-digit postcode of the MON 

survey using likelihood estimation by Liao et al. (2017). Table 4.2 shows the location choice parameter settings 

for traveling to conduct flexible activities. 

Table 4.2 Individual flexible activity location preference parameters (Liao et al., 2017) 

Field explanation: Coefficients for activity location attractiveness  Weight value 

Distance to 

location 

Parameter FromDist – Shopping activity  1.78 

Parameter FromDist – Going-out (Meeting / Visit) 1.35 

Parameter FromDist – Culture** 1.4** 

Parameter FromDist – Sports* 1.65* 

Parameter FromDist – Recreational tour (Visit / Lodge) 1.67 

Floor space 

Parameter Size – Shopping activity 0.000023 

Parameter Size – Going-out (Meeting / Visit) 0.0000232 

Parameter Size – Culture** 0.0000157** 

Parameter Size – Sports* 0.0000314* 

Parameter Size – Recreational tour (Visit / Lodge) 0.0000101 

*) Sports facility parameter not used in this case since it is defined as the fixed activity type 

**) Culture activity parameter not used since the recoded land-use randomly assign the fixed location (Office or Industry) 

The multi-state supernetwork model allows individuals to change travel mode during one trip. Consequently, 

for potential parking location choices, the individual has options to access the activity location directly or 

transfer to public transport mode by parking the vehicle at the transport hubs (TH) or P+R facilities (Park and 

Ride). The potential options for parking are based on the following rules including pre-defined acceptance 

distance (𝑑𝑖𝑎) and limited distance (𝑑𝑖𝑙) of private vehicles (Car or Bike) with a reduced choice set (Liao et al., 

2014). The limited distance is defined to be always larger than the acceptance in which two distance circles are 

set with the home location as the center (𝑑𝑖𝑙 > 𝑑𝑖𝑎). Based on the rule, the individual will not drive the vehicle 

over the distance 𝑑𝑖𝑙   but may drive over the 𝑑𝑖𝑎  distance. If the activity location lies beyond the 𝑑𝑖𝑙  

distance, the individual must find the parking location near PT facilities within the  𝑑𝑖𝑙  circle. If the activity 

location lies between the 𝑑𝑖𝑙   circle and 𝑑𝑖𝑎  circle, the individual may find the parking location near PT 

facilities within the 𝑑𝑖𝑎 circle. If all the above conditions are not satisfied, the individual will drive the vehicle 

directly to the activity locations. Figure 4.4 shows the parking location choice example of an individual’s trip 

starting from home location.  

 

Figure 4.4 Potential parking location choices 

(Liao et al., 2014) 
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Activity-travel trip outputs 

After the multi-state supernetwork model execution with a particular scenario data input, the micro-simulation 

system outputs the “trip-table” containing activity-travel choice information of travel mode, road network 

location (nodes) and time of each simulated individual. The model outputs all the simulated individual trips 

with all travel modes combined into one large file per scenario. The structure of the individual trip-table is 

presented in Table 4.3, in which every mode-specific activity-travel trip contains three rows of information. The 

first row indicates which travel mode that the individual selects, the individual’s unique identifier and the road 

network node that the individual selects to travel (Car or Bike) or the PT stops chosen (Public transport) during 

the trip. The second row also indicates the travel mode and individual identifier. In comparison, this row 

records the entry time of the road network node or PT stops corresponding to the first row. The third row 

summarizes the activity-travel trip with trip length (in km) and trip duration (in minutes). However, for public 

transport mode, the trip length is not presented since the MSN model utilizes a timetable-based PT network. 

Table 4.3 Individual activity-travel trip table structure 

1st row Travel mode code Personal ID Location 1 Location 2 … Location N Location N+1 

2nd row Travel mode code Personal ID Entry time 1 Entry time 2 … Entry time N Entry time N+1 

3rd row (Trip summary) Trip length Trip duration     

This study will keep consistent with this trip-table output structure since it is handy to interpret and aggregate 

for activity-travel pattern effects during the result analysis. Also, the structure was set up to present the 

supernetwork output geographically and applied visualization in the previous study (Maas, 2015). The scheme 

to visualize the effect on geographical information systems (GIS) appears promising with this structure basis. 

Geographical visualization 

Every first-row record of the trip table output indicates the simulated activity-travel path of the individuals. 

The selected road network nodes by the individuals are aggregated to represent the route choices under each 

scenario’s simulation. However, a large amount of the trip table record with nearly a million data rows has 

made the aggregation process time-consuming using Excel or SPSS software. Therefore, to improve the 

efficiency of summing up the selected road network nodes of each travel mode, a simple Python script written 

for this study is applied to output the summarized node choices regarding the overall road network (See 

Appendix 2). The summarized records are imported to the QGIS software with travel mode-specific (car or 

bike). By selecting the heatmap function under the GIS layer symbology settings, route choices of each policy 

scenario are compared with the base scenario to analyze the development effects. The increased and 

decreased road usage are displayed with red and blue color respectively to visualize the route choice effects 

of the aggregated individual. The QGIS interface of applying the heatmap representation for route choice effect 

visualization is presented in Appendix 1. 
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4.3 Data infrastructure 

This section describes the summary of the data preparation tasks of every essential input file. Table 4.4 

presents an overview of the raw dataset's sources and information about the base scenario settings.  

Table 4.4 Dataset sources and base scenario infrastructure 

Datasets Sources Base scenario 

Land-use of activity locations 

⚫ Esri Nederland (2020). Basisregistratie 

Adressen en Gebouwen – verblijfsobject 

⚫ Esri Nederland (2020). Postcodevlakken 

(PC4 and PC6) 

⚫ Prettig Parkeren (2020). Parkeerinformatie. 

⚫ Activity types: 8 

⚫ Activity locations: 27,388  

⚫ P+R location: 0 

Road network data 
⚫ Extracted from the internal database 

(Aimsun) of mobility professionals (RHDHV) 

⚫ Nodes (Junctions): 31,663 

⚫ Links (Edges): 90,904 

Public transport timetables 
⚫ OpenMobilityData API (2020) based on 

general transit feed specification (GTFS) 

⚫ PT stops: 3,850 

⚫ PT connections: 284,052 

Activity-travel program 
⚫ MON 2005-2009 (Rijkswaterstaat). 

Retrieved from DANS institute (2020). 

⚫ OViN 2010-2017 (CBS). Retrieved from 

DANS institute (2020). 

⚫ Activity-travel trips: 306,738  

⚫ Synthesized population: 

109,334 persons 

Individual profiles and attributes 

Home profiles 

Individual travel preference 

parameters 

⚫ Previous Dutch travelers’ preference studies 

by Arentze & Molin (2013). 

⚫ Integrated with the 

simulation system 

Road networks 

The raw datasets regarding the road network were extracted from the internal Aimsun Next software (Ver. 8.4) 

database provided by mobility professionals (RHDHV). The software itself is an integrated mobility modeling 

platform that supports various geo-data formats including GIS shapefile (.shp) importing and exporting. The 

road network including the sections (edges) and junctions (nodes) shapefiles were exported from Aimsun 

software and imported into QGIS software (Ver. 3.14) for data format modification. During the dataset 

preparation task, the road network information extracted from Aimsun has been compared with the Nationaal 

Wegenbestand (NWB) road datasets used by previous MSN model research or projects (Liao et al., 2017; Maas, 

2015; Galetzka, 2015). In comparison with previous research and projects, the network provided by mobility 

professionals contains a more detailed maximum speed profile per road section. Therefore, some of the 

manual editions by additional software (e.g Microsoft Excel) which is stated in the explanation document (Liao 
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and Maas, 2015) are not needed. Also, as the same road junction is compared in Figure 4.5 and Figure 4.6, the 

specified directions of each road section are treated with separated vertex (Aimsun network) instead of the 

same vertex (NWB network) where direction information has to be tagged using external sources by manual 

editions. Meanwhile, the nodes (junctions) are connected by the separated vertex without losing any 

information which largely reduces the total amount of link and nodes within the study area under a 

metropolitan research scale. The road network data source adoption from mobility professionals denotes the 

advantages including time-saving in data preparation tasks and prevent information loss during file import or 

export process between different software programs.  

  

Figure 4.5 Road network GIS vertex (NWB database) Figure 4.6 Road network GIS vertex (Aimsun database) 

In the original Aimsun network, there are 31,663 nodes (road junctions) and 65,074 links (road sections) that 

compose the overall road network. Within the study area (MRE+8 level), this study adopts a more detailed 

subdivision setting of road sections (Maas, 2015), in which the road types are categorized based on 6 different 

maximum speed profiles and fuel consumption (Table 4.5).  

Table 4.5 Road types division and model specification 

Road type 

subdivision 
Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 

Road type or 

locations 

Local roads 

Residential 

Radial roads 

Regional roads 

Inner-city area 

Ring roads 

Rural area 

Airport area 

Access roads 

Highways 

(N-roads) 

Motorways 

(A-roads) 

Bicycle path 

Inner-city path 

Maximum 

speed 

Car 30 km/h 50 km/h 70 km/h 90 km/h 120 km/h (Not allowed) 

Bike 15 km/h 15 km/h 20 km/h (Not allowed) (Not allowed) 10 km/h 

Fuel consumption 

(Car average speed) 
10L/100km 8L/100km 7L/100km 6L/100km 6L/100km - 

Link counts 38,818 16,434 16,270 10,434 8,522 426 

 

  



 

37 

 

The road type subdivision aims to pursue a better detail of policy assessment since the multi-state 

supernetwork model is highly policy-sensitive (Liao et al., 2017). Therefore, the time-dependent component is 

added by varying the speed profile during peak hours or off-peak periods during a day to represent the 

potential road congestion and increased waiting time on the road. Figure 4.7 shows the car travel speed profile 

assumptions of different road types over 24 hours during a day. 

 

Figure 4.7 Car travel speed profile though 24 

hours during a day 

Besides, the connections to the surrounding municipalities will be created manually by adding motorways (A-

roads) and regional highways (N-roads). The aim is to include the travel flows of commuters between the study 

area and the surrounding region or neighborhoods. These roads (A-roads and N-roads) are all assumed as two-

way directions to correctly direct the commuters to conduct out-of-home trips and home returning trips during 

the simulation. Therefore, the total links are increased to 90,904 for the study’s road network. In this study, 

people living outside the study area will be filtered out. However, people living in the study area might have 

activity-travel trips that occur in the surrounding region outside the study area. Therefore, the additional 

regional connections outside the study area will be bounded by the cities of Breda, Utrecht, Venray, Venlo and 

Roermond. Figure 4.8 shows the overall road network displayed in the GIS environment. 

 

Figure 4.8 Road network of the study 

area (MRE+8 level) 
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Public transport timetables 

The public transport data input regarding the timetable-based raw datasets is fully extracted from the Dutch 

open data “OVapi GTFS” provided by the OpenMobilityData portal (2020). This open public transportation 

database is available with daily updated information covering all routes and transit stops in the Netherlands. 

Also, all the datasets follow the General Transit Feed Specification (GTFS) which defines a common format for 

public transportation schedules and associated geographic information. The data modification tasks were 

conducted by SPSS and QGIS software (Ver. 3.14). First, different public transport information such as stop 

timetable, stops, routes and trips are merged into a single large dataset with the assistance of an existing SPSS 

data script. Second, the needed public transport routes are selected based on the regional operating agency 

of the study area. Considering the main PT agencies of the administrative area, the North-Brabant province, 

the agency names are shown as “BRAVO: CXX”, “BRAVO: ARR” and “IFF: NS” were included and other irrelevant 

agencies were filtered out. The agency name “BRAVO” is the abbreviation of “Brabant Vervoert Ons” which 

represents the brand name of urban and regional transport carried out in North-Brabant. In the current, the 

operators are “Arriva” and “Hermes” (a subsidiary of Connexxion company). These two agencies provide 

transportation services mainly with bus connections and high-quality public transport (HOV) network in the 

region. The passenger train services are provided by “NS”, the state-owned Dutch Railways company. The 

inclusion of the routes of these three agencies composes 5,868 public transport stops and 377,660 connections 

in total. Thirdly, the stops and connections amounts are further reduced by removing passenger train routes 

(under “NS”) including Eurostar and Intercity-direct because these routes are not an option for daily commutes. 

Thus, the NS train routes only consider services of inter-city and stop-trains. Moreover, the local bus routes 

which are not a possible commute alternative for the study area are manually removed such as connections 

serving only the municipality of Breda or the West-Brabant region. After the modification tasks for PT 

timetables, the total number of public transport stops is 3,850 and overall connections are 284,052 for a 

calendar day. Figure 4.9 shows the public transport stop locations in the study area by the GIS map. 

 

Figure 4.9 Public transport stops of the 

study area (MRE+8 level) 



 

39 

 

Land-use of activity location 

The land-use activity locations raw datasets utilize BAG (Basisregistratie Adressen en Gebouwen) vbo file 

(verblijfsobject) within the study area as the file input (ESRI Nederland, 2020). The input data concerns the 

available facilities and services for individuals to participate in the daily activity program, including work, 

shopping, education or recreation, etc. The data are used in combination with the 4-digit (PC4) and the 6-digit 

level (PC6) of postcode data extracted from the ESRI Nederland database (2020). The data modification tasks 

were conducted by QGIS software (Ver. 3.14) which makes the land-use input contains the information with 

geographical information (Nearest road network nodes, XY coordinates), floor space, parking profiles (cost and 

search times) and postcodes. Also, the PC4 and PC6 files have tagged with the nearest road network nodes 

and the XY coordinates of the area’s centroid. The factors of land-use location attractiveness are determined 

by the attributes of travel distance and floor space (Liao et al, 2017; Maas, 2015). Other attributes such as 

service level for the land-use location will be left out in this study due to limited employment information and 

literature-based method to re-estimate the location choice parameter. 

The relevant activity locations for the supernetwork model simulation are selected based on the BAG definition 

(ESRI Nederland, 2020). The land-use functions to conduct daily activities are defined as (1) Office, (2) Stores, 

(3) Industry, (4) Meeting/Social Facilities, (5) Health Care, (6) Lodging, (7) Education, and (8) Sports Facilities. 

The dwellings (residential function) have been removed since the home profiles of the synthesized population 

will be stated in a separate dataset which the information has derived from the MON/OViN travel survey (CBS, 

2020). Also, the parking-related profile of the activity locations has been tagged as attributes and the 

assumption has been made that the parking cost follows the linear function (𝑦 = 𝑎 + 𝑏 ∗ 𝑥). In which “a” is 

the base parking cost while “b” is the unit parking cost per minute (Liao et al., 2017). Based on the position 

regarding the land-use within the study area (See Table 4.6), four different settings of parking time and cost 

have been categorized with up-to-date information (Prettig Parkeren, 2020). 

