tion Analysis

Photo faken






5 _
TUDelft HTM

Optimal Stop Location Analysis for
Urban Tram Systems

A Multi-Objective Optimisation Model for Minimising Social, User and
Operator Costs

Author
Tim de Ridder

Master thesis submitted to Delft University of Technology in partial fulfilment of the
requirements for the degree

Master of Science in Civil Engineering — Transport and Planning

7o be defended in public on July 67, 2023

Graduation Committee

Chairperson, TU Delft Prof. Dr. Bart van Arem
First Supervisor, TU Delft Dr. Ir. Niels van Oort
Second Supervisor, TU Delft Dr. Ir. Haneen Farah

External Supervisor, HTM Personenvervoer  Ir. Hans van der Stok
External Supervisor, HTM Personenvervoer  Ing. Johan van den Berge






Preface

This thesis marks the culmination of my Master Transport and Planning at Delft University of
Technology. Although my time in Delft has been a journey of almost five years, it is also a
chapter of my life which has flown by and which | really enjoyed. Not only did | gain a lot of
knowledge, but | have grown personally as well, becoming more adept at presenting myself
and effectively communicating my ideas.

If you would have seen my childhood excitement for transport, particularly for trains, you could
have easily predicted my chosen field of study. From my early years, | found joy in navigating
the tram lines of Amsterdam, and that enthusiasm for understanding transport systems
across the world has stayed with me. It was only natural, then, that | pursued a degree and
conducted research in the field of transportation and planning. Throughout my academic
journey, my fascination with transportation has remained a constant source of excitement.
Therefore, | am grateful for the opportunities that have come my way.

| would like to take this opportunity to express my sincere appreciation to the individuals who
provided invaluable assistance during the course of my thesis. First and foremost, | would like
to thank my company supervisors at the HTM; Hans and Johan. Their mentorship not only
ensured that | received the necessary guidance, but they also made me feel at home within the
company and pushed me to speak to the right people. Furthermore, they helped me gain
insight into the complexities of stop relocations and emphasised the human factor in the
planning and implementation process.

Secondly, | am also thankful for the continuous feedback of my university supervisors; Bart,
Niels, and Haneen. Their dedication and input were essential in shaping the structure and
content of my research, significantly improving the quality. Each of them helped me in their
own way to achieve the thesis that is presented. Bart his guidance was key in creating the
narrative of my thesis and urging me to recognise the core elements of my story. Niels
provided precious assistance in facilitating connections with relevant experts and consistently
encouraged me to explore additional aspects to gain a more comprehensive understanding of
the subject matter. Last but not least, Haneen had especially a critical eye on the wording and
terminology within my thesis. As a result, the readability of my report has improved
considerably.

Moreover, a round of appreciation goes to fellow students from the Master — Gert, Vincent,
Rody, Wouter, Hugo, Esther and Kevin — who accompanied me on this thesis journey. Our
shared support was crucial in navigating challenges and maintaining motivation throughout
the process. Our regular sessions provided helpful suggestions and propelled us towards our
graduation goals. Above all, it was always a pleasant way to conclude our busy work weeks.
Finally, I must acknowledge the contributions of Emma, whose design expertise transformed
my thesis into an aesthetically pleasing product. Her support was truly invaluable.

Tim de Ridder
Delft, June 2023



Abstract

Enhancing and expanding public transportation is becoming a crucial solution to the high
costs of congestion and the escalating environmental impacts of car-centric transportation
systems observed in numerous cities today. One approach to enhance the quality of public
transportation, and thereby boosting its ridership, is through the intelligent design of stop
locations. Strategically locating stops can increase coverage of transit and reduce overall trip
times. However, selecting stop locations is a relatively intricate task as it involves striking a
balance between two competing objectives; accessibility and efficiency.

In this thesis, a multi-objective optimisation model is presented to make the trade-offs
between several factors influencing stop locations explicit. The model enables a
comprehensive assessment of transit objectives by evaluating alternatives, determining
demand and running times in detail, and examining network effects. Relevant factors such as
sociodemographic characteristics within catchment areas, travel patterns, transit alignments,
and transfer locations are modelled for different areas of the system.

The model consists of several modules, which are depicted in the infographic attached to the
abstract. The first module calculates the demand for different sets of stops based on the
characteristics of the catchment areas. Additionally, it calculates the travel time required for
passengers to reach the access stop and the time needed to travel from the egress stop to
their destination. The second module determines the running times for different stop
locations. It considers the infrastructure, the characteristics of the rolling stock, and the
environment to compute inter-stop travel times, while dwell times are calculated based on
boarding demand. Lastly, solving algorithms are utilised to obtain the optimal stop locations
by performing multiple iterations and finding a balance between cost components.

The developed model is employed in a case study that focuses on the tram network of The
Hague in the Netherlands. Various objectives are evaluated to determine the optimal stop
locations and the factors that affect them. The results reveal that the ideal stop locations are
contingent on the objectives established. Despite this, the number of stops in the system of
The Hague is reduced by at least 6% for all considered objectives. When the user costs are
minimised, an increase in ridership of 4% can be achieved, whilst saving 3% of operator costs.
Moreover, it is concluded that optimising the network for either the operator or society results
in 17% fewer stops, and a subsequent estimated cost saving of 9%, without any negative
impact on ridership.

Furthermore, for a network in which the social costs are minimised, optimal stop spacing lies
around 500 to 800 metres. Optimal stop spacing can vary due to the distinct characteristics of
areas across the system. Additionally, the street network and transfer opportunities effect
where stops are preferably located as well. Yet, a location only necessitates a stop if more
than 10% of passengers in a vehicle require a transfer at that spot. To add, stops should be
closer together near the end of a tram line or when average trip distances are shorter, typically
at a distance of 300 to 500 metres. When average trip lengths are significantly larger or when
a tram route runs through a sparsely populated area, spacing of more than 800 metres is
optimal. Besides, from the sensitivity analysis it is concluded that the parameters for the value
of time of passengers and the energy cost affect optimal stop locations the most, thus these
input parameters should be carefully chosen. At last, it is concluded that speed does not have
a significant impact on optimal stop spacing in The Hague as a result of the long dwell times.



Finally, although the stop optimisation model shows different alternative solutions, it is
important to note that the model is not the absolute truth. The relocation of certain stops can,
for instance, disproportionally burden certain groups in society which should also be
considered. Therefore, the model and its results are part of a wider discussion on the trade-
offs between accessibility and efficiency in the transport domain. The model should be treated
as an instrument to create understanding in complex systems and assist in transit planning.
Nevertheless, by presenting the possible outcomes, the model enables stakeholders to make
more informed decisions and engage in meaningful discussions based on evidence and
analysis.
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1 Introduction

Cities around the world are rapidly growing and the urban population is becoming larger and
larger. This increases the pressure on the current urban transport systems, which can lead to
additional congestion and environmental problems (Gossling et al., 2022). The improvement of
public transit is seen as an increasingly important solution to help alleviate these challenges
(Ceder et al,, 2015). At the same time, current public transport systems often lack behind in
quality and development and are not attractive enough compared to other modes (Gamez et
al., 2019).

Stop spacing is a key design variable in urban public transport planning which can improve the
efficiency of transport networks (Shuai et al., 2007). However, stop placement is a complex
issue, since it is a trade-off between the often-conflicting objectives of different stakeholders
(Li et al., 2022). The operational costs drop significantly with larger stop spacing and the in-
vehicle travel time also reduces for passengers. Yet, the average access and egress distance
for these passengers to reach a transit stop increases in this case (Yang et al., 2008).
Additionally, the area that is within convenient walking distance of the stops, also known as the
catchment area, becomes smaller. This results in fewer people having easy access to the
transit system, discouraging some people from using transit altogether (Shen & Sun, 2018).
Thus, apart from influencing the choice of which stop to access, stop placement can also
influence the mode choice of people.

Currently, stop spacing around the world is generally considered to be too short (ITDP, 2016;
Wu & Levinson, 2021). Historically, the objective was to increase the ridership by increasing the
catchment areas around transit stops. As a result, transit stops would be located a short
distance from each other. Although, new insights find that, most importantly, overall travel
times in the system should be competitive with other modes to attract passengers (Nioras,
2019). Moreover, the costs of transit are ever important, as transit authorities see their
monetary support from the government decrease year on year (Schofer, 2018). Hence, larger
stop spacing is required to decrease in-vehicle travel times and operator costs.

Nonetheless, elimination or relocation of transit stops is among the more contentious
problems transit planners are likely to encounter (El-Geneidy et al, 2006). Stops have
historically been located and are often not touched afterwards, even though they are not
placed optimally. Scientifical and mathematical argumentation can help convince stakeholders
stops must be moved to increase the efficiency of the system (Ziari et al., 2007). Specifically,
the optimal system for the users, the operator and society as a whole is to be achieved to
increase the social welfare. Since the stop location problem is complex with many trade-offs
between user costs, operator costs and external costs, optimisation models can be used.
These models are a powerful tool to solve problems of such size and complication efficiently
(Li & Bertini, 2009).

Howeuver, it is crucial to acknowledge that stop optimisation models exist within a broader
context. The trade-off between accessibility and efficiency is also influenced by political
considerations. Social factors, including the equity principle, play a role in the ongoing debate
between accessibility and system efficiency, but they are not easily quantifiable or modelled
(Stewart & El-Geneidy, 2016). Besides, the results of one model are case specific. Concluding
that stop spacing should be wider in a particular city, does not indicate that removing stops
across the country is a positive development. Albeit a stop optimisation model can provide
insights into the diverse outcomes of various planning strategies and improve the discussions.



1.1 Context

As optimal stop locations are reliant on many aspects, the stop spacing is different over a
transit network. Cities are diverse and a rule of thumb for stop spacing cannot be applied
everywhere. Many qualitative and quantitative models currently exist, which broadly solve the
stop optimisation problem to support transit planners in decision making (Alonso et al., 2017;
Chiabaut & Ceder, 2017). Nonetheless, characteristics and calculations are often
oversimplified and the models do not consider all aspects in detail. Results of such models are
recommendations for stop spacing, but do not indicate what stop spacing should be if
characteristics change over a corridor. There are even aspects, such as the effects of transit
signal priority on stop spacing, which are not investigated at all. Hence, guidelines cannot be
blindly applied to improve any transit system as this would reduce efficiency in many
circumstances.

It should be noted that there is a wide variety of models available and some consider most
aspects influencing optimal stop locations (Bie & Gao, 2019; Ibeas et al,, 2010). Yet, these
models can only be utilised for a specific line and do not consider the network effects on stop
placement. Hence, there is scarcity in models that can be applied to a transit network which
determines optimal stop locations over a whole city precisely. As a result, transit systems
cannot be fully optimised and not all benefits of an efficient transit system can be exploited.

1.2 Objective and research scope

In the previous section, the importance of stop location in providing accessible and efficient
transit service was highlighted. The complex effects emphasise the significance of developing
a complete tool for locating transit stops over a city. This thesis aims to develop a detailed
multi-objective stop optimisation model, including user costs, operator costs and external
costs, to overcome current limitations. Such a model can be applied on real-world transit
networks to assist transit planners with decision making for stop locations. The focus of this
study is to examine the stop location problem for urban tram lines, with the aim of determining
the optimal network while considering various objectives. Urban tram networks were mostly
constructed and expanded in the previous century with the design philosophies of that time,
whilst the structure and characteristics hardly changed afterwards. Hence, it is expected that
the most gain of stop relocation can be achieved in these legacy systems.

On the other hand, buses saw more of an evolution over time as their infrastructure requires
fewer investments. Nevertheless, the model which is to be constructed could also be adapted
for use in bus systems, but the adaptations are not encapsulated in this study. In addition,
emerging modes which can be used as feeder modes to transit are not studied, since too little
knowledge is available on these modes. Lastly, in this study no investigation is done into the
relation of tram stops with potential future transit hub locations.

1.3 Research questions
Following the identified research gaps and research objectives, the main research question of
this study can be drawn up. The main research question is as follows:

What are the optimal stop locations in an urban tram network for the users, operator and
society as a whole, and how can they be determined?



To answer this, a total of six sub-questions are developed:

1. Which aspects of user costs, operator costs and external costs are influenced by
different stop locations?

2. What is the relative significance of these aspects being influenced by stop locations?

3. How can an optimisation model that considers the important aspects for stop location
determination be constructed?

4. How can the stop optimisation model be calibrated using data from a case study?

5. How do the optimal network configurations, derived from different transit objectives in
the case study, impact the transit system dynamics?

6. To what extent are the retrieved results from the case study usable for transit planning
and how are they different from current procedures?

Sub-question 1 explores all the various aspects of user costs, operator costs and external
costs which are of significance and are dependent on stop locations. This question aims at
finding the various aspects that should be implemented in the stop optimisation model. A
literature review is performed to find these important aspects.

This should be followed with sub-question 2 in which the aspects are quantified. When factors
are quantified, it is possible to determine how aspects are weighted for the objective function
of the optimisation model. Obtaining the quantifiable effects often requires further research
into specific elements. Findings from the literature review can be used partially, however the
parameters can vary per tram system. Hence, also a case study is performed in which it is
investigated in detail how the quantifiable effects of these aspects can be obtained.

Afterwards, sub-question 3 focuses on the design of the stop optimisation model and what
constraints are to be considered to model the transit network and its operations. These
aspects are described in the methodology, whereby the structure of the model is decided upon
on the basis of the literature review.

This is followed by sub-question 4 in which it is answered how the model can be calibrated
using data from a case study. To add, the model is run and the results are analysed with sub-
question 5. Specifically, the characteristics of the different networks that are obtained are
examined and the subsequent effects on accessibility and operation are investigated.

Finally, sub-question 6 specifies to what extent the retrieved results from the case study are
usable for transit planning. It is concluded what the implications are on transit planning and if
design guidelines for different scenarios can be constructed. Also, a sensitivity analysis is
performed for the case study to check for the validity of the model.

1.4 Thesis outline

In Chapter 2 of this report the literature review is given. The results from current papers
regarding transit stop optimisation are investigated. Then, in Chapter 3 the methodology is
covered and the setup of the stop optimisation model is presented. Next, in Chapter 4 a case
study is introduced and the model is performed on this case study. The results of the model
are presented in this same chapter, followed with a discussion of both the model and the
results in Chapter 5. Finally, the conclusions of this report are given in Chapter 6.
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2 Literature review

In this section the results of the literature review are presented and discussed. It is
investigated which aspects influence user costs, operator costs and external cost with
different stop locations. Also, the importance of these aspects is determined. This literature
review forms the basis of the methodology that is described in Chapter 3.

First, the survey methodology of the literature review is given in Section 2.1. This is followed by
a summary of the results retrieved from the literature review in Section 2.2. Finally, the
conclusions of the literature findings are presented in Section 2.3. The list of references used
in the literature review is exhibited in Appendix A, whilst a comprehensive overview of the
results from the literature review is given in Appendix B.

2.1 Survey methodology literature review

The survey methodology of the literature review is prescribed in this section. For the literature
review Scopus, Google Scholar and the regular search engine of Google are used to retrieve
relevant papers. Keywords like “Stop”, “Spacing”, “Transport”, “Transit” and “Urban” are utilised
within the literature search queries. The results of the performed queries are given in Table 2.1,
with an indication why most search results are irrelevant. The methodology to determine if an
article is relevant is by first looking at the title. It is checked if the theme of the report is
relevant, after which the abstract is read to come to the final conclusion whether to include or
exclude the paper. Based on the search results of the queries, keywords are added to specify

the domain in which papers are to be retrieved, and thus to obtain more relevant papers.

Table 2.7 Overview of search queries and filtering steps. Only the first twenty search results are examined per
search query, with search results being filtered on relevance.

Query Keywords Number  Number of Main reasoning for other papers not
of search relevant papers being relevant

resultsin in first twenty
Scopus search results
1 “Stop” and 844 2 Many articles are unrelated to the
‘Spacing” stop spacing problem, with some
papers even focussing on biology
and materials.

2 “Stop” and 84 8 Reports focus on rural regions or
“Spacing” and low-demand areas with no significant
“Transport” or information on urban areas. Also, in
“Transit” some literature stop spacing is seen

as a predetermined value and not
something that can be optimised.

3 “‘Stop” and 12 9
“Spacing” and
“Transport” or
“Transit” and
“Urban”

4 “Stop spacing” 29 15 Irrelevant papers focus on line
and “Urban” optimisation  rather than  stop
and “Optim*” spacing. In addition, a pair of articles

look into transit fare determination as
a function of stop spacing.



The articles that are found to be relevant mainly focus on the optimisation of bus stop
locations and not necessarily tram stops, which is relevant for this study. This is possibly due
to the fact that there are many more bus lines in the world than tram lines, resulting in a high
proportion of bus studies. Yet, this does not have to be seen as a problem since it is expected
that the stop location determination of these modes is not significantly dissimilar (Wu &
Levinson. 2021). Differences in the infrastructure, operational characteristics, and flexibility of
these modes of transport need to be considered, but aspects like passenger demand and
accessibility are relatively similar (APTA, 2017). Nevertheless, a query is made adding to the
previous ones to search for optimal stop locations of trams. Yet, this search does not lead to
additional relevant papers being found.

On the relevant papers also a backward snowballing methodology is performed. With such
procedure, the publications that cited the set of found papers is investigated on their relevance
(Kohli. 2020). This leads to another 30 suitable papers being discovered, most of which focus
on multi-objective optimisation of stop spacing. Notably, it is observed from the backward
snowballing process that there is significant cross-referencing between the various papers
deemed relevant for this study.

The final list of references that is used for the literature review is given in Appendix A. The set
is formed of rather homogeneous publications, of which the majority are articles out of
scientific journals. The authors that contributed to more than two of the found papers, are
exhibited in Table 2.2. Furthermore, from the table it can be seen that the majority of literature
focuses on modelling and case studies. This study also focuses on the modelling of the stop
location problem and includes a case study, making these results logical. Finally, it can be
observed that some articles come out of the same journal with the Transportation Research
Record showing up the most by far with a total of 15 articles.