Table 4.6 Location category and parking profile specification 

Location category (1) Inner-city area (2) District center (3) Other areas (4) Airport area 

Car parking 
Base cost 1.0 Euro 1.5 Euro Free of charge 4.0 Euro 

Unit cost 2.5 Euro/h 1.5 Euro/h Free of charge Daily tariff* 

Bike parking Free of charge 

Extra parking search time 10 mins 5 mins 2 mins 10 mins 

(*Assumption: The airport area charges tariff with high base cost without unit cost) 

In general, the Dutch zip code consists of four numbers (4-digit level) and two letters (6-digit level). The 

numbers indicate the city, village, neighborhood or district, the letters are more specific and indicate the street 

or its partial section. The activity program of the synthesized population in the MON/OViN survey indicates 

the origin and destination with a 4-digit postcode level. However, the current supernetwork micro-simulation 

system reads the land-use location detail up to the 6-digit postcode level. Therefore, the attribute table has 

tagged the position of the land-use with the corresponding XY coordinator (EPSG:28992 - Amersfoort / RD New) 
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from the 6-digit postcode layer (centroid position of the postcode area) using QGIS software, instead of unique 

XY coordinates for every activity location. For a fixed activity location, the 6-digit postcode level of the land-

use position is taken into account. Before the supernetwork model simulation, a random land-use position (6-

digit level) is assigned to the activity program that matches the activity type and upper-level of 4-digit postcode 

by an existing python code script (Maas, 2015). For flexible activities, the land-use is indicated by the 4-digit 

level which is in line with the MON/OViN survey results. A preferred flexible activity location will be chosen 

within the 4-digit postcode area during the supernetwork model simulation that matches the activity type. 

After the data modification tasks using GIS software, the land-use data consists of 60,615 activity locations 

within the study area. By using the existing python script (Maas, 2015), the same activity types within the same 

6-digit postcode area are aggregated and combined so the overall number was reduced to 19,718 locations. 

Figure 4.10 shows parts of the overall activity locations and location categories are indicated with colored areas.  

 

Figure 4.10 Activity locations of the study area (Eindhoven municipal level) 

Furthermore, the residents living in the study area are possible to have activity-travel trips that reach beyond 

the study area boundary (MRE+8 level) in certain cases. Therefore, after the creation of activity program 

datasets, the land-use locations require further addition to locate the fixed activities such as work trips outside 

the study area. The modification task is done by manual selecting the 4-digit level postcode in the whole 

Netherlands which fixed activity types are true based on the activity-travel agenda of the synthesized 

population. After the addition of these land-use locations, the total number of activity locations are increased 

to 27,388.  
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Synthesized population  

For an individual’s daily activity program of the synthesized population, the Dutch annual mobility survey 

namely MON and OViN databases have been extracted from the year 2005 to 2017 in a total of 13-year 

resources to obtain a larger sample size for model input. Individuals of 12 years old or older having at least one 

out-of-home trip (start from home) on the observed day of the activity-travel diary survey will be selected. The 

existing python scripts are used to directly transform the raw results of the MON/OViN survey into the three 

essential synthesized population file inputs regarding “activity program”, “individual profile” and “home profile” 

(Maas, 2015). Based on the needs of this study, the python scripts are modified and customized. The 

programming language version has been translated from python 2.x into python 3.x for up-to-date application 

and improve the script functionality for future developments. By commanding the updated script, the 

individuals living in the study area (selected by column “wogem”) with activity-travel origin or destination 

within the study area (selected by column “vertgem” or “aankgem”) are specified and selected by municipal 

code (e.g. Eindhoven: 772). The activity-travel destinations are tagged by the scripts together with the land-

use file and PC4 file (the nationwide 4-digit postcode list with the nearest road network node tagged). 

Therefore, the activity sequence that occurs outside the study area will be left out, except for the individuals 

living in the study area. To vary the residential location, the script assigned the home address at a 6-digit level 

for every individual randomly within the corresponding 4-digit postcode area although MON/OViN data only 

indicates the individual home location with the 4-digit postcode. Besides, the activity types definition of the 

activity program (MON/OViN) has been re-coded to correspond to the types of land-use datasets. Regarding 

the activity type, land-use types of stores, meeting facility, and lodging is defined as a flexible activity location. 

The following Table 4.7 shows the activity types in MON/OViN datasets and the re-coding of land-use 

categories. The statistical population factor provided by the MON/OViN survey has been applied to solve the 

sampling bias problem and ensure the sociodemographic distribution is comparable to the real-world situation.  

After commanding the Python script, three types of files including ”activity program”, “individual profile” and 

“home profile” for each MON/OViN survey year are generated. The activity program information includes 

activity type, whether fixed or flexible activity (tagged with land-use location if fixed), expected activity 

duration, and activity sequence. The individual profile has stated the sociodemographic attributes (gender, age, 

income level, etc.) and the traveling attributes (car or bike possession, PT ride incentive, etc.). The home profile 

describes the information of the road network node index (home address), XY coordinates of the road node, 

and 4-digit postcode. Finally, to improve the data preparation efficiency, a new python script is created for this 

study to merge all the activity program files from all applied years of mobility survey results including home 

profiles and individual profiles into one large file prepared for model input. The data modification tasks have 

generated 109,334 individuals of the study area (MRE+8 level) where 18,713 individuals (17.1%) living in the 

Eindhoven municipality and 63,599 individuals (58.2%) living in the MRE region. The synthesized population 

size is approximately 8% of the real population of the study area in which the population from each 

municipality has sampled with a similar percentage (8% ± 0.2%) of the actual population. The total generated 

activity-travel trips are 306,738. 
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Table 4.7 Activity categories and recoded types 

Activity code 
Activity explanation Recode to #Land-use Land-use explanation 

Fixed or Flexible 

activity location? #MON #OViN 

1 1 Towards home Trip dropped since MSN model automatically simulate whether home returning 

2 2 To work Random 1 or 3 Office or Industry* Fixed 

3 3 Business visit (work vibe) 4 Meeting facilities Flexible 

4 4 Transport profession 9 Random* Fixed 

5 5 Transport persons 9 Random* Fixed 

--- 6 Transport goods 9 Random* Fixed 

7 7 For education or courses 7 Education Fixed 

8 8 Shopping 2 Store Flexible 

9 9 Visit or stay 6 Lodging Flexible 

10 10 Touring or wander 9 Random* Fixed 

11 11 Sport or hobby 8 Sport Fixed 

12 12 Other leisure activities 9 Random* Fixed 

13 13 Personal care or services 5 Health care Fixed 

14 --- Go with mentor 5 Health care Fixed 

15 14 Other purposes 9 Random* Fixed 

*) A random location will be chosen by existing script from category 1 or 3 

Several sociodemographic attributes of the synthesized population generated by the scripts have been 

compared with a real-world composition based on the statistics (CBS, 2020). The gender composition of the 

study area is ‘male’ with 50.5% and ‘female’ with 49.5%. The average ‘age’ of the study area residents is 44.1. 

For private vehicle possession, 61.8% of the population possesses at least one ‘car’ in their household and 

95.5% owns at least one ‘bike’. Figures 4.11 and 4.12 shows the household income and education level 

distribution of the synthesized population. These attribute’s compositions have been checked and confirmed 

as comparable to real-world status (OVIN, 2017). 

 

Figure 4.11 Yearly income level distribution 

 

Figure 4.12 Education level distribution 
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Moreover, the following Table 4.8 shows the distribution of the number of trips in the generated activity 

program (including home-returning) and the following Table 4.9 shows the activity-travel trip distribution 

based on the re-coded activity location types. 

Table 4.8 Trips distribution of activity program 

#Number of trips 2 3 4 5 6 7 

Percentage 51.3% 28.5% 12.2% 4.9% 2.4% 0.7% 

Table 4.9 Activity-travel trips based on land-use destination 

Activity 

location 

(1) 

Office 

(2) 

Stores 

(3) 

Industry 

(4) 

Meeting 

(5) 

Healthcare 

(6) 

Lodging 

(7) 

Education 

(8) 

Sport 

Trip count 28,756 39,983 63,704 3,736 8,714 26,144 11,567 14,957 

Percentage 14.5% 20.3% 32.3% 1.9% 4.4% 13.2% 5.9% 7.6% 

Activity type Fixed Flexible Fixed Flexible Fixed Flexible Fixed Fixed 

According to the trip count distribution, nearly 80% of the study area’s individual has no more than three trips 

within the daily activity program (trip chain). Besides, based on the activity types category, 65% of the trips are 

for conducting fixed activities with stated activity locations before the simulation. For flexible activities, 35% 

of the trips will select the activity locations during the model simulation based on the attractiveness of land-

use characteristics by the disutility function in Equation 2.  

In summary, the data infrastructure is constructed to represent the current situation (base scenario) in the 

year 2020 where none of the light-rail infrastructure, parking price policies, or transit facilities are implemented 

in the study area (MRE+8 level). The base scenario is utilized to calibrate the updated modeling system settings 

by comparing the simulated results with the most recent mobility survey (ODiN 2018). For the synthesized 

population, there are 109,334 agents simulated. There are 8 types of activity categories included in the total 

of 27,388 activity locations. The road network consists of 31,663 nodes (junctions) and 90,904 links (edges) 

with four available travel mode of car, bike, bus, train (stop-train or intercity), and walking. These data figure 

settings for land-use and road networks will remain unchanged throughout the simulation of light-rail policy 

scenarios. The light-rail policy scenarios mainly concern the data settings of public transport timetables and 

the parking price setting on land-use. In the base scenario, the light-rail travel alternative is not available which 

the public transport timetable data consist of 3,850 stops and 284,052 connections. 

4.4 Emissions indicator 

According to the European Union vision of mobility and transport, promoting sustainable urban mobility and 

increase the usage of cleaner and energy-efficient vehicles is the main objective to provide a better quality of 

life for citizens (European Commission, 2020). In this study, an air pollutant emissions indicator namely 

“Emission harm equivalent index (EHI)” provided by the transport department of the European Commission is 

adopted. The indicator is expressed in terms of emission harm effect on health using PM2.5 equivalents, based 

on the commission’s methodology developed in the context of the “Clean Air Programme” in “National 

Emissions Ceilings Directive discussions” (European Commission, 2020). The indicator formula and the 
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essential parameters are described as follows (Equation 3): 

𝐸𝐻𝐼 =
∑ 𝐸𝑒𝑞𝑠 × (∑ 𝐴𝑖𝑗 ×𝑖𝑗 (𝑁𝐸𝑖 + ∑ 𝑆𝑖𝑗𝑘 × 𝐸𝑖𝑗𝑘𝑐𝑠 × 𝐶𝑖𝑗𝑘𝑐𝑐𝑘 )) × 1000𝑠

𝑐𝑎𝑝
  (3) 

Notations and parameter components 

EHI = Emission harm equivalent index [kg PM2.5 eq./cap per year]  

Eeqs = Emission substance type PM2.5 equivalent health impact value [factor] 

Eijkcs = Emission of pollutants per vkm driven by transport mode i and vehicle type j for fuel type k, emission class c (g/km) 

Aij = Activity volume (distance driven by transport mode i and vehicle type j) [million vkm per year] 

Sijk = Share of fuel type k per vehicle type j and per transport mode i  

Cijkc = Share of emission class c per fuel type k per vehicle type j and per transport mode i  

NEi = Non-exhaust emissions of pollutant i per distance driven [g/km] (=0 for NOx) 

cap = Capita or number of inhabitants in the urban area 

k = Energy type (petrol, diesel, bio-fuel, electricity, hydrogen, etc.) 

i = Vehicle type transport mode (passenger car, tram, bus, train, etc.)  

j = Vehicle class [If available specified by the model (e.g. SUV, etc.)] 

s = Type of substance [type] limited to NOx and PM2.5 

c = Emission class (European standard)  

(Multiplication by 1000 to transform units from g to kg) 
 

The emissions indicator provides fruitful information and is also utilized to evaluate the environmental impact 

of the study area based on the variation of three types of vehicle pollutants generated (NOx, PM2.5, Non-

exhaust PM2.5). Besides, the passenger car is the main air pollutant source among all types of transport 

vehicles in the Netherlands according to statistics (CBS, 2020). Therefore, the estimation of air pollutant 

emission is focused on the car travel mode based on the simulated activity-travel trips by the multi-state 

supernetwork model. The public transport modes in the study area are assumed to be emission-free since the 

systems including bus and NS train are electrically powered (Gementee Eindhoven, 2020). According to the 

indicator’s parameter setup, the calculation regarding the aggregated amount of air pollutants and harm 

equivalent index requires information of the following four data components: 

1. Transport volumes (Vehicle-km of passenger vehicles) 

2. Vehicle fleet composition (or traveled length distribution) per vehicle type per fuel type (%) 

3. Vehicle fleet composition (or traveled length distribution) per vehicle type for gasoline and diesel per 

European emission standard level (%) 

4. Number of inhabitants 

Regarding the first component of data information, the MSN model outputs the travel distance per trip with 

the detail of travel mode choice for each individual (see Table 4.3). By integrating the simulated trip results and 

the personal profile dataset, various sociodemographic or passenger vehicle characteristics that have been 

provided by the stated mobility survey MON/OViN can be further analyzed. Therefore, the total transport 

volume data for car mode-specific will be satisfied with the aggregated trip-table output.  
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For the second component, the air pollutant calculation will combine the travel pattern results with the fuel 

type categories provided by the mobility survey. However, the early mobility survey data (MON 2005-2009) 

has insufficient information regarding the car fuel types such as LPG, Electric car, Hybrid power, etc. The 

extracted population datasets are inconsistent with the later surveys (OViN 2010-2017) regarding these minor 

fuel type categories. Therefore, this study only considers the fuel types of “Gasoline” and “Diesel” to keep 

consistency for estimation. Table 4.10 displays the fuel consumption type distribution regarding an individual’s 

possessed car based on the ownership share of personal profiles (fleet composition) and the simulated trip 

length share under the base scenario. The observed ownership distribution shows that the gasoline car is the 

major fuel type of study area resident’s passenger car. In this study, the calculation for the indicator utilizes the 

distribution of travel length (Vkm) instead of car fleet composition to be in line with the simulated results.  

Table 4.10 Passenger car fuel type distribution 

Car vehicle Ownership distribution (CBS, 2020) Vkm traveled distribution (Simulated results) 

Fuel type Gasoline Diesel Gasoline Diesel 

Percentage (%) 80.51% 19.49% 71.8% 28.2% 

Different extent of air pollutants produced not only determined by the aggregated car traveled distance (VKm) 

and the car fuel type but also varies with the car engine type regarding the emission standard level. According 

to the “European emission standards” for passenger cars (European Commission, 2020), the regulated levels 

have been categorized with different pollutant emission limits for diesel and gasoline vehicles. The briefly 

summarized table of emission standards are displayed as follows (Table 4.11):  

Table 4.11 European emission standards for passenger cars (European Commission, 2020) 

Emission amounts (g/km) 

Tier 
Diesel car / Gasoline car 

CO THC VOC NOx HC + NOx PM PMN [#/km] 

Pre Euro 1 / Euro 1 2.72 / 2.72 - / - - / - - / - 0.97 / 0.97 0.14 / - - / - 

Euro 2 1.00 / 2.20 - / - - / - - / - 0.70 / 0.5 0.08 / - - / - 

Euro 3 0.66 / 2.30 - / 0.20 - / - 0.50 / 0.15 0.56/ - 0.05 / - - / - 

Euro 4 0.50 / 1.00 - / 0.10 - / - 0.25 / 0.08 0.30 / - 0.03 / - - / - 

Euro 5 0.50 / 1.00 - / 0.10 - / 0.07 0.18 / 0.06 0.23 / - 0.01 / 0.01 6×1011 / 6×1011 

Euro 6 / Post Euro 6 0.50 / 1.00 - / 0.10 - / 0.07 0.08 / 0.06 0.17 / - 0.01 / 0.01 6×1011 / 6×1011 

Note: “-“ denotes without regulated amount 

However, for the third component within the study area, the mobility survey MON/OViN is lack of information 

about the fuel emission standard of car vehicles. Therefore, the estimation assumed the car emission level of 

the study area has a similar distribution with the Dutch national average. Also, the national statistics regarding 

the car emission level distribution have more differentiated and mixed fuel types which are inconsistent with 

the first two data components (Car Vkm and Fuel type distribution). Therefore, this study utilized the national 

average distribution regarding the emission level of the adopted two-car fuel types. Table 4.12 displays the 
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Dutch national scale of car emission level distribution based on traveled distance according to the latest 

transport vehicle survey in 2018 (CBS, 2020).   

Table 4.12 Passenger car emission level distribution (Dutch national average) 

Car vehicle Vkm traveled distribution (Average of Diesel and Gasoline car) 

Emission level tier 

(European standard) 

Pre Euro 1 / 

Euro 1 
Euro 2 Euro 3 Euro 4 Euro 5 

Euro 6 / Post 

Euro 6 

Percentage (%) 0.1% 0.9% 4.4% 3.5% 30.8% 60.4% 

The emission indicator with the first three data components (Vkm, Fuel type share, Emission level share) 

calculates the total amount of air pollutants on a yearly scale. Therefore, the simulated car vehicle traveled 

distance is multiplied to transform the daily amount into the total Vkm of a year. However, the model 

application of activity-travel simulation is based on a weekday basis instead of the weekend day situation. To 

avoid the calculation bias, the total Vkm of a year only considers the weekday results and adjust with the 

multiplied extent. Based on the assumed year of 2020 for simulation, the total weekday count in the 

Netherland is 254 days for calculation. 

The fourth data component is used for evaluating the physical harm effect based on the PM2.5 equivalents 

shared by the synthesized population. In the largest spatial level of the study area (MRE+8), the synthesized 

population is 109,334 persons. With the input data information of aggregated air pollutant amounts, the 

PM2.5 equivalent factors of harm effect are applied based on the scientific report (Amann & Wagner, 2014). 

The following Table 4.13 shows the equivalent harm factors based on different types of air pollutants. 

PM2.5 equivalent harm factors 

Table 4.13 Emission harm effect in PM2.5 equivalents 

(Amann & Wagner, 2014) 

NOx 0.067 

PM2.5 1 

4.5 Summary 

To apply the activity-based model for assessing light-rail policy, the state-of-art microsimulation system of the 

multi-state supernetwork model (MSN) is explored and strategies to generate the needed travel pattern results 

are formulated. Besides, concerning this case study of applying the model with a metropolitan scale, the MSN 

model might require adjustment for activity-travel preference parameter or internal system attributes to derive 

accurate and realistic activity-travel pattern results. Also, the input data infrastructure for the multi-state 

supernetwork is prepared with the base scenario settings according to the study area and the research 

specifications. The data structure and the required format have followed the explanation document by Liao 

and Maas (2015) including the datasets with road network, public transport timetable, land-use locations and 

the synthetic population. Besides, to evaluate the environmental impacts based on the air pollutant emissions, 

an official indicator provided by European Commissions is integrated with the travel pattern results. The total 

emitted amount regarding the three types of air pollutants and human harm effect index will be evaluated.  
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Chapter 5: Calibration and Scenarios 

The first multi-state supernetwork model application for transport-land-use policy assessment was conducted 

with a case study in the Rotterdam region (Liao et al., 2017). Afterward, the Eindhoven city region and 

Amsterdam metropolitan region have been applied with this activity-based modeling approach with different 

parameter settings for policy evaluation projects (Maas, 2015; Galetzka, 2015). The initial model testing of this 

study remains most of the internal parameter settings for running the data inputs of the base scenario. It has 

conducted with a model building time of 700 minutes (approx. 12 hours) using various datasets of the base 

scenario. However, regarding the observed trial results, the model requires calibration on the parameter 

settings to improve the model’s predictive accuracy. On the other hand, the formation of the policy scenarios 

follows the guidelines of the regional and the municipal environment vision and public transport strategy 

(Gemeente Eindhoven, 2020; Provincie Noord-Brabant, 2012). The metropolitan light rail development 

proposal “Lightrail in Brainport Eindhoven” emphasizes the possible solution to solve the urban and regional 

public transport bottleneck by introducing three different light-rail connections (Donners, 2019; Donners & 

Hannema, 2019). This chapter describes the tasks of the model calibration process and the proposed setup of 

policy scenarios regarding the light-rail developments or parking-related measures.   

5.1 Model calibration 

The initial model simulation has conducted with all the output results documented in an overall trip table of 

the synthesized population with 109,334 travelers and 310,934 activity-travel trips simulated. On average, each 

person has 2.85 trips in the daily activity program, which is comparable to statistical data with 2.78 trips in 

actual (CBS, 2018). Besides, the previous model application in the Eindhoven region (Maas, 2015) has utilized 

56,368 agents including residents of Eindhoven or activity participation in the Eindhoven municipal area with 

overall 152,823 activity-travel trips by the travelers. Compared with the former research, this study adopted 

more travelers for simulation since the research scale is extended from focusing on the Eindhoven municipal 

area into a broader metropolitan scale of activity-travel behavior. The travel means for the multi-state 

supernetwork model include trips by car, bike, public transport, or foot (walking mode). However, the output 

trip table for network visualization will not include the walking route since the model simulates this mode 

alternative with shortcuts to reaching the destinations instead of following the exact road sections. The results 

for travel distance and the travel time will be adjusted to compare with the statistical data to reduce the spatial 

resolution bias since the activity location is indicated by postcode area centroids. According to the trial 

simulated results, the average travel distance and travel time is 9.01 km and 29.77 minutes respectively per 

trip. According to the most recent mobility survey of the study area (CBS, 2018; Brabant databank, 2018), the 

average travel distance and travel time is approximately 11.00 km and 26.55 mins per trip. For the private 

vehicle mode distribution, the trial settings of the model predicted 34.0% for car mode and 37.1% for bike 

mode. For public transport, the estimated share is 3.2% for PT (bus, train) and 25.8% for walk mode. Compared 

to the mobility surveys conducted by CBS (2018), the car mode share is 42.4%, bike mode share is 35.3%, PT 

share is 3.6% and walk mode is 18.7% in the study area. The estimated results of the trial settings indicated 

that the car mode and public transport mode are less desirable as a travel alternative using the original 
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parameters. Consequently, the model predictive accuracy for the initial simulation test is not good enough 

considering the deviation between the simulated and actual. Also, some issues are identified regarding the 

original internal system settings. First of all, the search distance regarding the previous or home location will 

be extended since the original model is at an urban level instead of a regional level for this case study. Secondly, 

for mode preferred distance settings, the driving margin and the distance threshold for switching mode will be 

extended considering the regional case study scale. Thirdly, for the policy scenario effects evaluation, the PT-

related parameters will be further included in the model such as cost parameters of light-rail transport. 

Therefore, the model requires calibration on the parameter settings including the internal modeling system 

and individual travel preference to improve the accuracy of the multi-state supernetwork model prediction.  

Internal model parameter adjustment 

The original settings of parameters for the internal model are based on the Rotterdam application (Liao et al., 

2017). The following describes the adjustment of this study regarding the manual changes of the following 

internal model settings. First, the fuel cost per liter has reduced to apply for the up-to-date situation based on 

the average price trend in the past five years in the Netherlands (GlobalPetrolPrices, 2020). Secondly, to 

connect the road network edges with the public transport stops within the study area, the reduced distance is 

set up based on the real distance. Third, the search distance regarding the previous or home location has been 

extended since the original model setting is at an urban level instead of a regional level for this study. Finally, 

for mode preferred distance settings, the driving margin and the distance threshold for switching mode have 

been extended as well. The updated and revised internal parameter value settings for model estimation are 

presented in Table 5.1 and Table 5.2.  

Table 5.1 Road type division and parameter settings 

Road type 

subdivision 
Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 

Maximum 

speed 

Car 30 km/h 50 km/h 70 km/h 100 km/h 120 km/h (Not allowed) 

Bike 12 km/h 15 km/h 20 km/h (Not allowed) (Not allowed) 10 km/h 

Car fuel consumption 10L/100km 8L/100km 7L/100km 6L/100km 8L/100km - 

Table 5.2a Internal parameter settings of Multi-state supernetwork model (Public transport) 

Reduced distance to PT stops 

Actual distance to PT stop <1000m 1000-2500m 2500-5000m 5000-20000m >20000m 

Reduce to Real distance 5000m 25% of real distance 

Public transport cost 

PT type Intercity train Stop train Light-rail Bus 

Euro/min 0.30 0.20 0.17 0.15 
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Table 5.2b Internal parameter settings of Multi-state supernetwork model 

Other internal parameters (Speed, Cost, Distance) 

Parameter 
Original value 

(Liao et al., 2017) 
New value 

Walk speed  5 km/h remain 

Fuel cost (car) 1.7 Euro/Liter 1.6 Euro/Liter 

Driving margin (meter) 50000m 60000m 

Search distance for nearby flexible activity location from previous 1000m 7000m 

Search distance for nearby activity location from home (activity-depend) 2000m 50000m 

Walk preferred distance than the bike 400m 300m 

Walk preferred distance than a car 500m 400m 

PT preferred distance over a car  50000m 60000m 

The remaining internal parameters not mentioned above are not adjusted and follow the existing parameter 

settings of the model (Liao et al., 2017; Lyu et al., 2019). For each activity program and individual, at most 20 

parking location alternatives can be selected for car mode and 10 parking location alternatives for the bike 

mode. The maximum activity location alternatives for each activity-travel are 5 locations and for the entire 

home-based trip-chain are 30 locations in total. 

Travel preference parameters adjustment 

The individual parameters for activity-travel preference applied in this study are categorized as three main 

parts, two parts for the activity-travel preference in the multi-modal network and one part for the location 

choice preference of flexible activities. During the model calibration process, the first two parts of the 

parameter are slightly adjusted while the third part remains. The adjustment aims to make the microsimulation 

outcome better fit the observed activity-travel results of the recent mobility survey (ODiN, 2018). The adjusted 

parameter settings have tested with model simulation using the various datasets from the base scenario. The 

calibration of these parameters aims to find the most suitable parameter combination settings to achieve a 

better model predictive accuracy. 

The individual’s travel preference parameter was estimated by a series of choice experiments that specifically 

defines the link cost function of the supernetwork model regarding multi-modal traveling by Arentze and Molin 

(2013). The estimation was conducted with travel mode and trip stage (access/egress or waiting) specifically 

and the estimated parameters are related to time, cost, service quality attributes. The activity-travel 

preference parameter represents the nationwide average of the Dutch population (Arentze & Molin, 2013). 

The first part defines the coefficient setting related to time (in minutes) which concerns the disutility function 

for both travel and transition links. The travel link coefficients of travel time for every available travel means 
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including walking, bike, bus or light-rail, stop-train (Sprinter) or inter-city (IC) train and car. The transition link 

coefficients of transfer time for mode switching between PTN and PVN include waiting and boarding for PT, 

car, and bike picking up or parking. The second part defines the coefficient setting related to cost (in Euro) and 

the constant value for the travel link. The cost coefficient concerns the travel mode of car or public transport 

that requires monetary cost during usage regarding fuel and ticket prices. The travel link constant denotes the 

base preference of the individual regarding different travel modes and transfers.  

Initially, during the model testing process, all the activity-travel parameter value remains the national average 

setting according to previous policy applications in the Rotterdam region (Liao et al., 2017). However, based 

on the suggestion by the previous Rotterdam case, the travel preference parameters are recommended to 

consider unobserved heterogeneity or socio-demographic background of the individuals. Also, according to 

the initial model testing result, the travel preference parameter requires adjustment to ensure the simulation 

accuracy of the model for the up-to-date and regional-specific situation. This study assumes that there is a 

regional difference between the individual’s preference for travel modes in the Netherlands. Therefore, the 

parameter adjustment is based on the national and regional average comparison regarding the travel mode 

share difference between the whole Netherlands and the North-Brabant province. According to the up-to-date 

mobility survey ODIN 2018 (CBS, 2020), the mode share of the whole Netherlands is the car with 36.3%, bike 

with 33.1%, PT for 7.5%, and walking for 23.1%. In comparison, the mode share of the North-Brabant province 

is the car with 42.3% bike with 30.2 %, PT for 5.8%, and walking for 21.7%. The stated mobility survey 

comparison shows that there is a large difference regarding the travel mode preference between the residents 

living in North-Brabant province and other provinces. For instance, with a similar provincial background of 

individuals, residents in North-Brabant province are better relies on car travel might imply less trade-off or 

disutility value regarding the car mode-specific coefficients. Consequently, the travel preference parameters 

are manually adjusted to derive the results that better fit the regional situation.  

During the adjustment process, different combination settings of parameters have been manually probed by 

trial simulations to find suitable values for output the comparable travel pattern results with reality (ODiN, 

2018). After different settings of simulation tested, the ratio extent for parameter adjustment is specifically 

determined with different travel modes. For the travel-related disutility parameter (time, cost, constant) of 

private vehicles, the new value of car mode is decreased by 50% (first-part) and 75% (second-part) while 

settings of bike mode are increased by 75% (first-part) and 100% (second-part). Regarding the parameters of 

public transport, the new value of PT modes is increased by 90% (first-part) and 60% (second-part) while for 

walking mode is increased by 80%. However, a declaration must be made that other combination settings of 

parameters might also derive comparable activity-travel patterns results with real statistics. The original and 

updated parameter settings are presented in the following Table 5.3 and 5.4. 
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Table 5.3 Adjusted individual travel preference parameters (Part 1) 

The first part – Field explanation: Time (minutes) related coefficients 
Original value 

(Liao et al., 2017) 
New value 

1st Parameter for the time of waiting for somebody or an activity (Alight) 0 0 

2nd Parameter for the time of waiting and boarding PT 0.1 0.19  

3rd Parameter for travel time with the mode walking (avg) 0.115 0.2  

4th Parameter for travel time with the mode bike (avg) 0.08 0.18 

5th Parameter for travel time with the mode bus or light-rail (short/avg) 0.065 0.124 

6th Parameter for travel time with the mode bus or light-rail (long) 0.07 0.133 

7th Parameter for travel time with the mode inter-city or stop-train (short/avg) 0.055 0.105 

8th Parameter for travel time with the mode inter-city or stop-train (long) 0.049 0.093 

9th Parameter for travel time with the mode car (short/avg) 0.044 0.011 

10th Parameter for travel time with the mode car (long) 0.079 0.020 

11th Parameter for the time of parking a car 0.075 0.019 

12th Parameter for the time of picking up a car 0.04 0.01 

13th Parameter for the time of parking a bike 0.03 0.053 

14th Parameter for the time of picking up a bike 0.02 0.035 

Table 5.4 Adjusted individual travel preference parameters (Part 2) 

The second part - Field explanation: Cost (€) related coefficients and Travel links constant  
Original value 

(Liao et al., 2017) 
New value 

15th Parameter for the money spent on fuel (car) 0.098 0.039 

16th Parameter for the money spent on tickets (PT) 0.205 0.328 

17th Parameter Constant- PT 0.12 0.192 

18th Parameter Constant - Bike (main/long) 0.6 1.2 

19th Parameter Constant - Access Bike 0.438 0.876 

20th Parameter Constant - Egress Bike -0.055 -0.001 

21st Parameter Constant - Car for P+R 0.48 0.24 

22nd Parameter Constant - Bus/Light-rail 0.747 1.195 

23rd Parameter Constant - Train 0.968 1.549 

24th Parameter Constant - Access PT 0.888 1.421 

25th Parameter Constant - Egress PT 0.165 0.264 
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5.2 Policy scenarios 

The policy scenario elements for new light-rail developments and the corresponding parking-related policies 

are described as follows. Overall, there are ten scenarios compared with the base scenario situation of the 

study area. The estimation objective not only assesses the alternatives between three potential light-rail lines 

but also the effects of implementing parking-related policies including parking price adjustment and P+R (park 

and ride) facilities along with these light-rail connections. In addition, the scenarios also combine the three 

light-rail alternatives into pairs and all three connections to evaluate whether a bonus or synergistic effects 

exists under the comprehensive light-rail system. Compared with previous model application projects, this 

study evaluates the development with multiple public transport connections instead of assessments with only 

a single tram line (Liao et al., 2017) or a single metro line (Galetzka, 2015). In general, there are three 

dimensions of the policy scenario. First, the three light-rail development alternatives with a single line of public 

transport connections are considered. Second, the three light-rail connections with implementing parking price 

policies and P+R facilities development. Third, different pairs of combined light-rail connections with parking-

related policies are considered.   