Table 2.2: Literature overview form the literature review. The table only shows authors and journals which appear
twice in the list of references used.

Author Type of Journals
Research

Bertini. R. L. 3 Modelling 47 Transportation 15
Dell'Olio. L. 3 Case Study 37 Research Record
El-Geneidy. A. 3 Review 10 Journal of Advanced 2
Furth. P. 3 Experiment 2 Transportation
Ibeas. A. 3 KSCE Journal of Civil 2
Tirachini. A. 3 Engineering
Alonso. B. 2 Public Transport 2
Bovy, P. H. 2 Transport 2
Chen. J. 2 Transportation 2
Chien. S I. 2 Engineering
Kimpel. T. J. 2 Transportation 2
Li. H. 2 Research Part E:
Liu. Z. 2 Logistics and
Mekuria. M. C. 2 Transportation Review
Moura. J. 2
Van Nes, R. 2
Wirasinghe. S. 2



2.2 Overview results literature review

This section gives an overview of the results obtained from the literature review. The main
features of the models described in other studies are examined and the findings regarding the
impacts of stop relocation are investigated. Different aspects are discussed, along with the
pros and cons of specific modelling choices. The detailed results of the literature review are
provided in Appendix B.

2.2.1 Structure and workings of a stop optimisation model

From the literature review it is concluded that a wide range of stop optimisation models have
been constructed over the vyears, built for different purposes and having different
characteristics. This section delves into the primary differences in the structure of these
models. Furthermore, the significance of objectives and output metrics in stop optimisation
models is highlighted.

To start, there are many differences in the complexity between current stop optimisation
models. For example, there are models which only investigate which lesser used stops in a
network should be removed to increase the speed of transit. With this methodology, the
improvement opportunities are limited. Yet, the data requirements for such models are lower
compared to other models and the general set-up is simpler (El-Geneidy et al., 2006; Wu et al.,
2022). Contrary, there are models which also consider the possibility of relocating or adding
stops to a transit line. Nevertheless, it might be beneficial to limit the potential stop locations in
these models only to locations which can be marked as viable beforehand. Locations which
are not well connected to the pedestrian network can be filtered out, or stops with a limited
catchment area can be disregarded (Sahu et al., 2022). Still, extensive data is required to be
able to estimate the usage of new stop locations, whilst this data might not always be
available (Sahu et al., 2022).

Secondly, there are differences in how the optimal stop configuration is obtained. On the one
hand, some models simulate certain configurations of stops and deduce what optimal stop
locations are. Contrary, other models use solving algorithms to find the stops with the lowest
costs. The former strategy requires fewer computations and less modelling effort when the
investigated system is small in size (Wagner & Bertini, 2014). However, with bigger systems
the number of alternative stop locations and configurations increases substantially. Opposite,
the latter methodology requires a comprehensive mathematical formulation of the problem at
hand, but as the system size increases, the complexity does not increase nearly as much
(Lepréte et al,, 2020).

Furthermore, to optimise a tram network, the presence of a well-defined objective is essential.
Different models found in literature have different goals; some papers propose the
maximisation of ridership, whilst others look at the minimisation of travel times (Hassan &
Hawas, 2017; Wu et al,, 2022). With the design of a multi-objective model, even different
objectives can be analysed and compared (Wagner & Bertini, 2014). However, most models
consider the social costs as part of the objective. These are the combined costs and benefits
of all stakeholders and in a stop optimisation model it is the goal to minimise them (Griswold
et al, 2013). Costs include the travel time components of passengers, the operator costs and
external costs. To enable a comprehensive comparison of time components, benefits, and
costs among different stakeholders, it is necessary to express all factors in a unified monetary
value (Van Nes & Bovy, 2000).



Despite their varying designs and objectives, the models share a common purpose; they
analyse the impacts of different stop locations on transit accessibility and efficiency. To
effectively assess alternative solutions, it is crucial to establish clear Key Performance
Indicators (KPIs). By evaluating the KPIs and overall results, it becomes possible to identify the
strengths and weaknesses of specific objectives and networks, thus informed decisions can
be made to improve and optimise the transit system (Dell'Olio et al., 2006).

» Various stop optimisation models have been developed over the years. Some models
only consider removing stops whilst others also examine the possibility of relocating
stops. In addition, there is a distinction between optimisation models that evaluate
alternatives and linear programming models which find the stop locations with the
highest or lowest objective value from all feasible possibilities.

» From literature it is concluded that for an optimisation model it is important to define
an objective. Nevertheless, with a multi-objective optimisation model, the results of
various objectives can be examined and compared.

» Key Performance Indicators (KPIs) can be used to assess the effectiveness of an
alternative or a model solution.

2.2.2 Transit demand determination in a stop optimisation model

There are diverse ways to model transit demand. A proper determination of demand in a stop
optimisation model is crucial in enabling better insight into the effects of different planning
strategies. Transit usage is never static and differences in stop locations and overall trip times
can have varying influences on the travel behaviour of different people (Li & Bertini, 2009). Not
only can it happen that passengers choose a different stop when a stop is relocated, they
might also choose another transit line or another mode. Especially the interaction between
different transit stops is important to model, as closely spaced stops compete for ridership
(Yang et al., 2022).

It is found in literature that sociodemographic characteristics, land uses and building densities
highly affect transit demand (Hsiao et al., 1997). For instance, it is found that specific stop
locations next to educational or healthcare institutes generate a lot of transit demand (Burke &
Brown, 2007). Sectors with a lot of commercial zoning also generate more riders per area
compared to residential neighbourhoods (Chen et al., 2016). Even though, most models do not
incorporate these aspects precisely and make assumptions on demand due to the high
complexity (Li & Bertini, 2009). In these models, demand is assumed to be constant over a
corridor or it is assumed that demand gradually decreases the further a stop is from the city
centre (Gao et al., 2009; Spasovic & Schonfeld, 1993). As a result, the optimal stop spacing is
investigated rather than the optimal stop locations. In reality a stop next to a park is less
crucial than a stop next to a commercial centre, hence these aspects should be considered to
increase the accuracy of demand estimation in the model.

Besides, it is found that the further people live from a stop location, the less likely they are
going to use that transit stop (Wu et al,, 2022). Yet, the distance after which a significant drop
off in demand can be observed does depend on the access mode, the sociodemographic
characteristics, and the characteristics of a transit line (Brand et al.,, 2017; Kim et al., 2010). A
high-quality transit line with reliable service attracts people from further away compared to a
service plagued with disruptions. Furthermore, the travel patterns greatly influence the
demand of a transit stop. People are willing to travel longer to a stop if their total travel
distance is longer (Mulley et al, 2018). Thus, data on the travel patterns should be
incorporated in the model to better predict behaviour of passengers. In spite of this, many



developed optimisation models assume a given average trip length over a corridor (Van Nes &
Bovy, 2000).

Finally, the connectivity of a tram stop with regards to the pedestrian network and the street
network within a catchment area highly affects walking times to a stop and thus also
influences transit demand (Egeter, 1995). Therefore, the methodology applied in many models
to consider a circle or diamond shape around a transit stop and presume this is the catchment
area, is not always adequate (Foda & Osman, 2010). Yet, to precisely determine a catchment
area, detailed information should be retrieved of the street network. Models do exist which use
high precision data of catchment areas, but such models are only limited to sections of
particular transit lines and do not look at an entire transit system (Biba et al., 2010).

* Modelling demand along a transit line can pose challenges, as it often requires either a
large amount of data or requires significant assumptions on the distribution of demand
along a corridor.

* The closer people their origin or destination is to a transit stop, the more likely they are
going to use it.

* The distance people are willing to walk or cycle to a transit stop is dependent on the
trip length of a passenger and the characteristics of the transit service.

» Stop usage is mostly influenced by building density in the catchment area of a stop
and sociodemographic characteristics.

2.2.3 User costs in a stop optimisation model

When the social costs are part of the objective, the costs and benefits of particular stop
locations for all stakeholders should be quantified. It is found in literature that the costs of the
user can be divided into the travel time of a trip and the ticket price. The ticket price is also
equal to the revenue of the operator, hence these are insignificant when considering the social
costs (Van Nes & Bovy, 2000). The travel time components affected by stop locations are the
access and egress time, the in-vehicle time, and the transfer time (Furth & Rahbee, 2000).
Waiting times are not affected by the location of stops. Yet, there is the possibility to increase
the frequency on a line without additional operator costs if operational speeds increase
substantially. Still, not all travel components are perceived equally. Transfer times are often
seen as a higher burden, compared to in-vehicle times and the same can be said about access
times (Iseki & Taylor, 2009).

The determination of average access and egress times to a stop relies on understanding the
access and egress distance, which is directly influenced by the origins of the stop users (Li &
Bertini, 2008). Consequently, the demand determination of a transit line and the characteristics
of its catchment areas are intricately connected to this distance, emphasising that these
factors cannot be viewed in isolation from each other. Besides, the speed of passengers to
reach a stop is important. This speed is reliant on the age of passengers, the access and
egress mode and other factors from the environment (Brand et al., 2017, Wirtz & Ries, 1992).
For instance, the walking time to a stop is dependent on the number of traffic lights on the
route (Ali et al, 2018). However, analysing walking times on a microscopic level requires
substantial amounts of data and computations, therefore taking an average per
sociodemographic group and per mode is more practical. Despite this, most models only
include walking as an option to access a stop and even assume a uniform speed for all people
(Wagner & Bertini, 2014). In such instance, the model is not able to capture optimal stop
locations in areas with a higher concentration of elderly residents, as they typically require
longer walking times to access transit stops.
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Furthermore, the in-vehicle times differ when stop locations change. In general, with fewer
stops the tram becomes quicker over a route (Johar et al., 2017). Although, when more people
use a particular stop, the dwell times increase for that stop (Zheng et al, 2015). When
considering the running times between stops, different models use different computations.
Nevertheless, the same rule of thumb applies compared to other parts of the model; the higher
the accuracy, the more data and calculations are required. Some models make use of an
estimated loss time at all stops locations, but in reality the speed along a section can influence
the actual loss time (Van Nes & Bovy, 2000). To add, congestion and traffic lights can influence
what the potential time save is when a stop is removed (Ibeas et al., 2010). Therefore, there are
multiple models which incorporate the infrastructure speeds, but nonetheless they assume
linear acceleration and braking curves for vehicles (Saka, 2001). Especially the constant
acceleration rates of trams are arguably less accurate at higher speeds (Keskin &
Karamancioglu, 2017). Hence, the computation of running times is simplified.

Additionally, the dwell times at stops are important to accurately model. Dwell times are
mostly assumed to have a linear relationship with the number of boardings and alightings at a
stop (Jara-Diaz & Tirachini, 2013). The length of the boarding process is also dependent on the
width of the doors and the fare-payment system onboard, thus the dwell time parameters in
the model should be calibrated accordingly (Rajbhandari et al., 2003). Regardless, the
occupancy in a vehicle and sociodemographic characteristics of passengers influence the
length of the boarding process as well, but no stop optimisation model considers these effects
(Tirachini, 2013).

Finally, the transfer times of passengers are modelled in stop optimisation models. In
particular, the generalised costs of transfers are complex to compute (Hossain et al,, 2015).
Nevertheless, in most cases it is assumed that the relocation of stops only affects the walking
distance between stops and subsequent transfer walking time. Hence, only the transfer
walking time is modelled when optimising stop locations (Wu & Levinson, 2021).

* In literature it is concluded that not all travel components are perceived equally by
passengers.

* The access and egress times to a stop are reliant on the distance that needs to be
travelled and the average speed of a particular mode or person.

» The in-vehicle time for passengers can be divided into the running time between stops
and the dwell times. Accurately calculating the running times between new stop
locations requires a detailed running time model. Dwell times depend on several
factors, but the most significant correlation is with the quantity of passengers getting
on and off a vehicle.

* The walking times between transfers change if stops are relocated.

2.24 Operator costs and external costs in a stop optimisation model

Apart from the user costs, other optimisation models also incorporate the operator and
external costs. In general, with fewer stops, the operator costs decrease as a result of the
shorter running times (Johar et al.,, 2017). Fewer vehicles and drivers are required to operate if
the frequency remains the same (Griswold et al.,, 2013). Additionally, the energy consumption
of vehicles decreases significantly if fewer stops are placed as most energy is consumed at
stops due to the required acceleration (Yang et al, 2022). Nevertheless, most stop
optimisation models only consider the operator costs as a function of the travelled vehicle
miles, therefore only modelling the benefits of stop relocation partially (Shrestha & Zolnik,
2013).
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As an alternative, the operator costs are divided into two categories which are affected by stop
placements. The first category includes the costs which are tied to the running times in the
system. These are the costs related to acquiring and maintaining trams, as well as the
expenditures associated with employing drivers. In general, it can be assumed that with
shorter running times, fewer vehicles and drivers are required for operation and that these
aspects are in ratio with each other (Griswold et al., 2013). The second category includes the
electricity costs being affected by the energy consumption. To be able to accurately compute
the total energy consumption, it should be known what the energy consumption is whilst
accelerating, braking, cruising, and idling (Szilassy & Folders, 2022). If this is known, it can be
calculated how much energy is saved when a stop is skipped.

To be accurate, also the maintenance costs of other assets are influenced with varying stop
locations, but limited literature is available on these affects. For instance, with higher speeds
caused by the skipping of stops, the service life of the tracks is shortened (Wu & Levinson,
2021). Contrary, the maintenance needs for individual tram vehicles reduce if a tram has to
accelerate and brake less frequently (Nuworsoo, 2011). Also the effects of the number of stop
locations on the maintenance costs of stop facilities is unclear, and the same can be said
about the revenue generated with stop advertisements (Medina et al.,, 2013). This is partially
due to the phenomenon that with fewer stops, individual stops have to become larger to
account for the higher usage.

Lastly, the external effects are important to consider. The most mentioned external costs in
other literature are the emission costs (Yang et al,, 2022). If the total energy consumption in
the system is reduced, the emissions will reduce as well. Besides, other external costs are
mentioned in literature which are affected by stop locations, but assumptions are made on the
scale of the benefits for society. For instance, higher ridership in a transit network is expected
to decrease car usage, and increase the liveability in cities; streets become both saver and
quieter, and fewer greenhouse gases are emitted (Gossling, 2022). However, within literature
there is little research on the magnitude of these effects and their relation to stop spacing.

» Current papers mainly look into the costs per travelled distance of a vehicle when
calculating operator costs, thus not incorporating the effects of stop locations.

» Stop locations can have multiple external effects. The effects most easily quantifiable
are those of pollution due to energy consumption.

2.3 Conclusions literature review

The stop locations in a transit network can have far-reaching effects on the efficiency of the
system. With larger stop spacing, the operator costs reduce significantly and reliability is
increased (Nuworsoo, 2011). Moreover, the in-vehicle times for passengers reduce with larger
stop spacing, while the average access and egress distances to a stop increase. Therefore,
establishing optimal stop locations is a complex trade-off (Li et al., 2022).

It is found in literature that there are a handful of aspects which have a significant effect on the
optimal stop locations of transit lines. First of all, it is important to consider the housing
density in the vicinity of the stops. Also, sociodemographic characteristics and different land
uses can influence the potential of a stop location (Hsiao et al,, 1997). Furthermore, closely
spaced stops compete for passengers. A person can only choose one stop, so the potential
ridership of a particular stop decreases with shorter stop spacing. There is an optimum in
having catchments areas which do not overlap significantly, and good overall accessibility to a
transit line (Walker, 2010).
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Furthermore, there are passenger costs which influence the optimal stop locations. These are
determined to be the access and egress times, in-vehicle times and the transfer times (Furth &
Rahbee, 2000). The in-vehicle times can be further distilled into running times and dwell times.
In addition to that, there are the operator costs. Those aspects which are mostly influenced by
stop spacing are the fleet size and the driver requirements (Griswold et al.,, 2013). Besides,
there are the external costs which can be incorporated to determine optimal stop locations.
Those most significant are the cost of greenhouse gas emissions (Yang et al., 2022).

Moreover, there are many transit objectives for which the network can be optimised. The goal
of most models found in literature is to determine the optimal network for society (Wagner &
Bertini, 2014). In this case, the social welfare, which refers to the total benefits for all parties
involved, must be maximised. Finally, when the optimal network for a specific objective is
obtained, this network should be analysed. Each configuration of stops has benefits and
drawbacks and it is therefore important to make particular trade-offs explicit. This can be done
using Key Performance Indicators (KPIs) which are specific output metrics which help
evaluate a model solution. Using these, informed decisions can be made to improve and
optimise transit systems (Dell'Olio et al., 2006).

Using the literature findings and the research objective, a conceptual framework for this
research is created. This framework is exhibited in Figure 2.1 and explains how the external
factors and stop locations influence the social welfare.
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Figure 2.1: Conceptual framework on the effects of stop locations on social welfare.

What can be observed in the framework is that stop locations have many influences on the
operations of the tram system. Some effects are positive and other negative, indicating that
finding the optimal stop locations in a tram system can be complex. Besides, as not all
characteristics are constant over the city, the optimal stop spacing might be different over the
network. An import remark is that there is one feedback loop between “Ridership”, “Boarding
times” and “Running times”. This is a balancing feedback loop, hence an iterative process is

required to determine the final ridership and running times of trams.

13



What can also be concluded from Figure 2.1 is that with shorter running times of trams and
lower energy usage, the operational and external costs are minimised. Quick running times are
often associated with wider stop spacing, but also other aspects influence running times as
can be seen. Yet, the user costs are reliant on many aspects which are related to stop
locations, with both positive and negative relations being visible in the framework. Determining
the optimal stop locations with regards to passengers is therefore difficult, hence all effects of
stop locations on the various aspects should be known. These effects should also be
quantified to be able to construct the stop optimisation model.