Light-rail development alternatives (S1-S3) 

The first dimension of the policy scenarios compares three light-rail proposals. The three alternatives are 

categorized as “Line A”, “Line B” and “Line C”. Figure 5.1 shows the proposed connection and the potential 

stops of three different light-rail routes. Based on the proposals, the new developments of the light-rail line 

which has overlapping route service with the current public transport network will consider the substitution 

(replacement) by new light-rail.  

 
Figure 5.1 Eindhoven metropolitan light-rail developments (Donners, 2019) 
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Based on the conceptual plan “Lightrail in Brainport Eindhoven” (Donners, 2019), the Light-rail line A connects 

main municipalities in the North-Brabant province: Tilburg, Eindhoven, and Helmond. The service area includes 

the regional hotspots such as Eindhoven Airport, Strijp-S, Eindhoven University of Technology, Tilburg 

University, and the Automotive Campus in Helmond. In total, there are 30 stops and 7,424 connections per day 

for A-line. In partially combined with the NS rail infrastructure (Tilburg-Oisterwijk and Helmond-Deurne), the 

total length of this light-rail line is approximately 65 km. The total travel time of the full light-rail line A 

connection is approximately 70 minutes. The stop list of the A-line with the information of transit alternative 

or transport facility is presented in Appendix 3.  

Light-rail line B connects two main municipalities in the North-Brabant: 's-Hertogenbosch and Eindhoven. The 

connection further reaches the neighborhood in Woensel, Ekkersrijt, DAF truck industrial agglomeration, and 

terminates at the municipality of Weert in the province Limburg. Considering this new light-rail line 

development, the route connections from Eindhoven Central Station to the station Weert will be fully 

overlapping the stop-train service of NS Sprinter series 6400. Therefore, this Sprinter train route service will 

be substituted by the new light-rail service and the frequency of this part of public transport connection will 

be increased since the original sprinter rail service only runs two trains per hour (every 30 minutes). In total, 

there are 25 stops and 4,944 connections per day for B-line. In partially combined with the NS train rail 

infrastructure (Den Bosch-Best and Geldrop-Weert), the total length of this light-rail line is approximately 64 

km. The total travel time of the full light-rail line B connection is approximately 65 minutes. The stop list of the 

B-line with the information of transit alternative or transport facility is presented in Appendix 4.  

Light-rail line C connects the regions including the municipality of Meierijstad, Veldhoven and Valkenswaard. 

The connection also serves regional hotspots such as the ASML campus in Veldhoven, High-tech Campus, and 

Eindhoven University of Technology. In total, there are 30 stops and 7,424 connections per day for light-rail C-

line. The total length of this light-rail line is approximately 46 km. The total travel time with a full duration of 

line C connection is approximately 60 minutes. The stop list of the C-line with the information of transit 

alternative or transport facility is presented in Appendix 5. 

All three lines will be operating from 05:30 in the morning until 23:30 with the first and last train departs from 

the terminals of each direction. The assumed carrier speed is faster than the current bus transport but slower 

than the NS rail transport (Sprinter and Intercity). The frequency of the service will vary during peak hours 

(06:30 to 09:00 and 16:30 to 19:00) and off-peak. For Line A and Line C, the service runs every 6 minutes while 

off-peak hour service runs every 10 minutes. For Line B, the service runs every 8 minutes while off-peak hour 

service runs every 12 minutes. Thus, the service frequency of light-rail is more intensive than NS rail routes. 

Parking-related policy implementation (S4 to S6) 

Implementing a parking price policy is considered as a supportive and efficient alternative for synchronizing 

policy in the transport and land-use system (Van Wee et al., 2013). Therefore, the second dimension of the 

policy scenarios evaluates the effects of implementing parking price adjustment and P+R facilities together 

with each light-rail connection. To achieve the objective of reducing car vehicle usage and improve transit 
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efficiency, the parking price adjustment will be applied to the municipalities that have new light-rail lines 

developing transit nodes within the administrative region. Thus, the connection area of different light-rail lines 

is related to the parking price in particular city regions. The parking price adjustment is referenced on the 

current price level during a typical weekday of two main Dutch cities (Den Haag and Utrecht) with a light-rail 

system in operation but without the existence of a metro system (Prettig Parkeren B.V., 2020). In the four major 

municipalities of the study area: Eindhoven, Helmond, Den Bosch and Tilburg, the base level of parking price 

in the inner-city areas will be increased to 1.5 Euro while the unit cost will increase to 3 Euro per hour. 

Consequently, both the base cost and unit cost will be adjusted for policy effect evaluation. For the parking 

price of the district centers, the base cost will be decreased to 1 Euro while the unit cost will be increased to 2 

Euro per hour. The following Table 5.5 compares the price settings between the base scenario and the new 

parking price policy implementation. 

Table 5.5 Parking profile setting adjustments 

Parking price settings 

Location category 
(1) Inner-city 

area 

(2) District 

center 

(3) Other 

areas 

(4) Airport 

area 

(5) P+R 

facilities 

(S0) Base 

scenario 
Car 

parking 

Base cost 1.0 Euro 1.5 Euro Free of charge 4.0 Euro Not included 

Unit cost 2.5 Euro/h 1.5 Euro/h Free of charge Daily tariff Not included 

(S4-S6) Parking 

price policy 

Base cost 1.5 Euro 1.0 Euro Free of charge 4.0 Euro 1.0 Euro 

Unit cost 3.0 Euro/h 2.0 Euro/h Free of charge Daily tariff 0.5 Euro/h 

Furthermore, under the parking-related policy, several park and ride (P+R) facilities will be simultaneously 

developed nearby the light-rail stations and take into consideration in these scenarios. Based on the current 

price level of P+R facilities in the Eindhoven municipal area (Prettig Parkeren B.V., 2020), the parking price of 

these newly developed facilities will be set to be lower than the cost of inner-city and district center area for 

attracting potential transit users. The development of these facilities aims to provide an option for travel mode 

transferring and to promote the new urban public transport system. Therefore, every P+R facility of the light-

rail transit node is considered as both B+R (Bike and ride) and C+R (Car and ride) location. However, due to the 

Multi-state supernetwork model’s limitation, the capacity constraints of these facilities are not considered. 

Travelers who choices the facility as a parking location will not influence other travelers decision during the 

simulation process. The following figures 5.2 to 5.4 show the influenced municipal region for each light-rail line 

connection with parking price adjustment policy.  
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Figure 5.2 Line A: P+R locations and municipalities with parking price policy 

Park & Ride development stations 

1. Oisterwijk, Station 

2. Eindhoven, P+R Meerhoven 

3. Helmond 't Hout 

4. Helmond, Station 

5. Helmond, Brouwhuis 

Parking price influenced municipalities 

1) Tilburg 

2) Oisterwijk 

3) Eindhoven 

4) Helmond 

5) Deurne 

 
Figure 5.3 Line B: P+R locations and municipalities with parking price policy 

Park & Ride development stations 

1. 's-Hertogenbosch, Centraal Station 

2. Boxtel, Station 

3. Geldrop, Station 

4. Heeze, Station 

Parking price influenced municipalities 

1) 's-Hertogenbosch 

2) Boxtel 

3) Eindhoven 

4) Geldrop 

 

Figure 5.4 Line C: P+R locations and municipalities with parking price policy 

Park & Ride development stations 

1. Valkenswaard, Dommelseweg 

2. Sint Oedenrode, Oprit /Afrit A50 

3. Veghel, Oprit /Afrit N265 

Parking price influenced municipalities 

1) Eindhoven 

2) Veldhoven 

3) Valkenswaard 
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Combined light-rail development (S7 to S10)  

The third dimension of the policy scenarios considers the combined light-rail line development within the study 

area. Based on the proposed concept of the metropolitan light-rail system (Donners, 2019), the ultimate goal 

is the full connection of all three lines developed. Therefore, the scenario settings were based on the scenario 

from 4 to 6 and further put these light-rail alternatives with parking-related policies into pairs (S7 to S9) and 

triple connections (S10). The aim is to assess the effects regarding the development alternative is considering 

the realization of multiple proposals and forms a comprehensive metropolitan light-rail network. The 

assumption was made that multiple light-rail connection development will contribute to a bonus and 

synergistic effects on travel patterns and reducing air pollutant emissions to the environment. 

Model application for policy effects evaluation  

Based on the previous parts of the policy scenario description, there is a total of ten scenarios to be compared 

with the base situation (S0) and with each other regarding the new light-rail developments and the 

corresponding parking-related policy effects on travel patterns. Table 5.6 shows an overview of the policy 

scenario settings for modeling applications using the multistate supernetwork approach.  

Table 5.6 Policy scenario combination settings for model application 

Scenario ID Scenario combination Description 

S0 S0 Base scenario 

S1 S1 Light-rail line A development only (A) 

S2 S2 Light-rail line B development only (B) 

S3 S3 Light-rail line C development only (C) 

S4 S1+SP A line with parking-related policies (A+P) 

S5 S2+SP B line with parking-related policies (B+P) 

S6 S3+SP C line with parking-related policies (C+P) 

S7 S1+S2+SP Light-rail A and B line combined parking-related policies (AB+P) 

S8 S1+S3+SP Light-rail A and C line combined parking-related policies (AC+P) 

S9 S2+S3+SP Light-rail B and C line combined parking-related policies (BC+P) 

S10 S1+S2+S3+SP Light-rail A, B, and C line combined parking-related policies (ABC+P) 

5.3 Summary 

The new parameter settings will be applied to calibrate the multi-state supernetwork modelling system using 

the base scenario data input. The calibration process is conducted by adjusting and finding the most suitable 

parameter combination settings to achieve a better model predictive accuracy. According to the latest mobility 

survey (ODiN, 2018), the simulation results of the model will be ensured to be comparable to the real-world 

situation regarding the modal split, average travel time, and average travel distance. Therefore, the validity of 

the current model settings will be confirmed and ready to apply for policy scenarios. 
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The three dimensions of policy scenarios concern different input datasets setting. The first dimension (S1 to 

S3) mainly concerns the PT timetable datasets. It affects the current public transport setting by adding three 

new light-rail lines in the study area and cutting off specific NS stop-train (Sprinter) connections if the route 

service overlaps. The second dimension (S4 to S6) further concerns the land-use data modification including 

parking price adjustment at certain municipalities together with light-rail developments and adding new P+R 

facility locations nearby the public transport hubs. The third dimension (S7 to S10) combines different light-rail 

line developments with parking-related policies to form a comprehensive light-rail network. Table 5.7 presents 

the data overview between different scenarios for model estimation.  

Table 5.7 Policy scenario input data settings for model application 

Scenarios Road network 
Land-use 

locations 

Parking price policy 

implemented area 

P+R 

locations 
PT stops 

PT 

connections 

Light-rail 

lines 

S0 

Nodes: 31,663 

Links: 90,904 

Activity 

locations: 

27,388 

(8 activity types) 

0 0 3,850 284,052 0 

S1 0 0 3,880 291,418 1 

S2 0 0 3,875 288,712 1 

S3 0 0 3,880 291,449 1 

S4 5 municipalities 5 3,880 291,418 1 

S5 4 municipalities 4 3,875 288,712 1 

S6 3 municipalities 3 3,880 291,449 1 

S7 8 municipalities 9 3,905 295,887 2 

S8 7 municipalities 8 3,910 298,815 2 

S9 6 municipalities 7 3,905 296,368 2 

S10 10 municipalities 12 3,935 303,734 3 

  



 

58 

 

Chapter 6: Result synthesis and analysis 

The validity of the model is examined and confirmed during the model calibration process. The first part of this 

chapter presents the comparison between the model simulated results and the real-world situation using the 

indicators of the modal split, the average travel time, and the average travel distance based on the latest 

mobility survey (ODiN, 2018). The second part describes and analyzes the aggregated simulation results of 

individual travel patterns with different mobility indicators. The third part presents the estimated results of 

overall air pollutant emission effects in the study area.  

6.1 Calibration results 

After the parameter adjustment of the individual travel preference and the internal modeling system, the 

simulation results of the modal split indicate that the car mode is most preferred, and the PT mode is least 

preferred by the travelers compared to previous settings in the Rotterdam case (Liao et al., 2017). The 

simulation results of the base scenario show the validity of the model by comparing the results to the recent 

mobility survey “ODiN 2018” (CBS, 2018). The validity of the model is tested by “One-Sample T-Test” in which 

the simulated results are hypothesized not to be statistically different from the recent mobility survey results 

(ODiN 2018) representing the real-world situation. In other words, the null hypothesis (H0) assumes that the 

difference between the true mean (ODiN results) and the comparison value (MSN model results) is equal to 

zero. The One-Sample T-Test is applied for testing the results under the 95% confidence interval including the 

mobility indicators of average travel distance and average travel time under the base scenario. Table 6.1 gives 

an overview of the details for testing the model validity in terms of statistical significance (p-value) and the 

practical significance (mean difference) relevant to this study. Regarding the statistical significance, the low p-

value indicates decreased support for the null hypothesis. The p-value of 0.05 denotes that there is a 5% (or 

less) chance of the MSN model simulating a result like the one that was observed in the ODiN survey if the null 

hypothesis was true. As for practical significance for this study, the mean difference shows the model validity 

based on the closeness between the results of observation and prediction. 