In Chapter 3 a detailed account of the methodology employed for the construction of the
optimisation model is provided, along with the procedures utilised to conduct a case study and
analyse the obtained results.
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3 Methodology

This chapter covers how the sub-questions of this study are answered, which helps answer
the main research question. Section 3.1 covers which aspects, regarding transit operation, are
to be considered in this study. It is furthermore discussed how the effects of stop locations on
these aspects can be quantified. Besides, the framework and formulation of the stop
optimisation model are presented in Section 3.2. Next, the methodology for the validation and
interpretation of the results is given in Section 3.3. Finally, in Section 3.4 the conclusions of the
methodology and the required input data are presented.

3.1 QOutline of the stop optimisation model

For this study a multi-objective optimisation model is constructed. Specifically, it is decided to
construct a linear programming model rather than a simulation model. As is described in detail
in Section B.1, a linear programming model is better suited if the optimal stop locations for
various different areas in the network are determined (Lepréte et al., 2020). Furthermore, the
construction of the stop optimisation model, as presented in Section 3.2, enables its usage for
various objectives. Three different objectives are examined in this research, namely minimising
the costs for the users, operator and society. Subsequently, the objective function of this
model incorporates the user costs, operator costs and the external costs of tram operation
related to stop locations.

In this section, first the modelling of stop locations is described in Section 3.1.1. Moreover, as
shown in the general outline of the model given in Figure 3.1, the stop optimisation model is
fed by two sub-modules. These sub-modules are a demand estimation model and a tram
running time model, of which the elements are described in Sections 3.1.2 to 3.1.4. By
introducing sub-modules, the computational effort for the main model is reduced, decreasing
running times of the optimisation procedure. The demand estimation model precomputes
stop usage in various scenarios, access and egress times and transfer times. The tram
running model supplies information on the in-vehicle times, operator costs and external costs.
This information is used afterwards by the main model which determines the optimal stop
locations, whilst considering the specific weights between time and cost components.

Demand estimation model Tram running time model
+ Sociodemographic data + Allignment
+ Overlap catchment areas « Tram characteristics
stops « Traffic
+ Transfers
Stop usage In-vehicle times
Access and egress times External costs
Transfer times Operator costs

Stop optimisation model
+  Weights between costs

Figure 3.1: Outline of the models used for determining optimal stop locations that minimise user costs, operator
costs and social costs.
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3.1.1 Modelling of stop locations in the stop optimisation model

Within the model that is composed, the optimal placement of stops is determined. The model
is able to pick the best selection of stops from all available locations, considering the chosen
objective. It is decided to create a stop optimisation model which also considers new potential
stop locations. This facilitates further investigations into various aspects such as the extent to
which the current stop locations in a transit network deviate from the optimal ones (Stewart &
El-Geneidy, 2016). Besides, with this model setup it can be investigated what the effects are on
operation and optimal stop locations if, for example, the operating speed is increased. This
cannot be achieved with a stop removal model, hence a general model is constructed in this
research. If deemed necessary, the general model can easily be degraded to a stop removal
model by reducing the solution space to the stops currently in use. The remaining stop
locations can either be chosen or not. A case study can also be conducted to evaluate the
benefits of implementing this planning strategy on operations. This gives a clear indication if in
certain areas of the network already quick wins can be made by removing only a few stops.

In the model it is assumed that the tram routes remain unchanged, which in turn restricts the
number of feasible stop locations. Additionally, the model excludes certain locations along the
tram lines as potential stop placements, further improving the efficiency of the model (Furth &
Rahbee, 2000). A quick glance shows that not all stops locations are realistic, therefore these
are filtered out when the model is applied on a case study. Most feasible locations are placed
at cross streets, such that the catchment area of a stop is increased, and unsafe locations are
filtered out as well (El-Geneidy et al, 2006). It is necessary to employ the expertise of
professionals to determine, on a case-by-case basis, whether a particular location should be
integrated in the model or not.

On top of that, all stops are modelled in pairs for simplicity reasons, such that a stop in one
direction automatically results in a stop in the other direction. Even if this is not done, it can be
expected in the results that stop locations in both directions are equal. Only when the usage of
stops in the current situation between directions is vastly different, is this not the case.
Furthermore, although in reality stops are longer than 30 metres, they can be modelled as a
point along a line to reduce complexity. The length of the platform can be neglected compared
to most walking distances and the modelling of a stop as a point does not significantly affect
the solutions of a stop location optimisation model (Wu & Levinson, 2021). With the before-
mentioned methodology, potential stop locations are reduced to a finite number.

» Tram routes are assumed to stay unchanged in the stop optimisation model.

» Stop locations are modelled as a point along a line and are modelled in pairs, whereby
a stop in one direction results in a stop in the other direction as well.

» Potential stop locations are selected based on the location of crossing streets and the
location of large trip generators such as schools. Unsafe locations for stops are not
considered.

3.1.2 Demand determination at stops in the stop optimisation model

The potential stop usage across a network can be challenging to determine as it is dependent
on many factors. In this study the building density, land uses and sociodemographic
characteristics are considered to be of significance (Hsiao et al., 1997). However, also the
proximity of other stops on the corridor influences potential stop usage and the same holds
for the line spacing in the network. For example, when two parallel lines are closely spaced, the
potential of a single stop on either tram line is reduced (Van Nes & Bovy, 2000). Furthermore,
the tram line which serves a stop runs to other locations in the city. These destinations affect
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the stop usage over the corridor and the same can be said about the frequency and reliability
of the tram line (Kim et al,, 2010; Mulley et al,, 2018). Therefore, ideally a complete transport
model, which considers all these aspects, is used to precisely determine future stop usage.
However, this would make the model even more complex.

A solution is drafted in which the usage of a specific stop is calculated by considering the
current usage of a nearby stop on the same tram line. It can be assumed that the reliability,
line spacing, and destinations of passengers for that particular stop do not change. Also, the
frequency on all lines is assumed to be fixed within the applied model. Therefore, the
differences in demand potential at a stop are only reliant on the sociodemographic
characteristics, land uses and building densities in the catchment area, whereby the size of the
catchment area is dependent on other closely located stops being chosen by the model.
Nevertheless, in the stop optimisation model it is assumed that a passenger chooses the stop
which is located closest to them. As a result, the demand for different stops can be obtained
as a function of the selected stops in the area. The potential demand for a specific stop
location falls within a range that spans from the minimum, which is when all possible stop
locations are chosen, to the maximum, which is when no stops in the vicinity are selected.

For example, a scenario is considered where stops are relocated, such that a specific stop
sees an increase in demand potential of 5%. The stop usage at the new stop is then computed
as being 5% higher than the stop usage in the current situation. If stop usage is already
remarkably high in the current scenario, for instance, due to large line spacing, the stop usage
in the new scenario will also be high.

In this study, a multiple linear estimation model is constructed for the computation of demand
potential at stops. The demand parameters are obtained and the demand estimation model is
calibrated utilising building densities, land uses and sociodemographic characteristics around
the current stops in the transit network, in conjunction with the current patronage at these
stops. The maximum size and the shape of the catchment area should be determined based
on the characteristics of the city that is modelled. The acceptable distances to urban transit
stops are highly dependent on the service offered, whilst the shape of the catchment area is
highly dependent on the local street network. However, if the city design allows it, ideally
diamond-shaped areas are used in the model to reduce computational effort (Walker, 2010).
To add, a distinction should be made between people living close to a transit stop and people
living further away. Three different distance intervals are employed to model the distance
decay effects. The intervals are chosen to be distances between 0 m from the transit stop to a
quarter of the acceptable access and egress distance, between a quarter and half the
acceptable distance chosen for a city and finally between half the acceptable distance and the
maximum acceptable access and egress distance. For each distance interval, different
parameters are retrieved in the multiple linear estimation model.

In addition, as the stop usage is also dependent on transfers, these are dealt with separately.
With data it should be determined how many passengers transfer to a different line or mode
and how many people use the stop as their first or final stop in their trip. The transfer
passengers are excluded from the demand estimation model, and are separately modelled as
demand next to the locations where two lines intersect.

Finally, an effect that should be modelled is the effect of shorter journey times on stop usage.
When journey times become shorter, trams become more attractive as a mode of transport.
Therefore, it is expected that more people use the tram. Subsequently, more people at stops
increases the dwell times and increases journey times (Zheng et al., 2015). As a result, fewer
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people will be using the tram again. This feedback loop is incorporated within the optimisation
model by performing an iterative process. This entails that first the model is run and the new
travel times are obtained. Using simple economics, an estimate can be made of the tram
usage as a result of these shorter journey times. The increase in demand on a corridor is then
modelled by increasing the expected ridership at stops. Afterwards, the model is run again and
this procedure is repeated till the stop locations in the network do not change anymore, or at
least not majorly, between iterations. This is also explained in detail Section 3.2.3.

» The optimisation model assumes that frequencies are fixed, meaning that waiting
times remain unchanged.

* A multiple linear estimation model is constructed for the demand at stops. The
parameters used in the estimation model are obtained from the density of buildings,
land uses and sociodemographic characteristics in the vicinity of existing stops,
together with the current usage of the stops in the transit network.

* The size and the shape of the catchment area should be determined based on the
characteristics of the city that is modelled.

* It is assumed that the usage of future stops is calculated based on usage of current
stops in the vicinity and the difference in demand potential between these stops.

* Aniterative process is used to model an increase in passengers due to shorter average
trip times.

3.1.3 User costs in the stop optimisation model

The travel costs for passengers, which are affected by stop locations, are composed of a few
elements. These elements are access time, in-vehicle time, possible transfer time and egress
time (Furth & Rahbee, 2000). If frequencies are assumed constant, waiting times are also
constant. It should be remarked that facilities at a stop can change the perception of waiting
times, but this is not considered in this study (Iseki & Taylor, 2009). Furthermore, it is assumed
that the way out-of-vehicle times are perceived compared to in-vehicle times does not change
with varying stop locations. Only the times itself are affected. Yet, the monetary costs of all
considered travel time components for the network in question should be determined to be
able to compare them to, for instance, the operator costs (Van Nes & Bovy, 2000). Other
studies can also be used to find these parameters for the network that is analysed.

To start, the access and egress distances can be determined using the estimated stop usage
from the demand estimation model. In this model it is determined for different trip purposes
and different sociodemographic groups, how far people are travelling to a stop and if they do
that on foot or by bicycle. Thus, if the average speed is obtained for different passenger
groups and modes, the access and egress times can be computed. An important remark, in
literature it is found that elderly perceive walking distances to transit stops as a higher burden
than other age groups. This is mainly caused by their slower walking speeds (Shrestha et al,
2016). However, no scientific study concluded that an additional penalty should be applied for
longer walking distances to transit stops when considering older age groups. Since the effects
of longer stop spacing on elderly are not entirely clear, it is important in the sensitivity analysis
to alter the perceived walking time to see if optimal stop spacing changes significantly.
Nevertheless, in the demand estimation model it could be confirmed that transit usage for
elderly people significantly drops off for longer access and egress distances.

Secondly, the in-vehicle times are also reliant on many aspects. One of these aspects is the
alignment of the tram route. Whilst being important, the effects of curves on stop locations are
often disregarded in current optimisation models. Civil speed limits are applied in curves for
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safety reasons; trams have to drive slowly through tight curves such that no derailment occurs
(Wu & Levinson, 2021). Since the tram is already driving slowly, the additional time loss of
having to stop to pick up passengers is reduced. Optimal stop spacing therefore also
decreases (United States Department of Transportation, s.d.).

It is decided to examine the minimum running time between current stops first. The minimum
running times are mainly reliant on the civil speed limits on the route, the maximum speed of a
tram and the acceleration and braking characteristics (Saka, 2007). These three aspects need
to be acquired. As previously stated, the optimisation model assumes that the tram routes
stay unchanged, and the same goes for the railway infrastructure. Therefore, the civil speed
limits and the performance characteristics of trams can be obtained at the operator. Even
when this information is not available, measurements can be taken from inside a vehicle to
determine acceleration and braking characteristics and to find running speeds in various
curves. Afterwards, the radii of curves can be measured, for instance using Google Earth, to
obtain a relation between these and civil speed limits. When these characteristics are available,
a running time model can be constructed which determines the minimum running times
between two consecutive stops.

Next, a time supplement should be applied on the minimum running times, as is used by the
operator in the investigated city (Schittenhelm, 2011). This time supplement is employed on all
sections of the network. Furthermore, with Automatic Vehicle Location (AVL) data it is checked
where trams cannot run uninterruptedly. Congestion and traffic signals could reduce the
operating speed of a tram, thus it is important to determine where this is the case (Tirachini,
2014). For example, since there is a great variation in stopping times at unprioritised
intersections, the average speed on such a section should be examined. After that, an
equivalent civil speed limit can be considered for these sections in the tram running time
model. Also with congestion, the cruising speeds of trams should be reduced such that the
modelled running times are equivalent to the observed average running times. When these
times match, the running speeds on all sections of the network are obtained.

Afterward, all the (arbitrary) speed limits can be utilised, together with the tram running time
model, to determine the average running times between two termini of a line without any stops
in between. The passing times of the potential stop locations can then be stored as well.
Following this, the delay due to stopping at all of the individual potential stop locations can be
computed with the use of the acceleration and braking curves. These delay values are used in
the stop optimisation model, together with the dwell times. A great advantage of this strategy
is that the data supplied to the main model is rather limited. Only a passing time and a delay in
seconds is given per stop location, instead of having to compute running times precisely for
different stop configurations in the main optimisation model.

Furthermore, a lot of variables affect dwell times of transit vehicles. The most important
aspect is the deadtime and the number of people boarding and alighting (Guenthner & Sinha,
1983). With larger stop spacing, more people on average board at a stop, making the dwell
times at individual stops longer. However, also a lot of aspects are related to the
characteristics of a vehicle (Jara-Diaz & Tirachini, 2013). For simplicity reasons, a
heterogeneous fleet of rolling stock is assumed in the model. The dwell times can be
computed with the estimated number of boardings at the different stops along a route. This
stop usage is already computed for different stop configurations using the demand estimation
model. Hence, only the relation between the number of people boarding and alighting and the
boarding times should be researched. This can be done in two ways. The first is by matching
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the dwell times for trams from AVL data to passenger fare card data regarding the number of
tap-ins and tap-outs at stops. With sufficient data a relation can be found. Alternatively,
measurements are taken across the city on the number of passengers boarding and alighting
and the dwell times, in order to obtain this relation. Besides, the type of passengers and the
crowding levels have an influence on boarding times (Tirachini, 2013). Nevertheless, in this
study it is chosen to only investigate the average time it takes people to board per stop,
otherwise the complexity of the study would greatly increase, with only limited additional
precision.

There is another delay aspect which was not found in literature, but can have an effect on
dwell times. Namely, with a longer platform and a large number of different lines stopping at
the same location, passengers often do not know where their tram will stop exactly.
Passengers regularly wait at the front of the platform, but when two trams arrive at once,
some passengers have to walk to the second tram in line. The number of people boarding at
the front door is therefore relatively high. The capacity of the front door is smaller than that of
all doors combined, increasing the length of the boarding process, whilst the alighting
passengers are not affected. Yet, this phenomenon is not captured in the model.

Finally, the transfer times should be determined. The transfer penalty is dependent on various
aspects. Nonetheless, it is assumed in this study that the frequencies and reliability for the
tram lines do not change between the scenarios which are compared. Furthermore, it can be
assumed that the current urban environment remains, the stops maintain the same design
and that the type of passenger does not change. Hence, the only effect of relocating stops is
that the walking time is increased or decreased for transfer passengers at the location of two
intersecting lines. This means that if for both lines the stops are not placed next to the
intersection, then there are two additional walking times added to the travel time in the model.
In this case, the transfer time can easily be retrieved by taking the distance between two
transfer points and using the average walking speed for different sociodemographic groups.
Contrary, when two lines branch from each other, passengers transferring between two
branches should be modelled as having to travel to the first stop on the shared section. From
here they can transfer to the other line.

Nevertheless, the number of transfer passengers at each location is considered to be
constant. As previously mentioned, aspects such as the facilities at stops are also seen as
given in this study, but improving facilities can reduce the transfer penalty. This is an important
aspect which should be considered in the design of future stops. Furthermore, as other transit
networks, such as that of intersecting buses and trains are not optimised, it is assumed that
their stop or station placements will be equal to the current situation.

» Monetary costs of all considered travel time components for the network in question
should be determined to be able to compare them to operator costs and external
costs.

» User costs are modelled to be dependent on access times, in-vehicle times, possible
transfer times and egress times.

* Access and egress times are dependent on the average distance to transit stops and
the average walking or cycling speed. These speeds are dependent on the
sociodemographic group as well.

* In-vehicle times are calculated based on the stop locations, the acceleration and
braking characteristics of the tram, the average speeds on running sections and the
demand at stops.

21



« Transfer times only dependent on the walking distances between stops at transfer
locations.

3.1.4 Operator costs and external costs in the stop optimisation model

In this study only the external costs due to greenhouse gas emissions are considered. As
described in Section 2.2, too little information is available on the effects of stop locations on
other external costs. Hence, the external costs are only reliant on the energy usage, whilst the
operator costs are chosen to be also reliant on the average running times of trams which were
discussed in Section 3.1.3 (Van Nes & Bovy, 2000). Regarding the operator costs, some
studies consider the total costs of an operator and divide by the number of vehicle miles to
obtain the costs per vehicle mile (Shrestha & Zolnik, 2013). However, such methodology is a
rather simple perspective of looking at things and does not consider the effects of stop
locations. Hence, this is not applied in this study. Rather, the aspects which are investigated in
more detail in this research are the effects of stop locations on fleet size, reduction of the
number of drivers, energy consumption and maintenance. Nonetheless, in this study it is
assumed that non-vehicle and administrative costs are constant for different stop locations.

The annual costs of drivers, annual maintenance costs and the amortisation costs are all
considered to be in ratio to the fleet size. Hence, firstly the current fleet size is considered and
this is multiplied with the ratio between the total running time of trams in the current scenario
and in the new scenario. If, for example, average running times drop by 5%, it is assumed that
the labour costs, maintenance costs and the amortisation costs drop by 5% as well. Therefore,
only data on the current costs of labour, maintenance and amortisation are required. These
should be retrieved from the operator and incorporated in the stop optimisation model.

In literature it is argued that larger stop spacing also reduces the maintenance requirements
for individual vehicles, but increases the maintenance on the infrastructure (Gallego-Schmid et
al., 2014). For this study these two aspects are not examined as their effects are deemed
small and are deemed to outweigh each other to an extent, as described in detail in
Section B.4. Only the average maintenance per vehicle is considered. Additionally,
maintenance on stops is not considered as with fewer stops, individual stops have to become
larger, offsetting possible benefits (Medina et al., 2013).

Moreover, the energy costs are computed separately. First of all, it is necessary to know what
the energy consumption is of trams whilst accelerating, braking, cruising and idling. These are
the most import aspects contributing to the total energy usage (Szilassy & Folders, 2022).
When these are known, the energy consumption between the two termini of a line, without any
intermediate stops, can be computed using the tram running time model. In this model it is
determined at what sections trams accelerate, cruise or brake for different stop locations.
Subsequently, similarly to the computation of the running times, it can then be calculated what
the additional energy consumption is of a tram having to halt at a specific stop. Besides, the
energy consumption whilst idling can be computed as a function of the dwell time. The total
energy consumption in a specific scenario is then multiplied with the costs of electricity to
obtain the costs due to energy usage of trams. Energy consumption from, for instance, wind
screen wipers is not considered separately due to the marginal effects on total energy usage
(Szilassy & Folders, 2022). Also, the energy consumption of air conditioning units as a function
of ambient temperature is not modelled individually as only the average consumption over a
year is considered.

Furthermore, there are multiple external costs when considering transport systems (Linders, et
al., 2021). Yet, to keep it simple, only greenhouse gas emissions are investigated in this study,
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leaving out aspects such as noise pollution. In addition, the effects of fewer people taking the
car with a better transit service are not considered in this study. Fewer people in cars
increases traffic safety and reduces pollution, resulting in a higher social welfare (Gossling et
al., 2022). Yet, the extent of the effects is unclear. Finally, the manufacturing of fewer vehicles
and less maintenance reduce total emissions, but these are not considered in this research as
well (Griswold et al, 2013). Thus, the external costs can be obtained when the energy
consumption is known and a relation between electricity usage and emissions of greenhouse
gasses is acquired.

» The operator costs are split into two categories in the optimisation model. The annual
costs of drivers, annual maintenance costs and the amortisation costs are all
considered to be in ratio to the fleet size. The energy costs are calculated based on the
energy consumption and the cost of electricity.

» Only the external costs due to greenhouse gas emissions are incorporated in the stop
optimisation model. These costs are dependent on the energy usage.

3.2 Construction of the stop optimisation model

In this section, the framework for the sub-models and the main optimisation model are
presented. This is done based on the outline of these models and the description of various
computations as discussed in Section 3.1. These computations serve as crucial steps within
the model framework, illustrating the underlying processes and dependencies required for the
calculation of user, operator and external costs.

Based on the model framework, presented in Section 3.2.1, also the mathematical formulation
of the stop location optimisation model is defined. The objective function is elaborated on in
Section 3.2.2, whilst in Appendix C the mathematical formulation of the constraints is
introduced. Furthermore, in Section 3.2.3 it is explained how the stop optimisation model can
be run for multiple iterations to model the changes in transit demand due to increased or
reduced travel times. Following this, the KPIs which can be extracted from the model are
exhibited in Section 3.2.4.

3.21 Model framework of the stop optimisation model

The demand estimation model and the tram running time model are part of the preprocessing
steps of the optimisation model. The demand estimation model calculates at first, among
other things, the demand at different stop locations and the average access and egress
distances. The framework for this model is shown in Figure 3.2. The input required for the
model is exhibited together with the processing steps required to obtain the desired output.
The steps shown in the figure are performed for a possible stop set of a tram route.
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Demand estimation model

Input Processing Output

Stop locations in stop set

Allocate all zones to
closest tram stop
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- Usage of stops
g —

Transfer passengers at
intersecting lines
Allocate transfer Transfer walkin ,
—| passengers to closest I distances ’
Distance from stop stop from transfer point

location to intersection
point of two transit lines

Figure 3.2: Model framework of the demand estimation model.

In addition, the travel times and energy consumption between potential stops are determined
using the tram running time model. Similar to the demand estimation model, the calculations
are not repeated in the stop optimisation model, reducing the computational time of the main
model. The model framework of the tram running time model is given in Figure 3.3. Once
more, the computation steps, as shown below, are the steps required for one stop set of a line.
These steps have to be performed for all considered stop sets.
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Tram running time model

Input Processing Output

Stop locations in stop set

Compute sections where

Running speeds on . .
tram is accelerating,

Running times excluding =
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Acceleration and braking
characteristics of trams
Energy consumption Calculate energy
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cruising and braking stops
Total energy I
consumption
Energy consumption Calculate energy
whilst idling consumption at stops
Usage of stops
C.O”’p“t‘? average Dwell times at stops
stationary time at stops —_—

Dwell time parameters
for stop usage

Figure 3.3: Model framework of the tram running time model.

The output of the models described above is further processed to obtain the user costs,
operator costs and external costs. First of all, in Figure 3.4 it is visualised how the user costs
are obtained using the results of both the demand estimation model, as well as the tram
running time model. In essence, the user costs are the sum of the weighted travel time
components; the access and egress times, the in-vehicle times and the transfer times.
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Computational steps user costs

Input Processing Output

Average access and
- egress distances per
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Compute total in-vehicle
times

g Dwell times at stops

— User costs

Transfer walking
distances

Compute total transfer
times

Transfer walking speeds

Weights between trip
components

Weighted value of time

Figure 3.4 Processing steps required to obtain the user costs.

Furthermore, Figure 3.5 presents the computational steps for obtaining the operator costs and
external costs associated with each stop set. The total operator costs are calculated by
subtracting the costs incurred due to personnel, vehicles, and energy from the generated ticket
revenue. Finally, the external costs solely consist of the emission costs.
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Computational steps operator and external costs

Input
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Calculate total emission
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Figure 3.5: Processing steps required to obtain the operator costs and external costs.

External costs
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Upon completion of the preprocessing steps, the stop optimisation model can be executed.
During this process, the objective function is modified to assign different weights to the costs
incurred by various stakeholders, depending on the specific objective. Next, the model
thoroughly examines all configurations of stops within the system to determine the one with
the lowest cost value. The decision variables of the optimisation model consist of the potential
stop locations in the network, which are systematically activated and deactivated using a
solving algorithm. By exploring all possibilities, the algorithm identifies the optimal set of stop
locations for the given objective.

* The demand estimation model and the tram running time model are used to compute
the user costs, operator costs and external costs for any given set of stop locations.
These costs are considered in the stop optimisation model, in which the optimal set of
stops is determined.

3.2.2 Mathematical formulation of the stop optimisation model

In total three objectives, with respective objective functions, are incorporated into the stop
optimisation model. The primary objective is the minimisation of social costs. This can be
achieved by minimising the sum of the user, operator and external costs. Since ticket prices
are paid by the passenger to the operator, the social costs are not affected by the ticket prices.
Hence, the operator revenue is excluded from the operator costs when this objective is
applied. Nevertheless, when the operator costs are minimised, the revenue due to ticket prices
is considered. Lastly, when the stop optimisation model minimises the user costs, the optimal
trade-off between the trip time components of the passengers is found.

However, simply minimising the total social costs would lead to an undesirable solution
containing an optimal network with no stops. In this case there are no passengers, no travel
time, and thus no user costs. Additionally, the operator costs and external costs are minimised
when no stops are chosen. In other stop optimisation models this would not be applicable as
the number of passengers taking transit is considered constant, whilst in the model presented
in this report this is not the case (Alonso et al., 2011).

To still be able to find the optimal network with varying demand, another method is
implemented. Namely, the objective function of the model incorporates the percentual
difference in users costs with respect to the user costs in the current network. The user costs
should only decrease in the case that the percentual decrease in ridership and in passenger
kilometres is less. This would imply that the average user costs drop, thus being an improved
solution. Operator costs and external costs are incorporated as usual, whereby fewer costs
lead to an improved solution. The mathematical notation of the objective function that is used
to minimise social costs is given below:

o Cy B KM
Ob] (mln) = Cucurrent * C -

Ucurrent B current KM current

Jrcora

where:

- Cy: Total user costs in tram network

CUgypren;. 10tal USEr costs in current tram network

- B: Total number of boardings in tram network

- Beyrrene. TOtal number of boardings in current tram network

- KM: Total number of passenger kilometres in tram network

- KMc¢yrrens: TOtal number of passenger kilometres in current tram network
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- Cy: Total operator costs in tram network
- Cg: Total external costs in tram network

The further workings and implications of this objective function are described in Appendix C.
Besides, when the user costs are minimised, a similar objective function is used. The operator
costs and external costs are disregarded in this case, thus the best trade-off between various
travel time components as a result of stop locations is determined.

Contrary, for the minimisation of the operator costs a different set-up of the objective function
is used. Minimisation of costs can be achieved with either significantly more passengers, or
with reduced operational costs, whereby the revenue for the operator is heavily dependent on
the used pricing scheme. For the considered network the average revenue per boarding and
average revenue per passenger kilometre should be obtained. These can be obtained using
data on total ticket sales, total passengers, and passenger kilometres in the system.
Subsequently, the objective function in the optimisation model should be the following to find
the optimal network which minimises operator costs:

Obj(min) = —f, * B — fym * KM + Cp

where:

- fp: Average boarding fare

- fim: Average kilometre fare

- B:Total number of boardings in tram network

- KM: Total number of passenger kilometres in tram network
- Cp: Total operator costs in tram network

To conclude, constraints are imposed in the optimisation model to restrict the search for
solutions to those that are realistic and feasible. For instance, it is assumed that on a shared
section of track all lines stop at the same locations. Hence, with constraints it should be
ensured that stop configurations which do not adhere to this are not within the solution space
of the model. All constraints, with their mathematical formulation and description, are
exhibited in Appendix C. Moreover, the detailed solving technique used in the stop optimisation
model is given in the same appendix.

* Three objectives are considered for the stop optimisation model, namely the
minimisation of users costs, operator costs and social costs.

» For the minimisation of social costs, the sum of the user costs, operator costs and
external costs is minimised in the optimisation model. Yet, with the applied objective
function it is also ensured that tram usage stays at and adequate level. Thus, an
optimal solution without any stops in the network is avoided.

» The objective function for minimising user costs is similar to the objective function of
minimising social costs. Only the operator costs and external costs should be
disregarded. When the objective is to minimise operator costs, the fare revenue should
be considered.

3.2.3 Iterations of the optimisation model to integrate demand elasticity

As is described in the literature review, there is a balancing feedback loop between the
ridership and the travel time of passengers. In essence, when more people use the tram, dwell
times increase (Tirachini, 2013). Since the travel times increase, public transport becomes less
attractive to use, which results in fewer riders. Another situation where this feedback loop can
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be observed is when a stop is consolidated. At that specific stop, riders are lost if they have no
alternative stop to access, yet the travel time for all other through passengers decreases,
making the tram more attractive. This could mean that more passengers are gained at other
parts of the line, than lost at the particular stop that is removed.

Therefore, the stop location model is run in iterations, as visualised in Figure 3.6. If with the
optimal stop locations travel times increase on a particular section, this affects the demand at
stops in the vicinity. The demand in the second iteration should therefore be adjusted for this
increase in travel time, using the so-called principle of (generalised) travel time elasticity. This
is translated into a particular value that gives the sensitivity of passengers to changes in travel
costs. For example, if the elasticity is equal to -0.5, this implies that if the total (monetary value
of) travel time drops with 10%, an increase of 5% in ridership is expected. Hence, demand on a
certain line section should be increased by 5%. The mathematical formulation for travel cost
elasticity is given in the equation below (Litman, 2022):
AQ T

—_— % —

T AT Q
where:

- E: Travel cost elasticity of demand
- Q: Original transit demand

- AQ: Change in transit demand

- T:Original travel time costs

- AT:Change in travel time costs

Yet, finding this elasticity value is hard as it is not constant for all cities in the world and even
variations are observable within some city limits (Kholodov et al., 2021). Therefore, in a case
study an adequate value should be obtained and applied.

Demand estimation model Tram running time model

Stop optimisation model —

Iteration: Demand
multipliers based on
changes in generalised
costs

Results

Figure 3.6: The stop optimisation model is run in iterations to incorporate the effects of shorter journey times on
overall transit dermand. Based on the changes in generalised travel costs and the travel cost elasticity value, the
demand in the stop optimisation model s altered for each iteration.
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Furthermore, as the total trip time is required, the waiting times should be incorporated into the
demand elasticity computation. Though, these waiting times were not considered in the stop
optimisation model before. Hence, for each stop an average waiting time should be
determined beforehand to compute the increase or decrease in demand. As often frequencies
vary across the day, week or even year, this requires a good approximation considering when
most people travel as well. Varying these waiting times in the sensitivity analysis can also give
insight into different optimal locations for different frequencies.

Moreover, when the model is run for multiple iterations, it is expected that the objective value
converges to a specific optimal solution. When the gap between two consecutive iterations is
sufficiently small, it can be assumed that the optimal solution is obtained. The stop locations,
final ridership, and running times can then be extracted from this final solution.

» The stop optimisation model is run in iterations to incorporate the effects of shorter
journey times on overall transit demand.

3.24 Output of the stop optimisation model

Finally, when the stop optimisation model is run and when the model has found the optimal
solution, the desired results can be extracted. Not only is it desirable to know the final objective
value and the chosen stop locations, but it is also captivating to know the effects of the stop
locations on, for instance, the users and the operator. For this, KPIs should be part of the
output of the model.

First, the reduction of stops in the whole network is relevant, but also the average stop spacing
per line segment gives valuable information on the acquired network. Secondly, the ridership
and the number of passenger kilometres for the whole network, per line, and even per stop can
be of essence. The average access and egress time, the average in-vehicle time, and the
average transfer walking time can also be extracted, for instance, on a line level. Apart from
total operating costs, it is practical to determine the number of trams and drivers needed for
operation and assess total energy consumption as well. Finally, the total external costs could
be extracted from the model, also for each specific line, if so desired.

All the aspects above can be presented in an overview such as a table. Visualisation of the
network could also indicate what the chosen optimal stop locations are and what the
corresponding stop spacing is.

» Key Performance Indicators (KPIs) are used to assess the effectiveness of an
alternative or a model solution. Even though system-wide KPIs can be obtained, they
are also extractable on line or stop level. KPIs include the average trip time
components of users and the cost components of the operator.

3.3 Interpretation of the results of the stop optimisation model
The validation and verification of the stop optimisation model can be performed in a case
study, which utilises realistic data and characteristics from the analysed system to determine
the optimal stop locations in the network. Once the model is operational, results can be
obtained and analysed to determine their realism, and indicating the suitability of the model for
its intended use. Additionally, potential gains of various stop locations in the studied system
can be evaluated.

It should be emphasised that optimal stop locations for different objectives are not compared
to the present situation, but instead compared to a modelled version of the existing network. In
order to best represent the network, a reference model is created. By calibrating the
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parameters within this model during the case study, it becomes possible to compare and
assess any subsequent changes made to the network. Nevertheless, the results of the
different objectives require some interpretation. It could, for instance, be that a current stop is
not located at an intersection, and therefore not near a potential stop location. Thus, the
location of that stop is approximated in the reference model. Additionally, in the model results
it is reported, for example, what the average access and egress time is for all passengers in
the network. However, this is only an estimation of the access and egress times, also in the
base scenario. Hence, more insight can be gained by investigating the percentual differences
in access and egress times.

Finally, in order to verify the model results, it is also desired to do a sensitivity analysis. With
such analysis, various input parameters are altered to investigate if stop locations significantly
change with these. For instance, the energy costs can be multiplied twofold, or the average
walking speeds can be changed in the model for a particular objective. Subsequently, it can be
obtained which aspects mostly influence optimal stop locations in various environments. Next,
it should be investigated how the model can assist in transit planning, also for other transit
networks.

e The model is validated and verified in a case study. The optimal networks for the
different transit objectives are obtained and analysed.

* A sensitivity analysis is performed for the case study to check which factors
significantly influence optimal stop locations. The results are examined and it is
concluded how the model can assist in transit planning, also for other transit networks.

3.4 Conclusions methodology

To conclude, a demand estimation model is created together with a tram running time model.
These two models form the basis of the stop location optimisation model. The data
requirements for the models are given in Table 3.7 below, in conjunction with the output of the
different modules. Some model parameters are to be obtained specifically for the network that
is analysed, as travel behaviour is different across the globe. Additionally, the model is run in
iterations to incorporate the effects of shorter journey times on overall transit demand. Finally,
the optimal stop locations in the system, given the chosen parameters and objective, form the
output of the optimisation model. Also, the KPIs can be extracted from the results.
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Table 3.1: Models used to obtain the optimal stop locations with the input and output for the demand estimation
model, the tram running time model and the stop optimisation model.