Table 6.1 Model validation details (One-Sample T-Test) 

 Average travel distance (km/trip) Average travel time (minutes/trip) 

 Overall* Car Bike Overall* 

Base 9.8 17.8 4.5 35.7 

ODiN (2018) 10.3 16.5 4.3 32.7 

Statistical significance 

(by Two-tailed p-value) 

P(0.000)<0.05 

(Reject “H0”) 

P(0.000)<0.05 

(Reject “H0”) 

P(0.000)<0.05 

(Reject “H0”) 

P(0.000)<0.05 

(Reject “H0”) 

Practical significance 

(by Mean difference) 
-0.47 +1.35 +0.19 +2.99 

Note (*) Includes modes by car, bike, and walking (excludes PT) Includes modes by car, bike, PT, and walking 

  



 

59 

 

The predicted average travel distance with the model is 9.8 km. The actual travel distance is 10.3 km on 

average based on the ODiN survey. Statistically, the one-sample T-test shows that there is a significant 

difference between the results of model simulation and the real-world situation. However, based on the mean 

difference between each simulated results of travelers and the average results of the actual survey, the 

closeness of differences still shows the accuracy of the model prediction. In detail, the predicted average car 

travel distance is 17.8 km and bike travel distance is 4.5 km. The actual travel distance for car and bike per trip 

is 16.5 km and 4.3 km respectively on average. The predicted results regarding both travel modes are also 

considered comparable to reality based on the closeness of the mean difference (practical significance).  

The average travel time per trip of the actual situation is 32.7 minutes while the model predicts 35.7 minutes 

in the study area. Based on the one-sample T-test, there is a significant difference between the simulation 

results and the observed results in statistically. Also, the mean difference of additional 3 minutes of average 

travel time-spent indicates a slight bias that may be caused by the spatial resolution regarding the land-use 

treatment of the model. This study utilizes the centroid of the 6-digit level postcode to represent activity 

location. Instead, the mobility surveys (MON/OViN) which the synthesized population extracted from, utilize 

4-digit postcode for indicating activity locations. Therefore, the activity program creation script randomly 

assigns the 6-digit level location within the 4-digit postcode. Although the utilization of the 6-digit postcode 

level tends to minimize the spatial resolution bias, the exact position difference between the actual activity 

location and the 6-digit postcode centroid still exists. Especially, the 6-digit postcode area is still large in the 

suburban or rural area which makes the individual taking extra effort to reach the destination by walking. 

Moreover, the travel speed settings of the supernetwork model only categorized the overall road network into 

six road types while the actual road section might have a different speed limit or interval that causes the travel 

time difference. 

The following Table 6.2 compared to the modal split results of the recent mobility survey (ODiN 2018), the 

predicted mode share of public transport (PT) usage is slightly higher than the actual situation. Also, the 

predicted walking mode share is higher than the reality which has both lower shares of car and bike mode. The 

predicted modal split of the private vehicles also indicates the model bias which may cause by the spatial 

resolution of the postcode area. The model indicates the activity location by the 6-digit level postcode area 

centroid while the vehicle trip ends at the road network node. Therefore, during the simulation, an individual 

might require walking to the activity location instead of using a private vehicle since both trip destination by 

either bike or car mode is the postcode centroid. This spatial resolution bias only occurs within the same 6-

digit postcodes area so the overall model validity of the model application is not largely influenced (Liao et al., 

2017). To show more accurate simulated results by considering this bias, the adjusted modal split comparison 

is presented only with car, bike, and PT mode to show the model validity of relative travel mode preference. 

Besides, based on the statistical data (CBS, 2018), the household car ownership of the actual population has 

increased by around 2% in the study area through the year 2005 to 2017. The lower car ownership of the 

population might result in the simulation with lower car mode share and give rise to the bike and PT mode 

share compared to the current situation. Consequently, a declaration must be made that this study has 
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extracted the sample for the synthesized population from earlier MON surveys (2005-2009) which have less 

car possession in the origin household. The trade-off decision was made to obtain a sufficient population 

sample size by using earlier surveys together with recent surveys. Nevertheless, the closeness between the 

observed and the predicted model split results is assumed to prove the model validity. 

Table 6.2 Model validation details (Modal split comparison) 

 
Travel mode distribution Travel mode distribution (Adjusted) 

Car Bike PT Walk Car Bike PT (Excl. Walk) 

Base 35.8% 31.9% 3.9% 28.4% 50.0% 44.6% 5.4% 
 

ODiN (2018) 42.4% 35.3% 3.6% 18.7% 52.2% 43.4% 4.4% 

Practical significance 

(by difference) 
-6.6% -3.4% +0.3% +9.7% -2.2% +1.2% +1.0%  

In summary, according to the recent mobility survey (ODiN, 2018), the simulation results of base scenario 

datasets indicate the validity of the current model settings by applying the one-sample T-test. Therefore the 

model is ready to apply for simulating the individual activity-travel behavior under different light-rail policy 

scenarios. Moreover, figures 6.1 and 6.2 show the route choice heatmap regarding the road usage of private 

vehicles (car and bike) under the base scenario situation. For both car and bike modes, road usage mainly takes 

place within the four main municipalities in the study area. In detail, bike travel is more concentrated in the 

city center area than car travel. However, the route choice heatmaps of two private vehicle types are not used 

for model validation. The two heatmaps aim to spatially show where does the travelers’ car or bike mainly 

travels within the study area. The results indicating where the main activity-travel trips occur is in line with the 

regions with higher population density (see Figure 4.3). Under different policy scenario settings, the route 

choice effect in the next section (Chapter 6.2) is displayed to analyze the increase or decrease of the road 

network usage compared with the base scenario. 

 

Figure 6.1 Route choice of car travel mode (S0) 

 

Figure 6.2 Route choice of bike travel mode (S0) 
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6.2 Travel pattern effects 

This section presents the model estimation results regarding the effects of light-rail development on activity-

travel patterns. The four main mobility indicators of the scenario’s travel pattern effects include modal split 

(travel mode distribution), average travel time (in minutes), average travel distance (in kilometers), and the 

total vehicle-kilometers traveled (Vkm). Apart from the mobility indicators, statistical results such as public 

transport usage among three light-rail lines and the main transit hub “Eindhoven Central Station” are 

presented. The aggregated route choice effects based on the road node usage of both private vehicle modes 

are visualized with heatmap representation using QGIS software (Ver. 3.14). Furthermore, most of the effect 

comparisons are shown at three spatial levels of the study area separately: Eindhoven municipality, Eindhoven 

metropolitan region (MRE) and MRE with eight additional municipalities (MRE+8). The objective is to analyze 

the extent of development effects with different population-scale based on the resident’s origin. 

Table 6.3 shows the travel modal split of the four travel modes based on trips. At the spatial level of MRE+8 

and MRE, the car mode is the most preferred travel mode and public transport mode has the lowest share. In 

the municipality of Eindhoven, the trips made by bike mode have a larger share than car trips. By observing 

the distribution results of alternatives S1 to S3, the light-rail transport development itself has limited effects of 

mode shifting since the mode share are quite stable among the three spatial levels. However, light-rail Line A 

and Line B transport development along with parking price adjustment and P+R facilities inclusion (S4 to S5) 

have decreased slightly with car use and dramatically with walking. The decrease of these travel modes was 

mainly substituted by bike mode and minorly by PT mode in all three spatial levels of the population. In detail, 

every light-rail development scenario concerning the connection area of Line A has contributed a larger effect 

on mode shifting regarding the discouragement of car use and the promotion of bike and PT travel mode. The 

modal split indicator has indicated that the parking-related policies are more effective than light-rail transport 

developments itself. Also, since the connection areas of Line A are the municipalities with a higher population 

density and more fixed activity-travel trips occur (e.g. Tilburg, Helmond), the related policy scenarios of this 

light-rail development have influenced more individual’s mode choices and its related travel behavior.  

Table 6.3 Modal split comparison (All scenarios) 

MRE+8 region 

 S0 S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 

Car 35.8% 35.7% 35.8% 35.9% 35.1% 35.2% 35.8% 34.7% 35.0% 35.0% 34.5% 

Bike 31.9% 31.9% 31.9% 31.9% 33.1% 33.0% 32.2% 34.0% 33.4% 33.3% 34.3% 

PT 3.9% 4.3% 4.0% 3.7% 4.9% 4.6% 3.8% 5.4% 5.1% 4.9% 5.6% 

Walk 28.4% 28.0% 28.3% 28.6% 26.9% 27.2% 28.3% 26.0% 26.5% 26.7% 25.6% 

MRE region 

Car 38.1% 38.0% 38.1% 38.3% 37.2% 37.8% 38.1% 36.9% 37.1% 37.5% 36.8% 

Bike 31.6% 31.6% 31.6% 31.5% 33.2% 32.2% 31.7% 33.7% 33.4% 32.4% 33.8% 

PT 2.8% 3.5% 3.1% 2.5% 4.1% 3.5% 2.6% 4.6% 4.3% 4.0% 4.9% 

Walk 27.5% 27.0% 27.3% 27.7% 25.5% 26.5% 27.6% 24.8% 25.2% 26.0% 24.5% 
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Eindhoven municipality 

 S0 S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 

Car 32.7% 32.6% 32.7% 33.1% 31.9% 32.3% 32.9% 31.6% 31.8% 32.0% 31.6% 

Bike 38.8% 38.9% 38.8% 38.7% 40.4% 39.5% 38.9% 40.8% 40.3% 39.6% 40.7% 

PT 2.5% 3.0% 2.8% 2.1% 3.5% 3.2% 2.1% 3.9% 3.7% 3.6% 4.1% 

Walk 26.0% 25.5% 25.7% 26.2% 24.3% 25.0% 26.2% 23.7% 24.2% 24.7% 23.6% 

Figures 6.3a to 6.3c show the aggregated vehicle kilometer traveled (Vkm) regarding the travel modes of car 

and bike. Similar to the effects of travel mode distribution, the Vkm indicator shows less influence with only 

the transport development from alternatives S1 to S3. With the implementation of parking-related policies, 

the scenarios with Line A or Line B included (S4 and S5) have a substantial decrease in car Vkm and only a slight 

increase in bike Vkm among the three spatial levels. In comparison with all scenario settings, the effects of 

reducing car Vkm are more considerable with the combined light-rail development with these two-line 

connections developed with parking-related policy (Scenario 7). Surprisingly, the light-rail connection Line C 

(S3) does not have comparable effects with other proposals of transport development. After this Line C 

proposal realized, both private transport’s Vkm will be increased with and without parking-related policy (S3 

and S6). However, if this light-rail system is developed in combination with Line A and Line B (S10), a synergistic 

effect on reducing the car Vkm is observed comparing the results of all scenarios. Especially at a larger spatial 

level of the metropolitan (MRE and MRE+8), scenario 10 with the combined development of all three lines and 

parking-related policies have dramatically decreased the car mode Vkm. Furthermore, the influence on private 

vehicle Vkm not only concerns the aggregated travel pattern effects but also provides useful information to 

calculate the aggregated environmental effects of the study area. In the next chapter, the total car mode Vkm 

will be utilized to derive the air pollutant emission results based on the vehicle’s fuel type and emission level. 

 

(a) MRE+8 region (b) MRE region (c) Eindhoven municipal area 

Figure 6.3 Vehicle kilometer traveled (VKm) (All scenarios) 
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The following effect analysis including the statistical results and mobility indicators of the travel pattern is 

presented with two parts of comparison. First, the light-rail alternatives of three lines development proposal 

will be compared with each other (S0 with S1-S3) and then further evaluate the effects of implementing 

parking-related policies of each line (S0 with S4-S6). Second, the analysis of a single light-rail line (S4-S6) or 

multiple light-rail line developments (S7-S10) aims to assess the effects of every possible combination of light-

rail proposal realized within the study area. 

Light-rail lines and parking-related policies 

Figure 6.4 shows the average travel distance comparison of policy scenarios (S1 to S6) with the base scenario 

at the MRE+8 spatial level (Overall study area). This indicator of travel distance only includes the travel mode 

of car and bike since PT mode travel is measured with a timetable network without trip length output. 

According to the observation, Line A and Line B proposal both contributes to a reduction of the average trip 

length traveled by the individuals in the study area. Moreover, after the implementation of parking-related 

policies with adjusting parking prices and involving P+R facilities, the influence is more substantial since the 

connection area of these light-rail lines are the municipalities with a higher population density with more 

commuters (e.g. Den Bosch, Tilburg). The reduction effect of average travel distance indicates that travelers 

switch the travel mode by considering the new public transport system and parks the private vehicle (car or 

bike) at other locations with shorter simulated travel distance. However, proposal Line C has a reversed effect 

on the average travel distance for aggregated individuals. Besides, with only the light-rail development of Line 

C without parking-related policies, the average travel distance per trip even increased. In a comparison of three 

different light-rail alternatives, the Line A proposal has better effects in terms of reducing the individual travel 

length than Line B and significantly outperforms the proposal of Line C. 

 Figure 6.4 Average travel distance (km/trip) (S0 vs. S1-S6) 

The following figures from 6.5a to 6.5b present the average travel time in minutes per trip of the two spatial 

levels (MRE+8 and Eindhoven municipality). In comparison, the residents from Eindhoven municipality spend 

less time traveling per trip than the time-spent by larger metropolitan residents under both the base scenario 

and policy scenarios (S1-S6). Similar to the results of average travel distance, the light-rail development of Line 

A and B requires the support of parking-related policies to reduce the average travel time of the study area 

residents. Moreover, regarding the effects of reducing the average travel time, the light-rail proposal Line A 

and Line B contributes to a similar extent of the result within the whole study area (MRE+8). However, the 

8.60

8.80

9.00

9.20

9.40

9.60

9.80

Base
(S0)

Light-rail
(S1-S3)

Parking
(S4-S6)

Average travel distance 
(MRE+8)

Line A Line B Line C



 

64 

 

light-rail proposal of Line C has unexpected effects which increased the travel time of the individuals of the 

study areas with the two spatial scales (MRE+8 and Eindhoven). 

 

(a) MRE+8 region (b) Eindhoven municipal area 

Figure 6.5 Average travel time (minutes/trip) (S0 vs. S1-S6) 

Figures 6.6a to 6.6c display the average PT travel time (including waiting and transfer time) per trip. The 

residents of the Eindhoven municipality spend more time on public transport than the larger metropolitan 

residents. The light-rail proposal of Line C outperforms the other two proposals of Line A and Line B regarding 

the effects of reducing travel time spent on public transport. The explanation is that the Line C development 

primarily influence the PT travel time spent only on the original PT commuters of the study area without 

affecting the mode distribution. Compared with the base scenario, the PT commuters under scenarios of S3 

and S6 substitutes the travel mode option from bus transport into the new Line C light-rail based on the 

observation of the trip-table results. In other words, these commuters originally utilizing private transport to 

access the bus stop for mode transit have changed to the light-rail stations instead. Although the reduction of 

average PT travel time is substantial for Line C proposals with or without parking-related policies, the overall 

travel time is offset by the extra efforts for reaching a light-rail station by private transport. However, regarding 

the indicator of average PT travel time, the light-rail alternative Line C has a better effect on timesaving on 

public transport than Line B and substantially outperforms Line A alternative. The effects are more significant 

to the residents of the Eindhoven municipality than the larger metropolitan regions (MRE+8 and MRE). 