Model
Demand
estimation
model

Tram
running
time model

Input and data requirements

Potential stop locations
Sociodemographic data of catchment
areas around stops

Passenger usage of current stops in the
system

Number of transfer passengers at stops
in the system

Potential stop locations

Acceleration and braking characteristics
of trams

Average speeds over the tram network
Dwell times as function of the number of
passengers boarding and alighting
Energy usage of trams

Cost of electricity

External costs of electricity production
Aspects of operator costs including
costs of drivers and fleet related costs

Stop usage estimation at
all potential locations in
the network

Access and egress
distances to potential
stops

Distribution of age in
catchment areas
Transfer walking
distances to potential
stops

Running times between
different potential stops
Energy costs between
different potential stops
External costs between
different potential stops
Drivers and maintenance
costs for various stop
location sets

Stop Demand at potential stop locations Optimal stop locations
optimisation Access and egress distances to potential Cost components of
model stops solution

Transfer distances to potential stops Ridership

Distribution of age in catchment areas Average trip time

Access and egress speeds for different components

age groups

Monetary costs of different trip aspects
for users

Running times between different
potential stops

Energy costs between different potential
stops

External costs between different
potential stops

Drivers and maintenance costs for
various stop location sets

Rolling stock and driver
requirements
Energy usage

The optimisation model that is constructed is also tested on a case study in Chapter 4. Here it
is confirmed what the possibilities of the model are. In addition, a sensitivity analysis is
performed to obtain the significance of the numerous factors. Results should be interpreted
and these can form the basis for future studies and transit planning.
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4 Case study

In this chapter, the described methodology of Chapter 3 is applied on a case study. The case
study is performed on the tram network of The Hague in the Netherlands, whereby a
description of the system is given in Section 4.1. Secondly, in Section 4.2 it is described how
the model is adapted to the investigated system, and which scenarios are tested in the model.
Next, the model parameters are exhibited in Section 4.3 and the subsequent model runs are
presented in Section 4.4. Afterwards, the results of the different objectives that are tested are
given in Section 4.5 and a sensitivity analysis is performed in Section 4.6. Finally, Section 4.7
summarises the key findings gleaned from the obtained results.

41 Tram network of The Hague

The metropolitan region of The Hague, and the rest of the Netherlands for that matter, has a
housing shortage. Until 2040, around 100,000 homes will be built in The Hague and the
surrounding areas (APPM, 2022). To be able to realise such developments, measures must be
taken with regard to mobility. Problems will arise if the facilitation of transportation,
specifically car traffic, is continued at the current rate. The urban space, quality of life,
accessibility and the environment are all at risk. Improving the efficiency of the tram network,
for example by optimising stop locations, can partly curb these issues by causing a modal
shift. This will contribute to the mobility needs of the metropolitan region (Ceder et al., 2015).

HTM Personenvervoer is currently the operator of the trams in the region and is also
responsible for the operation of the urban bus lines in The Hague. The networks of the tram
and the bus are interconnected with a lot of transfer points, whereby buses mostly serve the
areas which are less well served by the tram. Approximately 17% of trips in The Hague were
made with public transport in 2019, accounting for around 300,000 daily trips on the services
of HTM (Gemeente Den Haag, 2022; HTM, 2020). Of these trips, over 80% were being made
with the tram.

The current tram network of The Hague is vast, spanning over the whole metropolitan region.
The metropolitan region itself is very polycentric with multiple centres geographically
scattered. All tram lines run at least partially through The Hague, but there are also lines
connecting the city towards neighbouring municipalities such as Rijswijk, Westland, Delft,
Pijnacker-Nootdorp, Zoetermeer and Lansingerland. In total there are almost 900,000 people
living within 1.5km from a tram stop (CBS, 2020). Furthermore, an important characteristic of
The Hague is that it lies against the North Sea with three trams lines having a stop which is
less than 150 m from the beach.

The total tram network as of 2022 is visualised in Figure 4.1, presenting the 12 tram lines
serving the region. All but one line serve at least one of the major stations in city centre of The
Hague, which are Den Haag Centraal and Den Haag Hollands Spoor. Most density and
business can also be found in the proximity of these stations. On the other hand, line 19 is a
tangential line and connects the areas of Delft and Leidschendam via the newly built
developments of Ypenburg and Leidschenveen. Moreover, the characteristics of the trams are
quite different over the metropolitan area. Most trams in The Hague run either in mixed traffic
or in dedicated transit lanes. However, lines 3 and 4 trams run on segregated infrastructure
between Zoetermeer and The Hague, resulting in metro-like characteristics. These lines form
part of the so-called RandstadRail network. Stop spacing for these sections is much higher,
also increasing operating speeds. Finally, in the city centre there is also a short tunnel to
segregate trams from other traffic.
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Figure 4.1: Tram network in The Hague as of 2022.

Currently, average stop spacing in The Hague is approximately 580 m, whilst stop spacing
varies greatly over the network. For example, lines 11 and 12 have the shortest average stop
spacing with 450 m and 410 m, respectively. Contrary, lines 3 and 4 have the highest average
stop spacing with around 840 m and 900 m, respectively. Moreover, when only the
RandstadRail sections of lines 3 and 4 are considered, the average stop spacing is equal
to 1240 m. With the optimisation model it is investigated what the optimal stop locations in
The Hague are that minimise user, operator and social costs and if indeed different stop
spacing over the region is quintessential.

» The developed stop optimisation model is applied in a case study for the tram network
of The Hague.

4.2 Employing the stop optimisation model for the case study
To be able to employ the stop optimisation model for the tram network of The Hague, various
steps have to be taken. The four main steps are the following:

Create a reference model of the tram network of The Hague.
Calibrate the model parameters for the network of The Hague.

Run the model for the different objectives and analyse the results.
Run the model with varying input parameters and analyse the results.

Sl
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Firstly, the tram network of The Hague is modelled. A model is always an approximation of
reality, which means that the modelled network is not equal to one seen outside. Nevertheless,
the parameters for the stop optimisation model are calibrated with the use of data from the
network of The Hague. In this way, the model is tuned such that it best estimates real-world
network characteristics. Subsequently, the effects on operation of different alternatives can be
better estimated and different objectives can be compared.

Specifically, the model is executed for different objectives as outlined in Table 4.1. The case
study includes four alternative objectives, three of which were previously discussed in
Section 3.2. Each of the first three alternatives focuses on minimising a specific cost; social
costs, user costs, and operator costs, respectively. The fourth alternative is similar to the first
one, aiming to minimise social costs, but is limited to the removal of current stops. Thus, there
is no option to select new stop locations or relocate existing ones with this alternative. This
allows for an examination of the impact of a stop removal strategy on network operations.

The results of the four presented alternative objectives are analysed and compared in
Section 4.5. Finally, a sensitivity analysis is conducted in Section 4.6, modifying the calibrated
parameters from the second step, to understand how sensitive or robust the model is to
changes in its input variables. Additionally, this analysis helps identify which factors have the
most significant influence on the model results and shows how changes in those factors
affect the overall system.

Table 4.1: Aspects considered for the four analysed alternative objectives in the case study.

Alternative objective Considers Considers Considers Considers Considers
user costs  operator operator external new stop
costs revenue costs locations
Minimise social costs X X X X
Minimise user costs X X
Minimise operator costs X X X

Minimise social costs with
stop removal strategy

» A reference model for the tram network of The Hague is constructed and the model is
calibrated.

» Four different alternative objectives are investigated in the stop optimisation and the
results of these objectives are analysed. Also, the stop optimisation model is run with
varying input parameters in a sensitivity analysis.

4.3 Data and model parameters for the stop optimisation model
To be able to compare and assess changes made to the network, a reference model is
constructed and the model parameters are set. Therefore, the optimisation model needs
various data on possible stop locations, demand at stops, running times of trams and much
more elements specific for the case study. In Appendix D it is investigated which parameters
are most suited for the case study in The Hague. Additionally, the calibration, validation and
verification of the demand estimation model and the tram running time model are performed
in this appendix. These models form part of the preprocessing steps of the stop optimisation
model. While the techniques used in this case study, as outlined in Chapter 3, may bear
similarities to those used in other transit networks, Appendix D provides a detailed account of
how real-world data is adapted and incorporated into the stop optimisation model presented in
this report.
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As described in Appendix D, the demand estimation model indicates that the transit demand in
The Hague is largely influenced by the number of households and businesses in the
catchment areas. The accuracy of demand estimation improves when households are
categorised based on their income level, with lower-income households exhibiting greater
demand for transit. Furthermore, the study found that households within 1.6 km of a transit
stop significantly contribute to transit usage, and those living within 800 m are four times more
likely to use transit than those living farther away. Moreover, the study identified financial, real
estate, cultural, recreational, industrial, and energy firms as predictors of transit demand, with
financial, industrial, and energy firms having the most noticeable impact on transit usage in
The Hague. Nonetheless, only if these businesses are located within 800 m from a transit stop
do they significantly contribute to transit usage. To add, it is important to note that transit
usage from November 2019 is utilised to calibrate the model. Finally, an important assumption
is made that people living more than 800 m from a stop use the bicycle to access a stop,
whilst others are assumed to walk to and from transit.

Secondly, the tram running time model reveals that in The Hague the time loss caused by
braking and accelerating at a potential stop varies from 4 to 24 seconds, depending on the
speed limit around the stop location. The average time loss for most stops is
approximately 7 seconds. Additionally, the study found that the energy loss per stop location
ranges from 0.4 kWh to 2.9 kWh, with most stops accounting for an energy loss of
around 0.9 kWh. Furthermore, the study concluded that the average dwell time at most stops
in the network ranges from 20 to 25 seconds, while the busiest stops have an average
boarding time of up to 50 seconds.

To conclude, the important parameters used in the case study are presented in Table 4.2
below. These parameters can easily be adapted for other networks in the stop optimisation
model since the model is parameterised. This is also done in the sensitivity analysis in
Section 4.6 to investigate which parameters highly affect the results of the model, and
therefore which parameters may require additional examination in further studies.

Table 4.2: Parameters used in the stop optimisation model for the case study of The Hague.

Parameter Value in model
Weight access and egress time 1.5
Weight transfer time 1.75
Value of time commuting purpose 10.25€/h
Value of time business purpose 255 €/h
Value of time other purpose 8.0 €£/h
Walking speed aged under 65 1.15m/s
Walking speed aged over 65 1.0m/s
Walking speed at a transfer 1.1 m/s
Cycling speed 3.3m/s
Travel cost elasticity value -0.4
Energy costs 0.59 €/kWh
Emission costs 0.057 €/kWh
Yearly costs per vehicle 230,000 €
Personnel costs 70 €/h
Average boarding fare 0.58 €
Average kilometre fare 0.15€
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e The parameters for the stop optimisation model are set such that the model best
represents the tram network of The Hague.

* Businesses and the income of households are determined in the demand estimation
model to be the main predictors for transit demand in The Hague. Businesses up to
800 m from a stop are significant predictors and households up to 1.6 km are
significant.

e The tram running time model computes the running time and energy usage between
stops, and determines the losses that would result if a particular stop location were
chosen in the stop optimisation model.

4.4 Model runs for the stop optimisation model

As the stop optimisation model is constructed, it can be subsequently run for the tram network
of The Hague. For this case study it is chosen to select a n-value of 2 in the stop optimisation
model. Thus, as described in Section C.3, the demand for a stop in the model depends on the
selection of two preceding and two succeeding potential stop locations. This approach strikes
a balance between accurate demand determination in the stop optimisation model and
practical running times. It requires a high-performance computer' around 30 minutes to find
the optimal solution in this case. As explained before, this n-value can be changed anytime but
the results in this report may be affected by the chosen value. The ramifications are further
explained as part of the discussion in Chapter 5.

Finally, the model is run in iterations as previously mentioned. In Figure 4.2 it is exhibited how
quickly the model convergences to the optimal solution with the lowest social costs. Besides,
in Figure 4.3 it is presented what the percentual difference in objective value is between two
succeeding iterations with this objective. What can be concluded is that the model
convergences rather quickly, and a solution with a small gap to the optimal solution is already
retrieved within five iterations. This could also be expected as the applied objective function
already accounts for changes in travel costs. Additionally, travel times do not differ
significantly between the first obtained solution and the current network, resulting in relatively
few changes in overall travel time, and low variations in demand between iterations.

1e6 Objective value convergence per iteration Percentual objective value convergence per iteration
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Figure 4.2: Convergence of the objective value to the Figure 4.3 Percentual differences in objective value
optimal solution with the lowest social costs for the between succeeding iteration steps of the stop
[teration steps. optimisation model with the lowest social costs.

1 Computer with Intel Core i7 1255U processor @ 3.5 GHz 10 Logical cores, 16 GB RAM and a Nvidia
GeForce MX550 graphic card
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» For the case study, the demand for a stop in the model depends on the selection of
two preceding and two succeeding potential stop locations.

* The model converges quickly to an optimal solution, with five iterations being sufficient
to obtain the optimal network that minimises social costs.

4.5 Results of the stop optimisation model

In this section, the results of the model employed to minimise social, user, and operator costs
by virtue of locating stops are presented. The model results of the network that minimises
social costs are discussed in 4.5.1, while section 4.5.2 covers the outcomes of the other three
considered objectives including the stop removal strategy. Following the results of the case
study, also general conclusions on where to optimally locate stops can be formulated. Besides,
through a detailed examination of these results, potential trade-offs and benefits associated
with each of the objectives can be identified. A more in-depth analysis of crucial factors for
determining the ideal stop locations is performed in Sections 4.4.3 to 4.4.6, building on the
observations outlined in the first two sections.

4.5.1 Results of the stop optimisation model minimising social costs

The results of the stop optimisation model that minimises social costs are presented in this
section, with a visual presentation of the optimal stop locations displayed in Figure 4.4.
Between the current and optimal network there are multiple differences, but most notably, the
optimal network contains fewer stops. The most eye-catching differences are observed on
lines 1 and 9 between the city centre and Scheveningen, and on lines 1 and 15 between
Rijswijk, Delft and Ypenburg. As a result of the fewer stops, average access and egress times
increase by up to 13% is some areas, but running times and operational costs are reduced
by 20% in a few instances. However, some sections have additional stops in the optimised
network compared to the current scenario. One example is line 15 within Nootdorp where one
stop is added between two existing stops. As a result, access and egress times in this area
have significantly decreased, while through passengers experience only minimal additional
travel time, and the operator incurs only marginal extra costs. This also shows that the model
is able to identify locations where new stops can be added, apart from only being able to study
areas where stops should be removed. Finally, tram line 4 is an example of a line that displays
minimal variances in stop locations. Consequently, there are few discrepancies in KPIs, such
as user and operator costs, between the current situation and optimal solution for this line.
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Figure 4.4: Optimal solution with the lowest social costs for the stop locations in The Hague.

Even though, it must be noted that there may also be other stop configurations which get
almost identical objective values to the optimal solution. An example can be seen in Figure 4.5,
which displays the optimal stop configuration on the northern section of line 6, as well as an
alternative configuration. Although the first and last stops are consistent between the two
scenarios, the other nine stops are relocated. However, Table 4.3 indicates that the KPIs do not
differ significantly between the two configurations. Hence, not necessarily are the exact stop
locations of importance, but rather the general trends in the solution.
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alternative stop configuration.

Nevertheless, the fewer stops in the network result in approximately 9% lower operational
costs, as evidenced by the network KPIs in Table 4.4. Furthermore, the optimal network
attracts around 1% more passengers due to shorter journey times, despite having fewer stops.
Last but not least, the high increase in average transfer walking time stands out in the table.
Apparently, the network should focus less on transfer passengers as they form a small share
of the total riders. To be precise, only 10% of passengers are transfer passengers which could
see their transfer walking time increase or decrease with different stop locations (HTM, 2020).
Moving a stop might cost multiple transfer passengers additional travel time, travel time which
is weighted very highly nonetheless, but even more passengers could benefit from the well-
spaced stops. Especially poorly used tram-bus transfers are worsened in the optimal network
at the benefit of other passengers. Nonetheless, also some less import tram-tram transfer
connections, such as Voorburg 't Loo between lines 2, 3 and 4, are removed in the network
with the lowest social cost.

Table 4.4: Key performance indicators of the current and optimal network that minimises social costs in an average
week of November.

Current Optimal Difference
Number of stops Sl 278 -16.5%
Ridership 1.89 mil 1.90 mil +0.8%
Passenger kilometres 7.16 mil 7.60 mil +6.2%
I\EIET LT o K=l R eI 3.84 min  3.89min  +1.5%
Average in-vehicle time 9.23min  9.00min  -2.6%
Average transfer walking time 247 min 3.16min  +27.9%
Average waiting time 569min  569min  +0.0%
Operator costs €220mil  €2.02mil  -8.6%
Rolling stock required 200.6veh 188.0veh -6.3%
Energy consumption 1.05GWh 091 GWh -13.7%
Emission costs €53,600 €46,300 -13.7%
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Moreover, an analysis of the distribution of stop spacing across the network is conducted. In
Figure 4.6 and Figure 4.7 below, this distribution is shown for both the current and optimal
network with the lowest social costs. The former figure shows all stop distances and the latter
focuses on those under 1.5km. Both visualisations demonstrate a shift from smaller to larger
stop spacing. Where in the current network the gross of stops is spaced 200m to 700 m apart,
this lies between 300m and 800 m in the optimal network with the lowest social costs. Despite
this, there is no single optimal stop spacing value for the entire network. In some parts of the
city stop spacing of 200 m is optimal, while in other parts 800 m is optimal. In addition, if
building density is really sparse, as can be seen between Zoetermeer and Leidschenveen, no
stops should be placed and optimal stop spacing can be as high as 6km.

Probability density function stop spacing in The Hague Probability density function stop spacing in The Hague
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Figure 4.6: Distribution of stop spacing in current
network of The Hague and the optimal network with the
lowest social costs.

Figure 4.7 Distribution of stop spacing under 1500
metres in current network of The Hague and the
optimal network with the lowest social costs.

Apart from solely examining the distribution of stop spacing over the network, it is also of use
to investigate the topographic distribution. This geographical distribution is presented in
Figure 4.8, which reveals some interesting results. To start, most lines exhibit rather dense
stop spacing close to the termini compared to other line sections. This is especially true for the
termini in the southwest of The Hague. It can be seen that, with a few exceptions, stop spacing
for the first five stops is denser compared to stops five to ten. One possible explanation for
this is that for the first five stops the number of passengers in a tram vehicle is limited
compared to other line sections. If an additional stop is placed, the total time penalty of
additional in-vehicle time is therefore relatively low. Nonetheless, the total reduction in walking
times is comparable to placing a stop in other parts of the city.

On the other hand, stop spacing around the two main train stations is much sparser. Since
most passengers need to be at these locations, placing a stop in the vicinity of these stations
would lead to additional travel time for almost all passengers in a vehicle. Only a small share of
passengers would benefit from an additional stop closer to their origin or destination, therefore
no stop is located here. To no surprise, this phenomenon also results in fewer stops on
sections with lower building density, as was for instance noted on lines 1 and 9 between The
Hague and Scheveningen. Few businesses and inhabitants benefit from an additional stop,
whilst most passengers would be disadvantaged due to longer trip times.
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Figure 4.8: Optimal stop spacing over the network of The Hague to minimise social costs.

Furthermore, it can be noted in Figure 4.8 that on the sections of lines 3 and 4 towards
Zoetermeer stops are few and far between. A probable reason for this could be the higher
speeds on these line segments. Trams can often run at around 70 km/h, compared to more
restricted speeds of up to 50km/h on all other parts of the network. Placing an additional stop
at a higher speed incurs a greater time penalty for through passengers (Wu & Levinson. 2021).
Moreover, the operator costs of placing one additional stop increase with higher speeds. Apart
from requiring more personnel and vehicles in service, the placement of an additional stop
also results in excessive energy usage for the operator. Hence, optimal stop spacing increases
with speed.

Lastly, it should be remarked that there is a dark blue spill of dense stop spacing in Figure 4.8
around the stop Delftselaan. This stop is located at the intersection of lines 6, 11, and 12 to the
west of the city centre. There are two possible reasons for this occurrence. One reason might
be that around this area operating speeds, specifically for lines 6 and 12 on the mixed-running
sections, are lower compared to other parts of the network. As explained earlier, slower speeds
lead to closer optimal stop spacing. However, a more likely explanation is that the higher stop
density is a result of the extensive commercial development in the vicinity. A large share of
transit riders in this area often takes the tram home for only a few stops after visiting the
market (HTM, 2020). For shorter average trip distances, it may be beneficial to have shorter
stop spacing. For instance, a passenger spends two minutes accessing the tram in the current
situation, two minutes on the tram, and two minutes egressing. In this case, the passenger
would prefer a 10% reduction in walking distances, even if it meant 10% longer in-vehicle times,
as access and egress times are a larger portion of the total trip duration (Kim et al., 2010).
Contrary, if the in-vehicle time accounts for the majority of the trip time, longer stop spacing
would be preferred.
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It could be inferred from the three observations mentioned above that there are two aspects
which are of major influence on optimal stop locations and the resulting stop spacing. The first
aspect is the average speed and the second is the ratio between the number of people getting
on and off at a location and the number of people remaining seated. Thus, the relations
between these aspects on the one hand and optimal stop spacing on the other are further
investigated in Section 4.5.3.

» The number of stops is reduced in the optimal network that minimises social costs
compared to the current network. This leads to longer average access and egress
times but shorter in-vehicle times, and subsequent lower operational costs. Despite
this, both the ridership and the number of passenger kilometres in the network
increase.

» Optimal stop spacing which minimises social costs varies across the network of The
Hague, with most stops being optimally placed if they are 300m to 800 m apart.

4.5.2 Comparison of optimal stop locations for different transit objectives
This section presents the model results of three alternative objectives, which were described in
Section 4.2, compared to the objective of minimising social costs. The first objective is to
minimise user costs, minimising operator costs is the second, and the third is a stop removal
objective. In the stop removal strategy the social costs are minimised, similarly to the model
discussed in Section 4.5.1, nevertheless current stops can only be removed and no new stop
locations can be added. The complete solutions of these models can be found in Appendix E.

Table 4.5 displays the model results for these objectives, compared to the current network.
The optimal solution for the model that minimises social costs is presented in this table as
well. According to the table, the ideal network for the society is nearly indistinguishable from
the ideal network for the operator. Although user costs and emission costs are insignificant in
the objective of minimising operator costs, the operator needs to provide a user-friendly
service to obtain significant revenue; hence the similarities in the obtained networks. However,
the optimal network for the user is quite different, as it leads to a significant increase in
ridership but yields fewer operational cost savings compared to the other alternatives. This
can be expected since the expenses of the operator are insignificant in the objective of
minimising user costs. On the other hand, stop removal does not produce all the benefits of
the other scenarios, but it can still result in a significant reduction of operator costs. Overall,
the results demonstrate the trade-offs between different objectives and show that the optimal
solution depends on the specific goals and priorities of the stakeholders involved.
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Table 4.5: Key perforrmance indicators for all model objectives. Society indicates the model in which the social costs
are minimised. User indicates the model in which the user costs are minimised. Operator indicates the model in
which the profit of the operator is maximised. The stop removal alternative is the scenario whereby only current
stop locations can be removed by the model.

Society User Operator  Stop removal
Number of stops -16.5%  -5.7% -16.5% -20.1%
Ridership +0.8% +3.5% +1.2% -1.3%
Passenger kilometres +6.2%  +7.7% +7.7% -0.2%
Average access and egress time  JEEERYA +2.0% +1.8% -1.4%
Average in-vehicle time -2.6% +1.6% -0.4% -7.2%
Average transfer walking time +27.9%  -4.6% +19.7% +34.7%
Average waiting time +0.0%  +0.0% +0.0% +0.0%
Operator costs -8.6% -3.2% -8.8% -10.2%
Rolling stock required -6.3% -1.9% -6.3% -7.9%
Energy consumption -13.7% -5.9% -14.4% -15.8%
Emission costs -13.7%  -5.9% -14.4% -15.8%

Upon closer examination of the results, additional insights can be gained. As mentioned above,
comparing the optimal network for the user to the optimal network for society reveals a
significant increase in ridership, with only a slight increase in passenger kilometres. This
increase in ridership comes at a cost, as the operator expenses are higher in the former
scenario compared to the latter. However, it is important to note that these differences
represent network-wide averages, and that there are sections with no significant differences
between the alternative objectives. For example, on line 16 between Statenkwartier and Den
Haag HS, the optimal solutions for both models have the same number of stops, resulting in
no significant differences in ridership or operational costs. Conversely, the optimal network for
the user requires 33% more stops on line 1 between Delft Station and Delft Tanthof. This leads
to an increase in ridership of more than 10%, but also a 7% increase in operator costs
compared to the other objective. A similar conclusion can be drawn for line 9 between Den
Haag HS and Vrederust, where operator costs increase by 13%. Nevertheless, there are no
sections with fewer stops in the optimal network for the user compared to the optimal network
for society.

Moreover, based on Table 4.5, it can be inferred that transfer walking times carry more
significance in the user objective than in the society objective. Yet, significant variations can
still be observed among different line segments. For instance, transfer walking times are
decreased by 75% in the optimal network of the user on line 9, whereas they are nearly the
same for both objectives on tram line 2.

Secondly, although the models minimising social costs and operator costs may seem nearly
identical at first glance, there are still local variations that should be considered. These
differences are mainly observed on lines 9, 11, and 12. Tram line 9 shows a 13% increase in
the number of stops in the optimal network for the operator compared to the optimal network
for society. However, the number of stops decreases by 7% and 18% for lines 11 and 12,
respectively. The percentual differences in ridership are almost identical for the respective
lines, while the passenger kilometre total changes by about half as much. Additionally, the
operator costs increase or decrease by approximately 5% per line. These findings suggest that
on line 9 there are relatively more passengers per vehicle, while lines 11 and 12 have fewer
passengers per vehicle. Therefore, it is lucrative for the operator to run a less passenger-
oriented service on lines 11 and 12, as the decrease in operator costs is greater than the
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revenue loss due to fewer passengers. Conversely, line 9 is an attractive service and marginally
increasing the operator costs can attract more riders, generating more revenue with minimal
extra operational costs.

Additionally, it should be noted that the optimal network for the operator removes some
transfer locations that may be important in the network. This is because transfer times and the
relative weight compared to other trips times are no longer prioritised in the objective function.
However, as the number of transfer passengers is assumed equal, there is no penalty for the
excessively long transfer times that occur in the optimal solution for the operator. This is a
shortcoming of the model as in reality some passengers will probably be lost with longer
transfer times. Thus, the revenue of the operator is not correctly determined with the applied
objective function and constraints. This should be considered when interpreting the results. As
an example, the stops at the crossing of the Laan van Meerdervoort and the Waldeck
Pyrmontkade could be taken. In all other objectives a stop is located near this intersection of
lines 3 and 16, but this is not the case in the optimal network for the operator.

Lastly, the results of the stop removal strategy are compared to the optimal network that
minimises social costs. It is concluded that in both alternatives approximately the same
number of stops are present in the optimal solution with the same decrease in operator costs.
However, the activated stops are not placed optimally next to high-demand areas, or stops are
spaced unevenly. Consequently, the network with consolidated stops does not achieve the
same ridership increase, but rather a decrease in passenger numbers is obtained. Only
removing stops limits the solution space of the model. For instance, if current stop spacing
is 400 m between three consecutive stops, this can be improved in the generic stop
optimisation model to two stops with a spacing of 600 m. However, with stop removal only
two suboptimal alternatives are achievable. One situation in which stop spacing is 1200m or a
situation with alternating spacing of 400 m and 800 m. Tram line 19 between Leidschenveen
and Delft is one of the sections where a comparable situation is apparent. Nevertheless, there
are sections, for instance in Delft on line 1 or between Leidschendam and Den Haag Centraal
Station on line 6, where stop removal can achieve similar results to the unrestricted model.

A visual example of the implications of stop removal is given in Figure 4.9 below, where tram
line 3 between the stops Azaleaplein and Pisuissestraat in the southwest of The Hague is
considered. What can be seen is that with stop removal one stop is consolidated. However, a
further stop is removed in the optimal solution with the lowest social costs and the remaining
stops are relocated to obtain a more uniform distribution of stop spacing. Nonetheless, as
previously stated, the optimal solution results in denser stop spacing near the Pisuissestraat
stop, which is situated near the southern terminus of line 3.
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Figure 4.9 Section of tram line 3 in The Hague. The current situation of stop placement between Azaleaplein and
Pisuissestraat is shown, together with the optimal solution in the unrestricted model with the lowest social costs
and in the stop removal scenario.

* When using different transit objectives, varying results for an optimal network are
obtained. The highest increase in ridership is achieved when the user costs are
minimised. Minimising social costs or operator costs leads to less of a passengers
increase in the network, but a bigger savings in operational costs.

» A stop removal strategy is found to be limited in effectiveness, as while it can reduce
operator costs, the optimal network does not attract additional passengers.

4.5.3 Effects of average speed and local demand on optimal stop locations
Figure 4.10 shows the relation between speed and the optimal stop spacing on a line section
with the lowest social costs. To be precise, the average speed around a stop is taken in the
case that this stop is not selected. Contrary to what is expected, no clear relation between the
two can be observed. It appears that the additional operator costs and the additional travel
time for through passengers are outweighed by the benefits of having a stop close to people
their origin or destination, even for higher speeds. Besides, when the minimum running time is
calculated for two stops which are 750 m apart, it can be concluded that a tram travelling at up
to 80 km/h is only 10 seconds quicker than a counterpart running at a maximum of 50 km/h.
This reduction of 16% in running times is almost neglectable compared to additional dwell
times and the changes in access and egress times when an additional stop is placed. Hence,
potential running speeds hardly influence optimal stop spacing. Nonetheless, this does not
explain the sparser stop spacing on the RandstadRail sections. Therefore, an alternative theory
is that the fewer stops are a result of the longer average trip lengths, opposite of the short
average trip lengths around the Delftselaan stop. People primarily use lines 3 and 4 to travel
between The Hague and Zoetermeer (HTM, 2020). Therefore, placing an additional stop in
between only benefits a handful of passengers.
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Relation between potential average speed and stop spacing
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Figure 4.10: Relation between the potential average speed on a line section and the optimal stop spacing in The
Hague when social costs are minimised.

In consequence, it is studied what the relation is between average trip lengths and optimal
stop spacing. The relation between the two is presented in Figure 4.11. There is a trend visible
in the figure, indicated with orange, with on the one hand the ratio between boarding and
alighting passengers per kilometre and through passengers, and on the other hand the optimal
stop spacing. As this ratio increases, stop spacing should decrease. Although there is still
quite some deviation from the trend line, it can be remarked that there is a lower limit on what
optimal stop spacing should be, indicated with the red lines in the figure. It appears that stops
with a ratio value of 0.1 should only receive stop spacing greater than 900 m, a ratio of 0.3
yields a lower limit in optimal stop spacing of 350 m, and only when the ratio value lies
around 1.0 should stop spacing be a low as 250 m. Finally, sections with ratios lower than 0.1
do not seem to warrant a stop.
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Relation between demand per kilometre, through passengers and stop spacing
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Figure 4.71. Relation between demand per kilometre through passengers and stop spacing across the network of
The Hague with the lowest social costs. The trend line is indicated in orange, whilst the lower limits of optimal stop
spacing are depicted in red.

Furthermore, there are multiple explanations why not all sections strictly adhere to the trend
line. To start, for all sections to follow this line, demand over a kilometre should be constant.
There are many reasons why this is not the case as, among other things, building density can
vary greatly. This is the case, for example, when a small park is located next to a residential
area. Besides, transfer locations generate demand at a specific spot, thus demand over a
kilometre is not constant. Moreover, on shared line sections stop spacing should be consistent
for all tram lines, even if the average trip lengths and optimal stop spacing differs between
lines.

To add, some constraints restrict stops to be placed anywhere. For example, the local street
network could restrict two stops to be placed exactly at the optimal stop distance from each
other, if street connections to the neighbourhood are spaced a great distance apart. Finally,
transfer points also restrict stops to be placed an optimal distance apart which is, for instance,
the case between the stops Spui and Centraal Station. A lot of people transfer at either of
these locations almost definitely requiring tram stops. These stops are located 740 m apart
but, according to the graph above and the usage of lines 2, 3, 4 and 6, ideally stop spacing
should be approximately 500 m. Nevertheless, placing a stop in between these two stops does
not improve the solution.

* Running speeds do not influence optimal stop spacing significantly.

» The ratio between the demand on a section and the number of through passengers is
the major factor indicating what optimal stop spacing should be. As this ratio
increases stop spacing should be denser, while for lower values fewer stops should be
placed.
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e Factors such as local demand and the street network must be considered when
determining optimal stop placements.

4.5.4 Effects of transfer locations on optimal stop locations

As transfers are also assumed to be of great influence on where stops should be placed
optimally, it is investigated how many transfer passengers necessitate a stop. For all stops it is
computed how many passengers would like to transfer at a specific location, compared to the
number of through passengers on a section. Figure 4.12 exhibits this value for both the stops
which are selected in the optimal solution with the lowest social costs and the stops which are
not. What can be observed is that all locations which would see 10% or more passengers
transfer to another line, require a stop to be placed. For lower passenger shares this is not the
case as optimal stop locations are also a result of many other factors. Nevertheless, transfer
passengers logically still contribute to a higher share between passengers wanting to get on
and off at a stop compared to the number of through passengers. Hence, with more transfer
passengers, shorter stop spacing is optimal.

What should not be forgotten is that alternative stop locations can also influence if a transfer
stop should be chosen. If an alternative stop is picked 50 m from the optimal transfer location,
it would be different compared to having the alternative more than 400 m further along the
tram route. As Figure 4.12 below only shows the stops closest to the intersection of two lines,
the alternative transfer opportunities are not considered.

Probability density function of transfer stops which are selected or not
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Figure 4.12: Probability density function of transfer passengers over through passengers indicating which stops are
selected in the optimal network of The Hague with the lowest social costs and which are not.
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» Itis not always necessary to place a stop at every transfer location. A stop should only
be added definitively if at least 10% of total passengers in a vehicle transfer to another
line at that specific location.

4.5.5 Effects of tram alignment on optimal stop locations

In addition, although the number of examples is insufficient to confidently establish a
correlation, there appears to be a tendency to position stops at points where a tram line
abundantly changes direction. For instance, Figure 4.13 illustrates the optimal stop
configuration that minimises social costs on line 1 between Delft Station and the Van der
Slootsingel stop. A comparison of this solution to the one in Figure 4.14 indicates that the
former has one less stop. Nevertheless, fewer people live within 600 m walking distance from a
tram stop in the latter example due to the overlap between catchment areas. As a result, the
preference for placing stops near 90-degree curves stems from the higher potential of
passenger traffic. Moreover, the slower speeds near curves incur a smaller time penalty for
both users and operators, making this placement more attractive. Finally, the energy
consumption is reduced if a stop is relocated to be near a bend.

Yet, a stop cannot be placed exactly in a curve due to, for instance, integration problems with
other infrastructure and the large gap between the tram and the platform. A stop is therefore
preferably placed as close to a bend as possible.

Figure 4.13: Stop configuration that minimises social  Figure 4.14: Alternative stop configuration between
costs between Delft Station and the stop Van der Delft Station and the stop Van der Slootsingel. Also, the
Slootsingel. Also, the areas which have a tram stop areas which have a tram stop within 600 metres of
within 600 metres of walking are depicted. walking are depicted.

* When there is a 90-degree curve in the alignment of a tram line, there appears to be a
preference to place a stop close to this location due to increased ridership potential.
Although this is a probable theory, there is no conclusive data.
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4.5.6 Effects of the optimal stop locations on transit accessibility

Finally, the model formulation did not include a minimum level of service constraint, which is a
common addition in other stop optimisation models (Li & Bertini, 2008). Therefore, the impact
of the optimal network configuration on accessibility is analysed separately. In the
Netherlands, concessions often have a rule that 90% of all addresses should have a transit
stop within a 400 m radius or a high-quality transit stop, such as a metro or train station, within
an 800 m radius (Vervoerregio Amsterdam, 2020). What classifies as high-quality transit is
ambiguous, but in this report it is assumed that the RandstadRail sections of line 3 and 4
between Den Haag Centraal and Zoetermeer qualify. Accordingly, Figure 4.15 shows which
areas of the metropolitan region lose a tram stop within the confined distances due to the
relocation of stops in the model that minimises social costs. However, there are also areas
which gain a tram stop close by, these are depicted in green in Figure 4.16. Most locations in
the west of The Hague and in Zoetermeer are hardly affected, while in other districts there is a
general loss in areas which are sufficiently close to a stop.