 

(a) MRE+8 region (b) MRE region (c) Eindhoven municipal area 

Figure 6.6 Average PT travel time (minutes/trip) (S0 vs. S1-S6) 
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Among the three different spatial levels of the study area, the main transport hub is the “Eindhoven Central 

Station” with public transport alternatives of intercity trains, stop-trains (Sprinter) and bus under the base 

scenario. Figure 6.7 compares the “Eindhoven Central Station” usage regarding different types of PT 

alternatives to evaluate the significance of the transit role under different policy scenarios. According to the 

observation, the overall PT usage from this transport hub will decrease for each scenario no matter which light-

rail line is developed. Especially for scenarios with developments involving light-rail Line B and Line C, the public 

transport role of this central station will be less centralized since a lot of new light-rail stations will be developed 

within the city center of Eindhoven. The decentralization of Eindhoven Central Station is in line with the 

mobility visions (Ministerie van Infrastructuur en Waterstaat, 2019). In detail, the proposal of light-rail Line A 

only decreased slightly on the overall usage of the station but considerably substitute the other PT mode share 

by the new light-rail. In comparison, the light-rail usage of Line B and Line C at the Eindhoven Central Station 

is relatively less but the substitute effects on other PT modes also occurred. 

Figure 6.8 shows the light-rail system usage comparison between the three light-rail line alternatives and the 

implementation with parking-related policies of each proposal. According to the overall public transport share 

(Table 6.3), the alternative light-rail Line A with a parking-related policy implemented will attract the most PT 

users and also substituting the original PT mode by light-rail transport with 24.4% of PT trip usage. However, 

the light-rail Line C proposal only attracts around 3.7% of PT usage to the newly developed light-rail system. 

This light-rail system usage comparison confirms the main public transport demand is better fulfilled by 

connection Line A. In contrast, alternative light-rail connection Line C has the least PT mode substitution effect 

within the public transport network.  

 
Figure 6.7 Usage of main transit hub (Eindhoven Central 

Station) (S0 vs. S1-S6) 

 
Figure 6.8 Light-rail system usage (S0 vs. S1-S6) 

The following Figure 6.9 to 6.11 displays the heatmaps of car and bike travel to represent the route choice 

effect under the scenarios with light-rail development integrating parking-related policies. Regarding the two 

types of private vehicles, the increase or decrease of the road network usage compared with the base scenario 

(S0) is indicated by the thickness of red and blue color respectively.   
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(a) Car mode (S4) 

 

(b) Bike mode (S4) 

Figure 6.9 Route choice effect of private vehicles (S0 vs. S4) 

 

(a) Car mode (S5) 

 

(b) Bike mode (S5) 

Figure 6.10 Route choice effect of private vehicles (S0 vs. S5) 

 

(a) Car mode (S6) 

 

(b) Bike mode (S6) 

Figure 6.11 Route choice effect of private vehicles (S0 vs. S6) 
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Based on the observations of Figure 6.9 (Scenario 4), light-rail Line A with parking-related policy has reduced 

the car travel of the inner-city area which three main municipalities (Eindhoven, Tilburg and Helmond) that 

have implemented parking price adjustments. However, the inclusion of P+R facilities has largely increased 

road usage in the nearby region for both car and bike travel modes such as the Oisterwijk station area, 

Meerhoven and Helmond station area. According to Figure 6.10 (Scenario 5), light-rail Line B with parking-

related policy contribute to the decrease of road usage with car travel in the Eindhoven inner-city area. Besides, 

an interesting route choice shifting effect of car travel mode is observed in the municipal area of Den Bosch. 

Car travel in the northern region of Den Bosch where the A2 and A59 motorway interchange located has a 

substantial decrease while car travel in the central station area of Den Bosch has a significant increase. Similar 

to the route choice effects of scenario 4, the inclusion of P+R facilities in the scenario has attracted more car 

and bike trips nearby the surrounding region. As for the light-rail development with the parking-related policy 

of Line C (Scenario 6), Figure 6.11 shows that both car and bike travel is reduced within the city center of 

Eindhoven. However, the car travel is increased nearby the motorway interchange of A2, A50 and A67. Also, 

the effects of P+R facilities are still led to an increase in both car and bike travel in nearby regions. 

Combined light-rail lines development  

In the previous section of travel pattern effect analysis, the policy scenarios among the three light-rail lines 

have indicated and confirmed the important role of implementing parking-related policy to promote and 

support the new public transport system. This section further compares the scenarios with all possible 

combinations of light-rail line alternatives with parking-related policy included. Figure 6.12 presents the 

average travel distance comparison of policy scenarios (S4 to S10) with the base scenario. As expected, among 

the residents from three spatial levels of the study area, scenario 10 with a full light-rail system developed has 

the most considerable decrease in average travel distance. However, by comparing the effect with scenario 7, 

the additional light-rail development of Line C has a limited influence on this mobility indicator. With the 

combination of Line A and Line B developed, a similar extent of average travel distance reduction can be 

achieved instead of full three-line connections in S10. 

 

Figure 6.12 Average travel distance (S0 vs. S4-S10) 
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Figures 6.13 and 6.14 show a more detailed average travel distance based on the two private transport 

modes. The residents of the Eindhoven municipality take a shorter distance per trip to reach the destination 

on both travel mode than the larger metropolitan residents. Among the three spatial levels, most light-rail 

combination settings of policy scenarios have contributed to the decrease in the average car travel distance 

per trip except for S6 with a slight increase. Although light-rail Line C development itself has a limited effect on 

decrease the car travel length, with the combination of other light-rail line connections (Line A or Line B), a 

similar level of reduction effect can be also achieved. A comparison between every scenario, the combination 

of all three light-rail lines developed has the most significant reduction in average car travel distance. As for 

the average bike travel distance, the length per trip has slightly increased over the evaluated scenarios since 

the influence of substituting car travel with biking and the extra length to reach the light-rail transport hubs.  

 

Figure 6.13 Average car travel distance (S0 vs. S4-S10) 

 

Figure 6.14 Average bike travel distance (S0 vs. S4-S10) 

Figures 6.15 and 6.16 display the average travel time per trip for all travel modes and PT mode. The results of 

average travel time for overall modes shows that scenario 7 and 10 are at a similar level regarding the most 

reduction of travel time spent by study area residents. For the PT travel mode, every light-rail scenario 

contributes to the reduction of time-spending on public transport. Although the effect appears more dramatic 

with scenario 6, as the previous section mentioned, the time reduction of light-rail Line C only influences the 

original PT users instead of travel mode shifting. Scenario 10 with three-line full connection development not 

only substantially reduces the PT travel time but also discouraged car travel mode by promoting PT travel mode. 

 

Figure 6.15 Average travel time (S0 vs. S4-S10) 

 

Figure 6.16 Average PT travel time (S0 vs. S4-S10) 
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Figure 6.17 indicates the role of significance regarding the main transport hub “Eindhoven Central Station” 

usage of travelers in the study area. According to the observations, all scenarios of light-rail development have 

degraded the overall PT trip usage of this main transport hub. In detail, the effect of the usage reduction is 

more considerable if the light-rail development involves the Line B alternative. This effect is expected because 

the involvement of Line B includes the measure of replacing the overlapped NS stop-train service (Route 6400 

and Route 5200). Moreover, the total PT usage from Eindhoven Central Station is decreased since the transit 

node options of the original stop-train routes are distributed and increased by the new light-rail within the 

municipal area instead of a centralized node. On the other hand, as the previous section mentioned, the 

scenarios with the involvement of Line A connection has less reduction on overall station PT usage but 

substitute the share other PT alternative (particularly bus and intercity train) with the new light-rail system. 

Figure 6.18 shows the light-rail system usage under different combination settings of light-rail connections. 

By comparing the share of public transport (PT) trips, it is apparent that Line A development has the most 

substantial effect on shifting the current PT users to use the new light-rail. Also, Line A attracts new PT travelers 

since the PT trips share are increased based on the overall travel mode distribution presented in Table 6.3. The 

combined light-rail development proposals (S7-S10) have observed higher overall light-rail system usage than 

the independent light-rail proposals (S4-S6). In detail, the inclusion of light-rail Line A promotes the PT usage 

of Line C but partially substitutes each other’s PT trip share with Line B. 

 
Figure 6.17 Usage of main transit hub (Eindhoven Central 

station) (S0 vs. S4-S10) 

 
Figure 6.18 Light-rail system usage (S4-S10) 

According to the metropolitan light-rail ambition (Donners, 2019), the ultimate objective of the proposal is the 

network formation of a comprehensive public transport system with all three light-rail lines developed. 

Consequently, the following heatmaps of Figure 6.19 represent the route choice effect regarding the 

individuals’ travel choices using modes of private vehicles (car or bike). In comparison with the base scenario, 

the red color indicates the increase in road usage while the blue color shows a decrease in road usage under 

the full light-rail system setup (scenario 10). 
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(a) Car mode (S10) 

 

(b) Bike mode (S10) 

Figure 6.19 Route choice effect of private vehicles (S0 vs. S10) 

Figure 6.19a shows the road usage heatmap of the car mode after all light-rail line developed and parking-

related policies are implemented. Based on the observation, there is a considerable decrease in road usage by 

car travelers in the city center of Eindhoven and Tilburg. Other municipalities such as Helmond, Best and 

Meierijstad have a slight reduction in road usage by car travelers in their main station area. The effects in these 

municipalities are expected since most of them have implemented the parking price adjustment in both the 

inner city and district center area. Also, some motorway interchanges have observed less road usage such as 

A2/A59 and A2/N279 in Den Bosch and A2/A67 on the Southern side of Eindhoven. On the other hand, the 

P+R facilities' effect on increasing road usage is still considerable in certain new light-rail station areas, such as 

Den Bosch Central Station, Oisterwijk station, Boxtel station and P+R Meerhoven. The lower parking price of 

these P+R facilities has attracted the car users to park at the newly developed P+R facilities and transfer with 

public transport alternatives.  

Figure 6.19b shows the road usage heatmap of bike mode comparing scenario 10 with the base scenario. As 

observed, there is a considerable reduction in bike travel in the city center of Tilburg and Best. In addition, the 

increase in bike travel mainly occurs at the surrounding regions of the Line A stations, especially in Eindhoven, 

Den Bosch and Helmond. This new light-rail development has attracted more bike travelers within the city area 

and has slightly decrease road usage by bike in many other neighborhoods. 

6.3 Air pollutant emission effects 

This section of air pollutant emission effects is divided into two parts. The first part presents the estimated 

total amount of emissions per year (only weekdays) for three types of air pollutants. Moreover, the emission 

effect on the road based on the route chosen by the car vehicles will be analyzed at the metropolitan and 

urban level for comparison. The second part shows the emission harm equivalent index (EHI) based on the 

aggregated emission impact shared by the population of the study area at the MRE+8 spatial level.  
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Air pollutant emissions  

Figure 6.20 shows the estimated yearly emission effect based on three types of air pollutants under all scenario 

settings. This total air pollutant amount includes the emission of Nitrogen (di)oxide (NOx), exhaust PM2.5 and 

non-exhaust PM2.5. According to the observation, the development inclusions of light-rail Line A and Line B 

with parking policies implemented have both considerable effects on decreasing the air pollutant emission by 

the car vehicle. However, based on the predicted results, the inclusion of light-rail Line C development itself is 

considered less beneficial to improve the air quality by the transport sector. In comparison with the base 

scenario settings, the combined Line A and Line B development (Scenario 7) and full light-rail system developed 

(Scenario 10) have a similar level of total emission amount results. Both scenario settings (S7 and S10) have 

the most significant effect on air pollutant reduction compared to other policy scenarios.  

 

Figure 6.20 Total air pollutant emissions (MRE+8 level) 

The following Table 6.4 shows the emission effect comparison between the spatial level of metropolitan scale 

(MRE+8 level) and the Eindhoven municipal region. The estimation regarding the three types of air pollutants 

on road was based on the simulated route choice of car vehicle travel. The trip table results of travel patterns 

provide the opportunity to evaluate the spatial difference regarding the air pollutant generated by passenger 

cars in the road network. According to the observation, although most of the policy scenarios have reduced 

the emission amount, the effect is more considerable at a larger metropolitan level compared to the Eindhoven 

municipal area. Also, the comparison has confirmed that no matter parking-related policies are implemented, 

the light-rail Line C alternatives (S3 and S6) are unfavorable to the objective of improving the environmental 

quality by fewer pollutants emitted by car vehicle. Moreover, regarding the extent of reduced air pollutants, 

the full light-rail system (S10) will contribute to the most favorable results with a 7.9% decrease in NOx 

emission, 7.3% decrease in particulate matter (PM) emission, and 5.8% decrease in non-exhaust PM2.5 

emission.  
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Table 6.4 Air pollutant emission effects on the road (Compared with S0) 

Policy scenario vs. 

Base scenario (S0) 

NOx PM2.5 Non-exhaust PM2.5 

MRE+8 Eindhoven MRE+8 Eindhoven MRE+8 Eindhoven 

S1 -1.2% -1.0% -1.1% -0.9% -0.8% -0.7% 

S2 -0.4% -0.3% -0.3% -0.2% -0.2% -0.1% 

S3 +0.9% +1.2% +0.8% +1.1% +0.6% +0.9% 

S4 -4.8% -4.1% -4.4% -3.7% -3.4% -2.8% 

S5 -3.6% -3.3% -3.3% -3.0% -2.5% -2.2% 

S6 +1.0% +0.7% +0.9% +0.6% +0.6% +0.3% 

S7 -6.6% -5.7% -6.2% -5.2% -5.0% -4.1% 

S8 -5.3% -4.7% -4.8% -4.3% -3.8% -3.2% 

S9 -4.4% -4.3% -4.1% -3.9% -3.3% -3.1% 

S10 -7.9% -7.0% -7.3% -6.4% -5.8% -4.8% 

To evaluate whether the full light-rail system proposal (S10) achieves the “Emission-free” objective of the 

municipal vision (Gemeente Eindhoven, 2017), the predicted emission effects on the road have adjusted from 

the sampled ratio of the synthesized population (8% of actual size) into the effects of full population size by 

multiplying the number with 12.5. According to the multiplied numbers of emission effects, the air pollutants 

are expected to decrease 98.75% of NOx emission, 91.25% decrease of particulate matter (PM2.5) emission, 

and 72.5% decrease of non-exhaust PM2.5 emission. Therefore, based on the visions to realize an “Emission-

free” mobility in Eindhoven, the reduction effects of NOx and PM2.5 emissions are more likely to achieve the 

goal by full three-line light-rail developments (S10) while non-exhaust PM2.5 emission needs other policy 

instruments to stimulate further reduction. 

Furthermore, based on the route choices of car travelers, the emitted air pollutants in the Eindhoven municipal 

region are spatially displayed to compare between the base scenario and the full light-rail system scenario 

(S10). The following Figures 6.21 and 6.22 show the heatmaps of two types of air pollutants generated on road. 

The figures on the left-hand side (figure a) represent the emissions of the base situation while the right-hand 

side (figure b) displays the effects of increase or decrease emission on road with red and blue colors 

respectively. Based on the predicted results of the Eindhoven municipality, the neighborhoods with the new 

light-rail station developed nearby has observed a slight decrease in all types of air pollutants emitted on road, 

such as neighborhoods of Oud-Stratum and Woensel-Zuid. Also, as observed, the ring road sections of the 

Eindhoven municipality have overall air pollutants (NOx and PM2.5) slightly decreased on emission after the 

light-rail developments are realized. However, the P+R locations have attracted car vehicle travel and generated 

more pollutants on road since the facility’s capacity constraints are not considered in this study, such as the 

P+R facility developed at P+R Meerhoven station. 
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(a) Base scenario (S0) 

 

(b) Effects of full light-rail system scenario (S10) 

Figure 6.21 PM2.5 emissions (included non-exhaust PM2.5) of the Eindhoven region (S0 vs. S10) 

 

(a) Base scenario (S0) 

 

(b) Effects of full light-rail system scenario (S10) 

Figure 6.22 NOx emissions of the Eindhoven region (S0 vs. S10) 

Emission harm equivalent index 

Within the metropolitan or urban region, the emission harm impact is shared by the population scale since the 

residents are exposed to air pollutants throughout the year that might cause serious diseases and considered 

harmful to physical health. To evaluate the health impact of pollutants on residents within the study area, this 

study adopted the Emission Harm equivalent Index (EHI) developed by the European commissions for 

estimation. This index is expressed with a harmful effect on human health using calculated PM2.5 equivalents. 

The following Figure 6.23 displays the calculated emission harm equivalent index (EHI) results in all scenario 

settings. Based on the observation, it is apparent that light-rail developments with parking-related policy 

implementation (Scenario S4-S10, excluding S6) have a better effect to improve the air quality shared by the 

population. With the integration with policy measures such as parking price adjustment and P+R facilities, the 

average PM2.5 equivalent per study area resident will reduce 0.1 kg per year which is lower than the average 

amount of light-rail scenarios without any parking-related policy. 
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Figure 6.23 Emission harm equivalent index 

(MRE+8 level) 

6.4 Summary 

After the model calibration process, the settings of the Multi-state supernetwork (MSN) microsimulation 

system has confirmed the validity of simulating the individual activity-travel behavior and estimate the overall 

policy effects. The model estimation was conducted using various datasets input with different policy scenario 

setups including light-rail developments and parking-related policy implementation. The travel pattern effects 

are analyzed by aggregated results and mobility indicators including modal split, the vehicle traveled distance, 

average travel length and average travel time. The effect analysis of these indicators has compared ten policy 

scenarios with the base scenario regarding three different spatial levels of the study area. Also, the daily route 

choice effects of the activity-travel by car and bike travel mode have visualized and displayed on the GIS road 

network. Furthermore, based on the aggregated passenger car traveled distance per year, the air pollutant 

emission effect is calculated with the assistance of the European commission’s methodology including three 

air pollutant amounts and the Emission Harm equivalent Index (EHI) regarding the population.  

Based on the analysis of travel pattern effects, comparing the single light-rail line alternatives (S0 vs. S1-S6), 

multiple mobility indicators such as average travel distance and travel time have pointed out that the light-rail 

Line A (S1, S4) has substantial influence in terms of improving the traveler’s accessibility to reach activity 

destinations. The second-ranked alternative of this influence extent is light-rail Line B (S2, S5) and the least 

ranked alternative is Line C (S3, S6). Meanwhile, the light-rail Line A will attract the most public transport users 

compared with other light-rail alternatives to shift from their original travel mode to the new light-rail services. 

This PT usage result of the light-rail system is an essential reference for policymakers to evaluate the 

operational feasibility regarding this new public transport infrastructure. Moreover, the results also indicated 

and confirmed that implementing parking price adjustment and the inclusion of P+R (park and ride) facilities 

are effective and efficiently promoted the usage of the new light-rail system. According to the route choice 

heatmaps of both car mode and bike mode, the station area with P+R facility developed might attract more 

road usage of private vehicle travel while inner-city or district center area with parking price adjustment will 

considerably decrease the road usage. 

Nevertheless, with only a single light-rail line developed with a parking-related policy, the effects to reduce car 

vehicle trips and promote trips made by bike or public transport are limited compared to the combined light-
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rail development scenarios. As expected, the full connection of the three light-rail lines (Scenario S10) has 

outperformed other scenarios with most mobility indicators. These indicators are complied with the 

metropolitan light-rail vision’s objective to bring travelers closer to their destination with less physical efforts. 

However, based on the route choice effect heatmaps, the car traffic might be increased in the surrounding area 

with P+R facilities developed including stations of Oisterwijk, Den Bosch, Boxtel, and P+R Meerhoven.  

The air pollutant emission effects are estimated with the basis of total car traveled distance (Vkm), car fuel 

types, and European emission standard level using the emission harm equivalent index (EHI). Based on the 

calculation results, combined light-rail development scenarios denote a better effect on reducing air pollutants 

and fewer resident’s health harm in the study area. Also, the improvements considering the air pollutant 

reduction on roads are more significant to the larger metropolitan scale rather than only the Eindhoven 

municipal area. After the realization of the three light-rail lines and supportive parking policies, the proposed 

vision of the metropolitan light-rail system is expected to improve the environmental quality of living. 

Table 6.5 presents the policy effects overview including the aspects of individual travel patterns and emissions. 

Compared with the base scenario, the effect overview shows mobility indicators (VKm, Avg. travel time), public 

transport usage, and emission indicator after a certain policy scenario is realized. Furthermore, according to 

the assumptions made regarding the proposed light-rail objectives including the improvements of resident’s 

accessibility and air quality in the study area, a top-3 performance ranking among the ten scenarios is stated. 

Table 6.5 Overview of policy effects and scenario’s performance ranking (MRE+8 level) 

Policy scenario vs. 

Base scenario (S0) 

Travel pattern effects 

(Mobility indicators) 
Public transport usage 

Emission effects 

(Environmental indicator) 

Vehicle traveled 

kilometers (Vkm) 
Avg. travel time 

Eindhoven 

Central station 

Light-rail system 

(All lines) 

Emissions on the road 

(Overall) 

S1 (A) -0.70% -0.98% -4.97% 20.18% -1.13% 

S2 (B) -0.16% 0.00% -22.37% 13.73% -0.38% 

S3 (C) 0.59% 2.24% -18.73% 3.63% 0.90% 

S4 (A+P) -1.54% -7.37% -5.02% 24.44% -4.68% 

S5 (B+P) -0.42% -6.83% -21.64% 14.20% -3.49% 

S6 (C+P) 0.98% 0.56% -17.45% 3.67% 0.97% 

S7 (AB+P) -1.45% -14.06% -13.36% 24.65% -6.54% 

S8 (AC+P) -1.39% -9.36% -3.42% 27.73% -5.17% 

S9 (BC+P) -0.57% -9.80% -3.02% 15.54% -4.32% 

S10 (ABC+P) -1.74% -15.90% -11.35% 27.27% -7.80% 

Policy objectives Improved transport accessibility 
Decentralization 

of transit role 

Operational 

sustainability 
Better air quality 

Performance 

ranking 
S10 > S7 > S4 S10 > S7 > S4 S2 > S5 > S4 S8 > S10 > S7 S10 > S7 > S8 
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Chapter 7: Conclusions and Discussions  

Mobility visions and strategies in the Eindhoven region are under discussions to relieve the emerging 

accessibility or capacity bottlenecks of the current transport system. Various sectors of regional or local 

authorities together with professionals have worked in collaboration and have formed an administrative 

cooperation “Eindhoven Metropolitan Region (MRE)” to deal with these issues in the city agglomeration. 

Mobility professionals have proposed a metropolitan light-rail transport system and have called for impact and 

feasibility research regarding the developments. Therefore, this study has compared different activity-based 

travel modeling approaches to evaluate the likely effect of individuals' travel behavior. A state-of-art activity-

based travel demand model “Multi-state supernetwork” is adopted to assess the travel pattern and 

environmental effects after light-rail related developments are realized. During the application of this 

innovated and improved approach, an air-pollutant indicator has first-time incorporated with the aggregated 

trip results of the modeled output. The practice of emission component enrichment has opened the possible 

and potential directions of further model application projects which are mentioned in the following suggestion 

part. Furthermore, the strength and limitations regarding the predicting power of this modeling approach have 

been identified. Future optimization suggestions will be discussed to advance the approach to a better 

operation level.  

This chapter first presents the result interpretation of light-rail development effects on aggregated individual’s 

travel patterns and air pollutant emissions. Meanwhile, by taking the research questions into account, the 

insights of different mobility or environmental indicators are discussed. Based on these indicators, the policy 

recommendations for the metropolitan light-rail system are proposed. Secondly, discussions regarding the 

identified issues and the decision been made during the data preparation, model application process are 

described. Finally, recommendations on future research and model improvement are suggested. 

7.1 Conclusions  

The primary research question of this study “How do individual travel patterns and emission change after the 

light-rail transport development is realized in the Eindhoven metropolitan region?” has been addressed. 

Regarding the study area, three different spatial levels of population-scale including the Eindhoven 

metropolitan area (MRE) with eight additional municipalities (MRE+8), the metropolitan area (MRE) and the 

Eindhoven municipal area have analyzed to compare the influential extent based on resident’s origin. These 

effects have been compared with ten different scenario settings of new light-rail lines infrastructure and 

transport policies. The aggregated results of the individual travel patterns and air pollutant emission effects 

have provided useful insights for policy decision-makers. These insights are summarized based on the following 

specific research questions of this study.  

First of all, for the question “How does the new transport infrastructure influence the resident’s travel 

behavior of the Eindhoven metropolitan region?”, this study has compared the light-rail proposals between 

three spatial levels and whether parking policies assist the developments. Consider the three different light-

rail line proposals, both Line A and Line B development contribute to a slight reduction in individuals’ average 
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travel distance and travel time. With the implementation of transport policies of parking price adjustment and 

P+R (Park and Ride) facilities (S4 and S5), the reduction effects are significant with three spatial levels of study 

area residents since the influenced light-rail connection area are the municipalities with higher population 

density and more activity-travel trips take place. This mobility indicator results have proven that the parking-

related policies are more effective and influential compared to public transport development itself on personal 

accessibility. In contrast, the effects of alternative light-rail Line C are not as expected; the public transport 

development itself will not reduce the average travel distance and time. Compared with other alternatives 

(Line A or B), this Line C option even increases the individuals’ travel distance and travel time due to the newly 

developed infrastructure. In detail, the individuals spend more time and distance slightly by car or by walk to 

reach the new light-rail facilities of Line C while spending less travel time on public transport, especially for the 

residents in a broader metropolitan area. However, since the travel mode share of PT is relatively small 

comparing other modes, the reduction of PT travel time has been neutralized by the increase in private travel 

modes or by walk. As expected, the most substantial influence on reducing the average travel time and travel 

distance occur under the scenario of the combined light-rail system with a full three-line developed with the 

support of parking policies (S10). Based on the observation, a synergistic and bonus effect appears with the 

combination of multiple light-rail lines instead of developing an independent line alternative. However, the 

combined light-rail of two lines (A+B) developed (S7) has a similar extent of improving the individual’s transport 

accessibility in terms of less time and distance per trip spent on traveling. The decision of developing an 

additional light-rail Line C might have a limited bonus effect on this mobility indicator among all three spatial 

levels of study area residents.  

Furthermore, regarding the policy influence on individuals’ travel mode choices, the study investigated the 

simulated results of travel mode distribution among all scenarios. No matter which light-rail alternative (Line 

A, B or C) is realized in the study area, the modal split of traveling means is similar compared with the base 

situation. It has been indicated that the parking-related policies are more effective to stimulate the travel mode 

shifting from using private car vehicles into choosing bike mode or public transport, especially for Line A and 

Line B developments (S4 and S5). For light-rail connection areas of Line C, since the influenced municipalities 

with parking policies are less and the regions have lower population density (e.g. Meierijstad, Valkenswaard) 

compared with the other two connection alternatives, the travel mode shifting effects by its related policy 

scenarios are limited. Moreover, it is suggested that combined light-rail developments with parking-related 

policies (S7-S10) have better and substantial effects on reducing the motor vehicle mode (Car) and promote 

individuals to travel by bike or utilize public transport services. In specific, a combined light-rail system with all 

three lines (S10) and two lines with Line A plus Line B (S7) contribute to a similar extent of travel mode shifting 

which has the most significant effect compared to other scenarios. However, regarding the travel patterns of 

mode shifting or transit hub choice, it is required to differentiate the travel mode choice with more detailed 

observations on specific individuals in future research. For example, whether the individual selects “Car mode 

+ PT (C+R)” or “Bike mode + PT (B+R)” during travel mode transit within the trip-chain will explain the travel 

behavior more clearly by this mobility indicator. 
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Second, for the question “What is the development’s effect on individuals’ activity-travel patterns (e.g. route 

choices) in the daily activity schedule?”, this study has utilized GIS heatmaps as the representations to 

visualize the traveler’s aggregated travel choices. Initially, the route choice effects are compared between the 

light-rail development scenarios which have parking-related policies implemented (S4-S6). As expected, in 

comparison with the base situation, the road usage nearby the regions of new light-rail stations is increased 

while inner-city area or district centers are decreased with both car and bike travel modes. This influence is 

more apparent around the stations that have P+R (park and ride) facilities included with a lower parking price 

level compared with inner-city areas or district centers. Then, the research evaluated the route choice effect 

under a full three-line light-rail system (S10). The heatmap indicates a similar route choice pattern regarding 

the increased road usage around the new light-rail-related facilities and reduction in city center regions. 

Moreover, some motorway or highway interchanges have also shown a decrease in car mode traveling which 

might indicate less car traffic after the light-rail system is realized. However, it should be noticed that the 

research did not consider the facility’s occupation or parking space limit. Therefore, without the capacity 

constraint, every individual which is attracted by the preferable parking price of the facility or parking spots 

will park at the location but accumulates an unrealistic parked vehicle amount. This simulation output of 

travelers’ agglomeration around the P+R facilities has confirmed the parking policy-sensitive characteristic of 

the applied multi-state supernetwork approach (Liao et al, 2012). 

Thirdly, with the integrated EU emission indicator, the question of “What is the emission effect of air 

pollutants after the developments realized?” is evaluated. The yearly aggregated emission amount regarding 

the air pollutants of NOx, PM2.5, and non-exhaust PM2.5 are calculated according to the total passenger car 

traveled distance (Vkm), the characteristics of vehicle fuel type, and emission standard level. Comparing the 

travel patterns results of all scenarios, the light-rail infrastructure with parking policies which have a substantial 

reduction in car travel has also contributed to the less total amount of air pollutant emitted. Also, the light-rail 

developments benefit the environment at the larger metropolitan region level instead of only the Eindhoven 

municipal region in terms of the emissions on roads by car vehicles. As expected, with full systematic 

developments of all three light-rail lines (S10), the air quality will be better improved and denotes a positive 

environmental impact within the study area. Based on the evidence of the emission harm equivalent index, 

the light-rail infrastructure with three lines interconnected will slightly reduce the yearly exposed air pollutant 

amount shared by the population in the study area regions. Therefore, this light-rail system development 

denotes a positive human health effect. 