An important remark, it should be debated if the strict and arbitrary rules outlined above are
accurate indicators for transit system accessibility. These rules might become obsolete if with
optimisation models, such as the one presented in this report, it can be demonstrated that
wider stop spacing is more beneficial for society overall, without significant compromises in
accessibility.

%

‘fo

Figure 4.15: Coverage of the tram network in The Figure 4.16: Coverage of the tram network in The
Hague in the optimal solution with the lowest social  Hague in the optimal solution with the lowest social
costs. The areas indicated in red lose a tram stop costs. The areas indicated in green gain a tram stop
close by. close by.

Nonetheless, Table 4.6 displays the number of residents and businesses that will no longer
have a tram stop in close proximity. However, it is arguably more meaningful to examine the
areas that will lose access to any transit options in the optimal solution. When train stations
and bus stops are considered, only 25% of areas that lose a tram stop in close proximity will
not have another transit alternative. Moreover, when buses and trains are considered, only a
net 0.5% of addresses will lose access to a transit stop in the vicinity (CBS, 2020). The areas
that lose access to transit stops are low-density regions, such as the Scheveningse Bosjes and
the areas along the Delftweg between Rijswijk and Delft, with only a handful of residents and
businesses.
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Table 4.6 Addresses that lose or gain a tram or transit stop within the confined distances of 400 metres for a
reqular transit stop and 800 metres for a stop on a high-quality transit line (CBS, 2020). Losing a transit stop
indlicates that a tram stop in close proximity is lost with no other transit stop being available as an alternative.

Population Households Businesses

Metropolitan region total 930,000 450,000 89,000
Lose a tram stop close by 26,000 13,000 2,300
Gain a tram stop close by 15,000 3,300 1,000
Lose a transit stop close by 6,400 3,300 900
Gain a transit stop close by 2,500 1,100 300
Net loss of a transit stop close by 3,900 2,200 600
Percentage net loss of transit stop close by B 0.5% 0.7%

It is noteworthy that a greater percentage of businesses are losing access to a transit stop in
close proximity compared to households. This could be attributed to the fact that businesses
tend to be more frequently located in low-density areas on the outskirts of the city compared
to residential neighbourhoods. These are also the areas where most stops are consolidated.
Finally, Figure 4.17 illustrates all the areas that will lose access to a transit stop within the
predetermined distances.

Figure 4.77: Coverage of the public transit network in The Hague in the optimal solution with the lowest social
costs. The areas indicated in red lose a transit stop close by in the optimal solution with the lowest social costs.

» Even though the optimal network with the lowest social costs has one-sixth fewer tram
stops, only around 0.5% of addresses in the metropolitan region lose a transit stop in
close proximity.
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4.6 Sensitivity analysis for the stop optimisation model

The model includes several parameters that could significantly affect the results of the stop
optimisation model. Therefore, a sensitivity analysis is performed to examine the optimal
solution for different parameter values. The sensitivity analysis not only helps to verify the
results of the model, but it can also be concluded which aspects mostly influence optimal stop
locations and stop spacing. The sensitivity analysis is performed on the model that minimises
the social costs.

In Table 4.7 it is shown which parameters are altered in the model as part of the sensitivity
analysis. In the same table it is also shown for each parameter which value is chosen in the
model, together with the range of the values tested in the sensitivity analysis. For each
parameter a low and a high scenario is established. The values for these scenarios are derived
from the findings in literature, hence realistic ranges for the parameters are tested. This also
explains why, for example, energy costs are doubled in the sensitivity analysis for the high
scenario, whilst average walking times are only increased by up to 20%. Energy prices have
shown high fluctuations in the past, with average walking speeds remaining virtually constant
over the years (Opheikens, 2021; Wirtz & Ries, 1992). As energy prices are varied considerably,
significant variations in the model results can be anticipated.

Table 4.7: Parameter values evaluated in the sensitivity analysis.

Parameter Value in Low High
model scenario scenario
Weight access and egress time 1.5 1.0 2.0
Weight transfer time 1.75 1.25 2.25
Value of time commuting purpose 10.25€/h 6.25€/h 14.25€/h
Value of time business purpose 25.5€/h 19.5€/h 31.5€/h
Value of time other purpose 8.0€/h 6.0€/h 12.0€/h
Walking speed aged under 65 1.15m/s 0.95m/s 1.35m/s
Walking speed aged over 65 1.0m/s 0.8m/s 1.2m/s
Walking speed at a transfer 1.1m/s 0.9m/s 1.3m/s
Cycling speed 3.3m/s 2.7m/s 3.9m/s
Factor running time 1 0.8 1.2
Factor dwell time 1 0.6 1.4
Factor waiting time 1 0.6 1.4
Factor demand 1 0.6 1.4
Travel cost elasticity value -0.4 -0.3 -0.5
Factor energy consumption 1 0.6 1.4
Energy costs 0.59 €/kWh 0.19 €/kWh 1.19 €/kWh
Emission costs 0.051 €/kWh  0.011 €/kWh  0.111 €/kWh
Yearly costs per vehicle 230,000 € 170,000 € 290,000 €
Costs per timetable hour 70 € 50 € 90 €

Each of the given values can be modified individually in the stop optimisation model. However,
it is also, for instance, worthwhile to examine the outcomes when the value of time is
increased for all trip purposes. This is why the sensitivity analysis includes this scenario.
Additionally, three other scenarios are investigated in the sensitivity analysis. The first involves
combining the factors for running time, dwell time, and waiting time. The second scenario
involves changing all aspects of the operator costs simultaneously, and the third scenario
combines the weight for access and egress with the walking speed of individuals over 65
years old. This last scenario checks the optimal solution if a greater emphasis is placed on
transit accessibility for the elderly. Table 4.8 displays the results of the sensitivity analysis, in
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which it can also be observed that the optimal solution is impacted more when multiple
parameters are changed at once.

Table 4.8: Results of the sensitivity analysis.

Objective value Stops in solution
Parameter Low High Low High
scenario  scenario  scenario  scenario

Weight access and egress time -19.0% +19.6% 21% +3.8%
Weight transfer time -0.6% +0.0% +0.0% +0.0%
VoT commuting purpose -36.2% +36.5% -3.8% +3.8%
VoT business purpose -3.4% +3.4% +0.0% +0.0%
VoT other purpose -13.2% +26.4% -1.4% +1.4%
Walking speed aged under 65 +10.1% -7.1% +1.4% 1.7%
Walking speed aged over 65 +1.8% -0.9% +0.7% -0.3%
Walking speed at a transfer +0.3% -0.3% +0.0% +0.0%
Cycling speed +0.3% +0.3% +0.0% +0.0%
Factor running time -8.0% +8.0% +1.7% -1.4%
Factor dwell time -5.2% +5.8% -2.4% +2.8%
Factor waiting time -0.6% +0.6% +0.0% +0.0%
Factor demand “41.1% +40.8% +0.7% -0.3%
Travel costs elasticity value +0.3% -0.3% -3.1% +1.0%
Factor energy consumption +0.1% -6.7% +1.7% 2.1%
Energy costs +11.3% -15.6% +5.6% -3.8%
Emission costs +0.9% -1.8% +0.0% +0.0%
Yearly costs per vehicle +11.3% -6.1% +0.7% -1.1%
Costs per timetable hour +6.7% -4.6% +0.4% 1.1%
VoT all purposes +66.6% -52.8% -4.6% +2.9%
Factor running, dwell and waiting time -13.2% +15.3% +2.5% -3.6%
All operator costs +23.0% -27.0% +4.3% -3.2%
Walking speed aged over 65 and +92.1% 18.4% 1+ 5% 219

weight access and egress time

The results of the sensitivity analysis reveal several aspects. Firstly, the model shows face
validity since in the case that energy costs are increased, for example, the operator costs also
increase within the KPIs. Similarly, when the walking speed is reduced, the average access and
egress time increases, and the model selects more stop locations in the solution. Conversely,
if dwell times are longer, fewer stops are desirable, as skipping some stops can save relatively
more time compared to the original situation. These results are exhibited in Table 4.9.
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Table 4.9: Key performance indicators for the optimal network when considering four different sets of values as
part of the sensitivity analysis.

Optimal Optimal Optimal Optimal
network  network with network with network with

increased reduced increased
energy costs walking dwell times
speeds
Number of stops 278 267 282 271
Ridership 1.90 mil 1.88 mil 1.89 mil 1.86 mil
Passenger kilometres 7.60 mil 7.56 mil 7.58 mil 7.38 mil
Average access and egress time R Rl 3.98 min 3.99 min 3.92 min
Average in-vehicle time 9.00 min 8.92 min 9.13 min 10.2 min
Average transfer walking time 3.16 min 3.42 min 3.12min 3.33min
Average waiting time 5.69 min 5.69 min 5.69 min 5.69 min
Operator costs €2.02 mil €2.55 mil €2.06 mil €2.19 mil
Rolling stock required 188.0 veh 185.5 veh 189.1 veh 207.1 veh
Energy consumption 0.91 GWh 0.90 GWh 0.93 GWh 0.94 GWh
Emission costs €46,300 €45,500 €48,000 €48,400

Nevertheless, some parameters tested in the sensitivity analysis do not impact the optimal
solution, as is evident in Table 4.8. These include the value of time for business passengers,
transfer weight and speed, cycling speed, emission costs, and the waiting time factor. The lack
of effects on the optimal solution can be attributed to several factors. For instance, business
travellers only make up a small percentage of total travellers, so their value of time does not
have a significant impact, as seen in the Table 4.8. Similarly, transfer passengers and those
accessing stops by bicycle make up a small share of the total number of travellers, so changes
to their weight and speed do not affect the solution as much as, for instance, alterations to all
access and egress times. Additionally, emission costs are exceptionally low compared to other
costs, so their effects on the optimal solution are relatively small. Lastly, the waiting time is
modelled to only affect the demand elasticity, hence it does not have a direct impact on the
optimal solution.

By examining Table 4.10, the partial contributions of various aspects to the objective function
can be understood. These partial contributions are for the model that minimises social costs
that was presented in the model results in Section 4.5.1. It can be concluded that cost
components, such as those of transfers passengers and emissions, have a minimal share in
the objective value. Therefore, changing their respective parameters logically does not
significantly affect the objective value or optimal solution as was found before.

Table 4.10: Partial share of aspects contributing to the objective value in the solution with the lowest social costs.

Share of Partial share to objective

objective function function of aspect
Access and egress time 55%
User 71% In-vehicle time 44%
Transfer time 1%
Operator [2:CH Personnel and rolling stock  72%
Energy 28%
External |2 Emissions 100%
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On the other hand, there are aspects which have a substantial influence on the objective value
of the optimal solution. As an example, the value of time for passengers has a notable effect
on the total social costs. Similarly, the weight of access and egress times and the demand
factor also have substantial influences, and to a lesser extent the operator costs as well.

However, some of these factors that have a significant impact on the objective value do not
have a substantial effect on the optimal number of stops in the network. One such factor is the
demand factor. Although increased demand heavily affects user costs, the optimal solution
only slightly shifts toward a passenger-oriented approach, since the proportion of different trip
times remains unchanged. This reinforces the conclusion that the necessity of a stop is not
determined by the number of passengers using it, but rather by the ratio of boardings to the
number of passengers in the vehicle.

Nevertheless, the optimal number of stops is mostly influenced by two factors; energy costs
and the value of time for passengers. Energy costs have a greater impact on the optimal stop
locations compared to other operator costs, such as amortisation and driver costs, due to the
greater variability in energy prices. The value of time is also crucial, as user costs significantly
influence the optimal solution, as seen in Table 4.10.

Furthermore, adjusting the weight of access and egress times and walking speeds for elderly
passengers has a minimal impact of approximately 2% on the optimal number of stops in the
transportation network. The notion that consolidating stops may significantly disadvantage
elderly individuals is often argued, but the negligible effect on the optimal solution suggests
that these concerns may be overstated when optimising a network for the whole society. This
is partly due to the relatively low percentage of elderly passengers in the tram system of The
Hague; only 9% of passengers are above the age of 65 (HTM, 2020).

Nonetheless, the areas with the most significant differences in optimal stop locations in this
scenario are those with short average trip lengths. This includes the areas of line 6 in the
Schilderswijk, as mentioned in Section 4.5.1, and on line 16 in Morgenstond close to the
Leyweg stop and the similarly named Leyweg shopping mall. As for people in these areas a
larger portion of the trip duration is spend accessing a stop, it is no surprise that these stop
locations are affected the most if the weight of the access and egress time is altered (HTM,
2020). Moreover, these two areas do not necessarily have a high concentration of elderly
residents. In contrast, areas such as Leidschendam and the southwest of Rijswijk, which have
the highest proportion of retired individuals in the metropolitan region, do not show any
changes in the number of stops between the high and low scenario (CBS, 2020).

To conclude, as part of the sensitivity analysis, the optimal solution for the network with the
lowest social costs is evaluated using the demand from July 2019. In addition to varying the
demand parameters in the demand estimation model, in this scenario also data from
July 2019 is used when computing stop demand as a function of current stop usage.
Table 4.11 presents the results of this scenario, along with the results from the model using
the demand from November 2019. Although the demand has decreased in the model, the
frequencies remain the same, resulting in increased costs per passenger. Logically, as the
operator costs are more important, the optimal network sees fewer stops being located,
resulting in lower ridership.
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Table 4.117: Key performance indicators for the optimal network with the lowest social costs considering demand
from November 2079 and demand from July 2079,

November demand  July demand
Number of stops -16.5% 17.7%
Ridership +0.8% -0.9%
Passenger kilometres +6.2% +6.9%
Average access and egress time +1.5% +0.9%
Average in-vehicle time -2.6% -1.5%
Average transfer walking time +27.9% +32.9%
Average waiting time +0.0% +0.0%
Operator costs -8.6% -9.0%
Rolling stock required -6.3% -6.7%
Energy consumption -13.7% 141%
Emission costs -13.7% 141%

Nevertheless, there are only a few instances across the network where different stop locations
are observed. Both solutions of stop configurations are presented in detail in Appendix E.
Firstly, four stops are removed while three new stops are added in the optimal network of
July 2019. Secondly, there are five cases where two stops are combined into one, and lastly,
five instances where stops are moved a maximum distance of 200 metres. Line 16 in
particular undergoes significant changes, with several stops being moved or combined,
resulting in a further 5% decrease in operator costs in the optimal network for July. However,
these new stop locations do not appear to be influenced by any specific area having
significantly higher demand in November compared to July. Rather, the differences in optimal
stop locations are likely due to slight variations in usage and subsequent optimal stop spacing.

In addition, Table 4.11 reveals another interesting finding. Specifically, the optimal network for
July 2019 shows a substantial increase in passenger kilometres, surpassing even the optimal
network for November 2019. This suggests that increasing passenger kilometres with the
demand from July is more advantageous than increasing ridership.

Finally, an analysis is conducted to examine the KPIs for the system if the optimal network
configuration for July is used while applying the demand from November. The results of this
analysis are presented in Table 4.12. Once again, it can be concluded that the significant
increase in passenger kilometres travelled with the optimal network for July is primarily
attributed to the stop configurations rather than the major differences in demand between July
and November. This can be assumed as the optimal network configuration for July also
results in an impressive increase in passenger kilometres if the demand of November is
considered. However, for both scenarios, when the demand from one month is applied to the
optimal stop configurations of the other, the objective value is 99% of the optimal. Hence,
despite the considerable differences in demand between July and November, as determined in
Section D.1, the optimal stop spacing is barely affected.
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Table 4.72: Key performance indicators for the optimal networks of November 2019 and July 2079 with dermand of
these months being applied on both networks.

Demand November Demand July
Optimal network configuration

KPI November July July November
Number of stops -16.5% 17.7% 17.7% -16.5%
Ridership +0.8% -0.2% -0.9% +1.0%
Passenger kilometres +6.2% +9.7% +6.9% +8.0%
Average access and egress time +1.5% +0.7% +0.9% +0.9%
Average in-vehicle time -2.6% +0.5% -1.5% -2.4%
Average transfer walking time +27.9% +32.7% +32.9% +28.0%
Average waiting time +0.0% +0.1% +0.0% +0.0%
Operator costs -8.6% -8.9% -9.0% -8.6%
Rolling stock required -6.3% -6.6% -6.7% -6.4%
Energy consumption -13.7% -14.1% 141% -13.7%
Emission costs -13.7% -14.1% -141% -13.7%

» The optimal network with the lowest social costs is mostly influenced by the value of
time of passengers and the energy costs. Within the ranges tested for these
parameters, the optimal number of stops in the system is increased or decreased by
around 4%.

» Transfer times, access and egress times by bicycle, and emission costs do not have a
significant effect on the optimal stop locations in the network of The Hague.

» There are no major differences in the optimal network when the demand of either July
2019 or November 2019 is considered.

4.1 Conclusions case study

The tram network of The Hague in the Netherlands was the subject of a case study examining
optimal stop locations using the developed stop optimisation model. What is found is that
when different transit objectives are applied, varying results for an optimal network are
obtained. The highest increase in ridership is achieved when the user costs are minimised.
Minimising social costs or operator costs leads to less of a passengers increase in the
network, but a bigger savings in operational costs. Nevertheless, the number of stops is
reduced for all considered objectives compared to the current network. This leads to longer
average access and egress times but shorter in-vehicle times, and subsequent lower
operational costs. Additionally, even though the optimal network with the lowest social costs
has one-sixth fewer tram stops, only around 0.5% of addresses in the metropolitan region lose
a transit stop in close proximity. Finally, a stop removal strategy is found to be limited in
effectiveness, as while it can reduce operator costs, the optimal network does not attract
additional passengers.