Other aggregated statistical results regarding the public transport users have also provided useful insights for 

both policy impact and feasibility study. The transportation hub role of “Eindhoven Central Station” is 

decentralized and decreased on facility usage due to the new light-rail developments. Since most of the MRE 

residents have daily trips within the study area (at least 80% of fix activities), this effect is expected with more 

station nodes for transit alternatives after the light-rail connection developed. The decentralization effect of 

Eindhoven Central Station conforms to the mobility vision (Ministerie van Infrastructuur en Waterstaat, 2019) 

to have fewer transfers in the city center area and reserves the station hub for international rail or intercity rail 
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connections in the future. On the other hand, the predicted light-rail system usage concerns the sustainability 

of the future operating PT infrastructure. Regarding the attribute’s settings of policy scenarios, this study has 

assumed the three light-rail connections operate with a similar service frequency and without considering the 

carrying capacity of each route. By comparing the PT usage of three light-rail lines under all scenario’s setup, 

light-rail Line A will attract the most public transport users while Line C services have less traveler’s demand. 

This potential usage effect is expected to provide insights for future rail operators to ensure operational 

sustainability regarding the new public transport service. Also, it provides information for transport planners 

to adjust the service frequency or determine the carriage’s capacity during the light-rail system planning phase.   

Policy recommendation 

The mobility indicators of activity-travel pattern effects provide fruitful information and insights for light-rail 

infrastructure planning and parking-related policymaking. Besides, an emission indicator with air pollutant 

effects further supports the decision making by evaluating environmental impacts on the study area. This study 

recommends considering the proposal of “Scenario 7 (S7)” with Line A and Line B two light-rail lines developed 

in the study area since this option has outperformed other policy scenarios according to most of the mobility 

and emission indicators. Also, the parking-related policies are considered an essential instrument to support 

and stimulate the usage of this newly developed public transport system. If the metropolitan light-rail system 

is officially authorized, regarding the light-rail development sequence, Line A connection is suggested to be 

introduced firstly and subsequently develop Line B. The scenario considering the full three-line connections 

(S10) is not recommended since light-rail alternative Line C has limited effects on improving individual's 

transport accessibility based on the analyzed mobility indicators. Also, the predicted public transport demand 

of this new light-rail line appears relatively insufficient to sustain the service operation according to the 

simulated travelers’ infrastructure usage. Instead of a more costly light-rail infrastructure, the policy alternative 

for Line C connection regions should consider upgrading the current bus transport service or introduce High-

quality public transport (HOV) to integrate with the existed public transport stops.  

In conclusion, this study provides various information with the focus on benefit effects (mobility and 

environmental) of the light-rail development. To systematically evaluate the metropolitan light-rail system 

proposals, the cost-benefit analysis is further suggested. For example, based on the rail projects analysis by 

the International Union of Railways (UIC, 2017), an average light-rail project cost in Europe is 22.1 million euros 

per kilometer. By excluding the existing NS rail track in the study area that might be integrated with the 

proposed light-rail system, the newly constructed infrastructure is 81 km which indicates the development cost 

is approximately 1.79 billion euro in total. By giving weights to different stakeholder’s objectives and 

monetarized value of mobility or environmental effects, the decision-making of light-rail projects can be 

supplemented. 
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7.2 Discussions 

During the process of multi-state supernetwork application on metropolitan light-rail development assessment, 

some issues were identified, and the decision was made based on the research objectives. The decision of 

selecting the study area was made since the potential metropolitan light-rail system further connects the 

municipal region of 's-Hertogenbosch and Tilburg. Therefore, the largest spatial level of the study area has an 

additional eight municipalities compared to the Eindhoven metropolitan region (MRE). The input data 

preparation concerns the datasets of the road network, public transport timetable, land-use locations, and the 

synthetic population. Therefore, the issues are described in terms of the tasks during the data preparation and 

the model application. The following discussion considers the dimensions of the road network, the synthesized 

population, and the land-use locations.  

The road network data extracted from the mobility professional’s database has detailed geographic 

representation and link direction. The network includes all categories of road within the study area while 

surrounding region connections are added by highways or motorways. Consequently, activity-travel trips 

conducted by the study area’s residents can be simulated outside the study area by this road network setup. 

However, these connections of highway or motorway often have the endpoint at the one-way gateway of an 

interchange. Therefore, the connections outside the study area will end the private vehicle trip at the 

interchanges which represents the parking location and switch to walk mode to continue traveling to the 

destination. Based on the observation of the trip-table results, this simulation process denotes a less realistic 

travel behavior compared with the traveler’s microsimulation within the study area. Moreover, within the 

individual’s trip chain, the modeling approach requires the previous activity-travel destination node must be 

consistent with the new origin node for the next activity-travel trip. If the previous trip destination is the 

endpoint of a one-way gateway, the subsequent trip starting from the previous endpoint will trigger the model 

to appear an error message since the road network data input doesn’t have the return link option for the next 

activity-travel trips. In reality, the individual gets off the gateway by private vehicles to connect the local road 

network and gets on the interchanges with another direction of gateway. Without the local road included 

outside the study area, the trade-off decision has been made to assume two-way directions of all highway or 

motorway connections to run the model without error. Regarding the road network data treatment, the 

modeled trips outside the study area might result in a certain bias of individual travel patterns output. 

The dataset creation of activity programs for the synthetic population has utilized the existing Python script to 

extract the needed study area residents from the stated activity-travel diary survey (MON/OViN). To compose 

a larger sampled size, this study collected thirteen years of survey data. Also, the extracted population samples 

have applied the population adjustment factor provided by the survey authority (CBS, 2010-2017) to ensure 

the representative sociodemographic composition of the real-world population. Although the sampled size 

has composed around 8% of the actual population size, it is still insufficient for generating realistic vehicle 

flows into a macro-level without considering a full-size simulation of the population for traffic impact 

evaluation projects. Also, the multi-state supernetwork approach has its limitation of lacking the feedback 

function of the resulted macro states on individual scheduling behavior and the interactions between the 
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individuals during the simulation (Liao et al., 2014). Therefore, even if the population size with the actual scale 

is comparable to the real-world situation, the user equilibrium mechanism for aggregating each road’s traffic 

status is not currently incorporated with the operating micro-simulation system.  

Furthermore, this research did not include land-use development regarding the light-rail policy scenarios 

although it is considered as a common component together with introducing a new public transport system 

(Van Wee et al., 2014). These related developments often concern new residential or industrial floor space 

that might simultaneously influence the home moving or job changing decisions of individuals within or 

outside the study area. Without a reliable or sociodemographic-based generator unit for synthetic population 

and activities integrated with the multi-state supernetwork model, the decision was made to exclude the land-

use related developments and only considers the light-rail transport infrastructure and parking-related policies. 

Future research  

Despite several model limitations of the research method are identified, the multi-state supernetwork 

approach (MSN) has proven its prediction power on an individual's activity-travel patterns by simultaneously 

consider multi-dimensional choices and represent complete trip-chaining. In contrast with other activity-based 

models reviewed in Chapter 2, the MSN approach applications (Liao et al., 2017; Maas, 2015; Galetzka, 2015) 

have empirically validated the modeling system by comparing and referring its predicted results to observed 

practices of activity-travel behavior (e.g. OViN or ODiN mobility surveys). With the new emission effect 

dimension incorporated in this study, the recommendations on future research and model improvements for 

enriching the mobility or environmental aspects of policy assessment projects are suggested.  

In this study, the light-rail development scenarios are formulated to assess the new public transport 

infrastructure and the incorporation of parking-related policy. The parking-related policies are considered as 

the supporting measure for the new public transport system, so it was not evaluated separately with public 

transport developments. The pricing adjustment measures in certain regions and P+R facilities development 

are combined as a single package of parking-related policy. However, based on the observation, the parking-

related policies have an even greater effect on individuals' travel patterns than the light-rail infrastructure itself. 

Therefore, future research should conduct sensitivity analysis to compare the influence extent of different 

policy components (Pricing or P+R facility only) or different parameter settings (Parking price or Light-rail 

service frequency). Moreover, sensitivity analysis by fixing all categories of activity-travel to evaluate the 

marginal effects on travel mode distribution of different policy dimensions (e.g. Pricing) will provide more 

insights for policymaking.  

The application of the multi-state supernetwork model has first-time integrated an emission indicator in this 

study based on the aggregated car traveled distance to evaluate the overall air pollutant impact of the study 

area. The fuel types of passenger cars are only categorized with gasoline and diesel since the limited 

information of vehicle characteristics provided by the stated mobility surveys (MON/OViN). With the emerging 

developments in energy sources and different types of motor engines in transportation sectors, a better-

detailed categorization of these fuels regarding consumptions per distance unit or emission standard of air 
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pollutants are suggested to consider for estimating a more realistic emission effect. Also, with a detailed 

specification on fuel categories or emission levels, more aspects of environmental effects such as greenhouse 

gas (GHG) or more types of emitted pollutants based on scientific reports are recommended.  

Furthermore, apart from evaluating the emission effects at an aggregated level or yearly amount, the air 

pollutant amount can also incorporate with the activity trip-table output regarding the temporal components. 

Considering the micro-level of an individual’s travel pattern, the model has opened the possibility to evaluate 

the temporal distribution of air pollution effect through the time of a day. Moreover, recent research has 

suggested that different speed limits of roads differ the extent of air pollutants emitted or concentrated in the 

urban region (Tang et al., 2019). Therefore, with categorized road types by speed limits, the simulated car trips 

will generate heterogeneous air pollutants amount on the different road sections. By developing an integration 

scheme to display car trips on the road network with a variated time-frame visualization, the environmental 

effects regarding the spatiotemporal distribution of air pollution are expected to provide fruitful insights for 

policy assessment projects. The advanced GIS integration scheme offers the opportunity for researchers to 

relate the visualized emission effects with other geographic information and have a better understanding of 

more associated aspects of the built environment.  
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Appendices 

Appendix 1: Route choice GIS heatmap settings (QGIS environment) 

 
Heatmap representation setup (Increased route choice) 

 
Heatmap representation setup (Decreased route choice) 
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Appendix 2: Python script for aggregating road node choices by PV (Car/Bike) 

##Count unique value frequency of road network nodes in vehicle trips (PVN) 

 

import os 

import numpy as np 

import pandas as pd 

 

mapp = r'C:\Users\user\Desktop\Scripts\Trip visualization'                                                   

## For car trips 

datain = os.path.join(mapp,'Trips','input data','Triptable_S10_Car_TripsNode.csv') 

dataout = os.path.join(mapp,'Trips','New data','Triptable_S10_Car_TripsNode_count.csv') 

 

##For bike trips 

#datain = os.path.join(mapp,'Trips','input data','Triptable_S10_Bike_TripsNode.csv') 

#dataout = os.path.join(mapp,'Trips','New data','Triptable_S10_Bike_TripsNode_count.csv') 

 

data = pd.read_csv(datain,sep=',') 

data = data.applymap(lambda x: np.nan if isinstance(x, str) and x.isspace() else x)  

data = data.apply(pd.value_counts).fillna(0) 

data = data.sum(axis='columns') 

data = data.reset_index() 

data = data.rename(columns={'index':'Nodes'}) 

 

data = data.groupby(['Nodes']).sum() 

 

data.to_csv(dataout, sep=',', header=True, index=True) 

print (data) 

print ('Done') 
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Appendix 3: New light-rail stop list of Line A 

Light rail stops 

Light-rail line A 

Integrated transit stop 

(V: Available transfer alternative) Overlapped 

route 
HOV Bus 

Stop-train 

(Sprinter) 
Intercity train 

Tilburg Universiteit  v  

None 

Tilburg, Centraal Station  v v 

Oisterwijk, Station  v  

Oisterwijk, Gemullehoekenweg    

Oirschot, Spoordonk    

Oirschot, Bellefleur    

Oirschot, St. Jorisstraat    

Oirschot, Eindhovensedijk    

Oirschot, Kazerne    

Eindhoven Airport v   

Eindhoven, Flight Forum v   

Eindhoven, Zandrijk v   

Eindhoven, Grasrijk v   

Eindhoven, P+R Meerhoven v   

Eindhoven, Bredalaan v   

Eindhoven, Evoluon v   

Eindhoven, Strijp-S v v  

Eindhoven, Philips-stadion v   

Eindhoven, Septemberplein v   

Eindhoven, Centraal Station v v v 

Technische Universiteit, De Zaale    

Technische Universiteit, De Rondom    

Eindhoven, Koudenhoven v   

Nuenen, Geldropsedijk v   

Nuenen, Centrum v   

Helmond, Brandevoort  v  

Helmond 't Hout  v  

Helmond, Station  v v 

Helmond, Brouwhuis  v  

Deurne, Station  v  
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Appendix 4: New light-rail stop list of Line B 

Light rail stops 

Light-rail line B 

Integrated transit stop 

(V: Available transfer alternative) Overlapped 

route 
HOV Bus 

Stop-train 

(Sprinter) 
Intercity train 

'S-Hertogenbosch, Centraal Station  v v 

None 

Vught, Station  v  

Boxtel, Station  v  

Best, Station  v  

Best, Strandpark Aquabest    

Son, Ekkersrijt/Science Park  v   

Eindhoven, Roubaixlaan v   

Eindhoven, Autowijk v   

Eindhoven, Sportpark Eindhoven Nrd v   

Eindhoven, Gerretsonlaan v   

Eindhoven, WoensXL v   

Eindhoven, Generaal Pattonlaan v   

Eindhoven, Fontys Rachelsmolen v   

Eindhoven, Gildelaan v   

Eindhoven, Centraal Station v v v 

NS Sprinter 

series 6400: 

Eindhoven - 

Weert 

Eindhoven, Septemberplein v   

Eindhoven, Stadhuisplein v   

Eindhoven, Geldropseweg    

Eindhoven, Otto Veniusweg    

Eindhoven, DAF    

Geldrop, Papenvoort    

Geldrop, Station  v  

Heeze, Station  v  

Maarheeze, Station  v  

Weert, Station  v  
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Appendix 5: New light-rail stop list of Line C 

Light rail stops 

Light-rail line C 

Integrated transit stop 

(V: Available transfer alternative) Overlapped 

route 
HOV Bus 

Stop-train 

(Sprinter) 
Intercity train 

Valkenswaard, Dommelseweg    

None 

Valkenswaard, Dijkstraat    

Valkenswaard, Nieuwe Waalreseweg    

Waalre, De Bus    

Veldhoven, Heerseweg (ASML 12)    

Veldhoven, MMC/ASML-gebouw 4    

Veldhoven, Provincialeweg-Oost    

Eindhoven, Kastelenplein    

High Tech Campus Eindhoven v   

Eindhoven, Locatellistr/Prf Holstln v   

Eindhoven, Zwemcentrum Tongelreep v   

Eindhoven, Boutenslaan v   

Eindhoven, Parktheater v   

Eindhoven, Stadhuisplein v   

Eindhoven, Septemberplein v   

Eindhoven, Centraal Station v v v 

Technische Universiteit, De Zaale    

Technische Universiteit, De Rondom    

Eindhoven, MMC Eindhoven    

Eindhoven, Churchilllaan/Mercuriuslaan v   

Eindhoven, Bisschop Bekkerslaan/Airbornelaan    

Eindhoven, Tempellaan    

Son, Raadhuisplein    

Son, Gentiaanlaan    

Nijnsel, Kruispunt    

Sint Oedenrode, Hertog Hendrikstraat    

Sint Oedenrode, Eerschotsestraat    

Sint Oedenrode, Oprit /Afrit A50    

Veghel, Oprit /Afrit N265    

Veghel, Busstation    

 

 