Optimal stop spacing varies across the network of The Hague, with most stops being
optimally placed if they are 300 m to 800 m apart when the social costs are minimised.
Furthermore, it is found that the ratio between the demand on a section and the number of
through passengers is the major factor indicating what optimal stop spacing should be. As
this ratio increases stop spacing should be denser, while for lower values fewer stops should
be placed. Typically, in areas with shorter trips, and near the beginning and end of a tram line,
the ideal spacing falls between 300 m and 500 m. However, in other urban areas optimal
spacing is around 500 m to 800 m. Additionally, for parts of the network where trams are used
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for longer distances, like suburban lines, average stop spacing of more than 800 m is generally
optimal. Finally, if the demand for a kilometre of tram line is only 10% of the through
passengers, placing a stop is not optimal, which may be the case in low-density areas. With
regards to the transit demand in The Hague, businesses in the catchment area and the income
of households are the main predictors. Businesses up to 800 m from a stop are significant
predictors and households up to 1.6km are significant.

Moreover, factors such as local demand and the street network must be considered when
determining optimal stop placement. Transfer passengers are also a form of local demand,
but it is concluded that it is not always necessary to place a stop at every transfer location. A
stop should only be added definitively if at least 10% of total passengers in a vehicle transfer to
another line at that specific location. To add, as is concluded from the sensitivity analysis,
transfer walking times only have a limited effect on the optimal stop locations in the network
of The Hague. Similarly, altering the access and egress speeds by bicycle and emissions costs
does not lead to different optimal solutions. The optimal network with the lowest social costs
is mostly influenced by the value of time of passengers and the energy costs. Within the
ranges tested for these parameters, the optimal number of stops is increased or decreased by
around 4%.

Finally, when there is a 90-degree curve in the alignment of a tram line, there appears to be a
preference to place a stop here due to increased ridership potential. Although this is a probable
theory, there is no conclusive data. Running speeds on the other hand, do not influence
optimal stop spacing significantly.
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5> Discussion

Following the results of the case study in Chapter 4, Section 5.1 of this chapter features a
discussion on the obtained results. Afterward, in Section 5.2, the potential usability of the
results is discussed. In addition, Section 5.3 outlines the limitations of the stop optimisation
model and the impact of the assumptions made. Lastly, Section 5.4 is devoted to discussing
the generalisability of both the model and the results to other transit networks.

5.1 Discussion of the results

* The optimal stop locations are reliant on the set objective, but in the case of The
Hague, the number of stops is reduced by at least 6% for all considered objectives.

» The fewer stops in the system do not result in fewer passengers, as with shorter
average trip times the tram becomes more attractive to use.

» Theideal distance between tram stops varies significantly throughout the network.

From the case study performed in Chapter 4, it is concluded that each area in The Hague is
unique, and optimal stop locations depend on several factors. Therefore, there is not one rule
of thumb that can be applied across the network. Furthermore, it is ascertained that the
optimal stop locations change when different objectives are set. When the network is
optimised for users, it requires around 6% fewer stops than the current situation, resulting in
reduced operator costs and increased passenger numbers due to faster journey times.
Optimised networks with the lowest social costs and lowest operator costs require 17% fewer
stops, resulting in even greater cost savings. Although there is an increase in passengers and
passenger kilometres travelled in these cases, this increase is less compared to the optimal
network for the user. Lastly, it is reasoned that a strategy focussing on the removal of stops
without considering their relocation is limited in effectiveness, as a reduction in operator and
external costs can be obtained, but the number of passengers using the tram does not
increase. However, the drivers and trams that are no longer needed due to stop relocation can,
for instance, be repurposed to increase frequencies in the network. This, in turn, has the
potential to further boost ridership.

According to the optimisation model that aims to minimise social costs, the spacing between
tram stops is generally optimal when they are 300 m to 800 m apart, although there are some
significant outliers. The ideal stop spacing varies depending on the location and average trip
length. Typically, near the beginning and end of a tram line, and in areas where trips are
relatively short, optimal spacing ranges between 300 m to 500 m. However, in other urban
settings, such as near a major train station, the optimal spacing is between 500 m to 800 m.
Furthermore, in parts of the network where the tram is used for longer distances, like suburban
lines, average stop spacing of more than 800m is optimal. Lastly, if the demand for a kilometre
of tram line is only 10% of the number of through passengers on that section, the placement of
a stop is not optimal, which may be the case in low-density areas.

* The equity principle is important to consider when redesigning a transit network. The
relocation of stops can disproportionally disadvantage certain groups in society.

Overall, the results demonstrate the trade-offs between different objectives and show that the
optimal solution depends on the specific goals and priorities of the stakeholders involved. But
most importantly, it can be shown that fewer stops do not necessarily result in fewer
passengers. At a stop that is consolidated some passengers might be lost, but due to the
shorter journey times, passengers are gained on other sections as well. Hence, optimising stop
locations is important as it can make the transit system more efficient for limited investment
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costs. Such low-hanging fruit is relevant as it can possibly achieve most of the benefits of
other measures, such as constructing a grade-separated alignment, for only a fraction of the
price.

Nevertheless, if changes to transit services disproportionately disadvantage certain groups,
such as elderly or passengers which are physically impaired, then an increase in overall
ridership may not be beneficial from a social standpoint. The inherent problem of stop spacing
lies in the trade-off between speed and accessibility. Thus, optimising for ridership and quicker
journey times for the majority by removing stop locations, inadvertently leads to longer journey
times for vulnerable individuals for whom accessibility is reliant on closely located transit
stops. This trade-off is part of the equity principle in transit planning as urban public transport
is a service for the people and not a way to make a profit. Future research and models may
incorporate penalties or constraints to consider this aspect when determining the optimal stop
locations.

Moreover, when considering the removal of a tram stop in an area, it is crucial to ensure that
alternative transportation options are provided for individuals who may have difficulty walking
long distances to access a transit stop. It is important to consider the specific needs of these
individuals and explore various substitutes to guarantee their continued access to essential
services. One possible solution is the implementation of on-demand transit services, which
can provide flexible and personalised transportation options to those who require them.
Additionally, e-bikes can be offered and promoted as a convenient and environmentally friendly
mode of transportation for shorter distances. Another consideration is to enhance the
availability of car-sharing services or to promote carpooling within the neighbourhood, allowing
individuals to have more convenient and accessible transportation choices. These aspects
should become part of the evaluation to remove or relocate stops.

» Energy costs and the value of time have a significant impact on optimal stop locations
and a detailed analysis is therefore required to determine the values for these
parameters.

Furthermore, based on the conceptual framework in Section 2.3 and the results, it can be
concluded that operator costs significantly influence the optimal stop locations. Rolling stock,
personnel, and energy costs all have a significant contribution to the optimal network.
However, future research should focus on determining the costs of energy as it is believed to
be the most unstable cost factor and fluctuations in energy prices can greatly impact the
optimal stop locations. In contrast, emissions costs are insignificant as they are approximately
one-tenth of the electricity costs. Nevertheless, when determining an optimal network for
society, the user costs are the most important, accounting for approximately 70% of the total
costs. Therefore, changes in the value of time for passengers can have a significant impact on
the optimal stop locations.

» Speed does not have a significant impact on optimal stop spacing in The Hague as a
result of the long dwell times.

While curves in the alignment do play a role in determining optimal stop locations, the speed
on tram sections is not found to be a major influence in The Hague, which challenges
conclusions from other literature (United States Department of Transportation, s.d.; Wu &
Levinson, 2021). A likely reason for this is that dwell times in the network of The Hague are
generally more time-consuming than the time lost due to acceleration and braking at a stop. In
fact, the latter results in a time loss ranging from 4 to 24 seconds, whilst dwell times already

64



account for a 20-second time penalty in running times for low passenger numbers. As
passenger usage increases, average boarding times can rise to up to 50 seconds. The
extended dwell times in The Hague primarily result from the door release and closure
processes, which have a prolonged duration due to the implementation of safety systems
(Schellingerhout, 2023). Additionally, the on-board ticket validation readers create a bottleneck
in the current operations.

Since dwell times are independent of speed and contribute more to the time penalty, it can be
argued that speed is not a significant factor in determining optimal stop locations in The
Hague. However, if other tram systems have shorter boarding times due to different fare-
payment systems or different door configurations with different door sizes, speed may
become more important in determining optimal stop locations.

» Transfer locations do not necessitate a stop if transfer volumes are low.

Besides, it is concluded that the optimal stop locations are mainly determined by the optimal
spacing between stops on a line. Only when there are, for instance, well-used transfers, should
the specific location of the stop itself also be considered. Nevertheless, it can be noted that
transfer passengers have minor impact on optimal stop locations. In fact, in most cases,
adjusting stop locations to benefit non-transfer passengers leads to a significant increase in
total transfer walking time. This increase in travel time is for a small group of people, but leads
to a marginal reduction in trip time for a large group of individuals. From the model it can be
deduced that the removal of stops near intersecting lines should be considered if less
than 10% of passengers on a line section require a transfer. Other aspects like the demand in a
catchment area are also important to examine in these cases. This requires another view at
transit design, as in the past most transfer locations would be considered optimal regardless
(Wagner & Bertini, 2014). Moreover, the results show that a tram stop near the Mariahoeve
train station is not optimal for all objectives, which challenges the notion that stops close to
train stations are always optimal (Hassan & Hawas, 2017). Only a handful of people currently
transfer here between the tram and the train, with most people preferring the tram stop to be
consolidated to speed up their trip (HTM, 2020). Still, for percentages higher than 10%, a
transfer stop remains optimal regardless.

* In regions where travel distances are relatively short or near the end of a tram line,
stops should be closer together compared to other parts in the system.

Nevertheless, the ratio between the demand on a line stretch and the number of passengers
on a tram vehicle is found to be the most significant factor in determining optimal stop
locations. Therefore, in areas with lower demand, wider spacing between stops is optimal. This
is closely related to average trip lengths, which can vary greatly across a network, leading to
varying optimal stop spacing throughout a city. Besides, the absolute usage of a stop does not
indicate if it should be consolidated, but rather the proportion between the stop usage and the
number of passengers in the trams. Consolidating a reasonably used stop is also not regular
practice in current transit planning (Sahu et al., 2022).

Although stop spacing in the optimal network of The Hague is found to be independent of
speeds, it is important to note that optimal stop spacing and average speeds are closely
related. The characteristics of the tram line are heavily influenced by its intended purpose. For
instance, a tram line designed to function like a metro and designed to transport passengers
across the city would require larger stop spacing compared to a line that connects a
neighbourhood to a nearby metro station. To ensure that the metro-like service is competitive
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with other modes of transportation for long distances, the average speed of the tram must be
high (International Association of Public Transport, 2012). Thus, this shift in usage patterns
towards longer trip lengths and the subsequent wider optimal stop spacing may only occur if
the average speeds are competitive with other modes. Therefore, designing an optimal transit
system is similar to the classic conundrum of the chicken and the egg. On the other hand, if
the cross-city service is only used for shorter trips, the optimal stop spacing would be much
denser, even if the maximum track speeds remain high.

Besides, it is inferred that the demand for a transit line depends on the number of households
and businesses in the area. Low-income households living within 800m from a stop contribute
the most to transit demand in residential areas, whilst only 20% of transit demand of
households is generated by people living further than 800 m from a stop. For larger distances,
the tram is less competitive when considering total travel times. Businesses, especially
financial, industry, and energy firms, also contribute greatly to transit demand, with acceptable
egress distances being lower than acceptable access distances. However, insufficient data are
available on educational and healthcare locations, so their contribution to demand is unclear
based on the performed case study.

» The street network often constraints stops to be placed an optimal distance apart, as
stops must be well connected to the pedestrian network.

Finally, the pedestrian network plays a crucial role in identifying optimal stop locations. For a
stop location to be effective, it must be well integrated into the local street network to
minimise walking times. Otherwise, passengers may have to travel a long distance to reach
the stop, which can discourage ridership. Therefore, the street network often constraints stop
to be placed an optimal distance apart. In the developed model, the street network is seen as a
given but strictly speaking this does not have to be the case. Adding new pedestrian
connections to a transit line can change where stops are optimally located. However,
implementing such changes might not be practical in an urban environment, as it often
requires the demolition of existing buildings (Wu & Levinson, 2021).

5.2 Potential usability of the model

» The developed stop optimisation model is a valuable tool for urban planners and
transit planners as it provides them with data-driven insights into the optimisation of
transit networks and improvement of service efficiency.

The ultimate goal of a stop optimisation model is to create a transportation system that is
efficient, cost-effective, and sustainable (Li & Bertini, 2009). This, in turn, could lead to a more
attractive system that meets the needs of passengers and the society as a whole. By
analysing several factors such as travel time, accessibility, and ridership, planners can identify
optimal stop locations that improve the experience of the passenger and encourage the use of
public transportation.

The model presented in this report offers a comprehensive assessment of objectives,
considering detailed demand estimation and running time analysis. With its ability to precisely
determine optimal stop locations across a network, the model addresses the gap in existing
literature. However, while a stop optimisation model can show potentially viable solutions, it is
important to note that it is not the absolute truth. Instead, the model is part of a broader
discussion to improve urban mobility. It is a tool that assists stakeholders and policy makers in
making informed decisions. The model results help them understand the various effects that
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determine optimal stop locations and provides understanding of the most economical
solutions (Ziari et al., 2007).

As mentioned, the stop optimisation model offers valuable knowledge into the performance of
the tram system by identifying potential areas for improvement and highlighting where the
system is already functioning optimally. Strategic planners can use this tool to analyse specific
areas, lines or even whole networks. Knowing which aspects require more investment or
higher priority in the future can help set the long-term vision for the system. In addition, the
optimisation model is certainly of use when whole corridors are redeveloped or redesigned.
Since large investments happen infrequently, having accurate models to calculate the effects
of different scenarios or alternatives regarding stop locations is crucial (Gao et al., 2009).

Furthermore, the model is valuable for city planners to identify development opportunities.
Besides, the model can help the operator or transit authority identify "quick wins" in the
network for the medium term. This could involve removing a stop or merging two stops to
significantly increase ridership or reduce operator costs. By quantifying the impact, a solid
business case can be developed to enhance the transit system for both passengers and the
operator (Shuai et al.,, 2007). Moreover, the results of the model can be used as evidence to
persuade various stakeholders of the benefits of relocating stops. Previously, these decisions
were often based on intuition and emotions, but demonstrating that more people stand to
benefit from an intervention can help residents understand the rationale behind such changes
(Ziari et al., 2007). The model is therefore also a powerful tool to make informed decisions
related to public transportation, infrastructure and policy.

The stop optimisation model can be used without difficulty by the operator HTM, or anyone for
that matter, to compute the KPIs for different alternatives on a line section. It requires
providing the stop locations that are part of an alternative, after which the model can generate
the relevant output metrics. Moreover, the operator can use the model to easily determine the
optimal stop locations throughout a system for different objectives. There is the flexibility to
assign different weights to costs, adjust parameters as necessary, and obtain the most
favourable stop locations for specific objectives through the model computations.

* The model is not only suited to determine optimal stop locations in the current transit
network, but it can also be used to establish optimal stop locations for future tram
extensions, and it can be utilised to explore the impacts of various interventions within
the transit system as well.

In addition, the model can be utilised to compute the optimal stop spacing for a future tram
extension. The optimal stop spacing on the current line sections might even be different as
well when a tram line is extended and user patterns change. Nonetheless, to determine the
ideal stop locations, the model necessitates comprehensive information on the anticipated
number of passenger boardings for both the current and future sections. The outcomes of the
model may be less convincing if the input data on the origins and destinations of the
passengers are less precise. However, acquiring accurate future travel patterns on a line
section with an ever-evolving environment can pose challenges.

Finally, the model is not only useful in determining optimal stop locations, but it can also be
used to explore the impacts of several factors on the network, as demonstrated in the
sensitivity analysis. For instance, when a new housing development is built, the model can be
used to estimate the additional ridership that will be generated without the need to recompute
the optimal network. To obtain such results, only the sociodemographic characteristics of the
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area need to be adjusted in the demand estimation model. Other potential analyses include
evaluating the effects of faster service on passenger and operator costs, as well as estimating
the effects of shorter dwell times through the installation of more doors per vehicle or through
the implementation of out-of-vehicle ticket validation.

5.3 Discussion of assumptions and limitations

» Assumptions are made, mainly on the demand side, which could affect the results and
the usability of the model. Most importantly, it is assumed that transit riders would not
change their itinerary with varying stop locations and the increased demand due to
shorter journey times is also approximated.

First, when the model is run for the case study of The Hague, it is assumed that the demand at
a stop is only reliant on two proceeding and two succeeding stops being chosen. As a result of
this assumption, the demand is overestimated at a few stops in particular stops sets.
Nevertheless, this is only true for less than 20% of the stop locations, and even in these
instances the maximum overestimation in demand is 25%. For the overwhelming majority of
stops this overestimation is less than 10%, thus it is assumed that the chosen n-value, as
described in Section C.3, has limited effects on the optimal solution that is obtained.

To check for the effects of the lower precision on the chosen tram stops, line 1 is investigated.
This line has the most stops which are affected by the lower precision due to the many
potential stop locations along the alignment. When the stops which are shared with other lines
in the network are fixed and the optimisation model is run with a n-value of both 2 and 3, the
same optimal stop locations are retrieved. This confirms that the lower chosen precision level
does not have far reaching effects on the results of the model in the case study.

Secondly, the model has a noteworthy limitation in that it only considers demand at a line level,
resulting in multiple one-dimensional representations of the network instead of a singular two-
dimensional representation. The stops on different lines only have an impact on each other
when they are situated at the same physical location on a shared section of track. As a result,
if the stop currently used by a passenger is removed without any alternative, the model
assumes they will no longer use transit. The model therefore fails to consider viable
substitutes such as stops on parallel lines in close proximity. Additionally, as demand on one
line is not affected by stops on another line, suboptimal stop locations can be introduced. For
example, Figure 5.1 and Figure 5.2 demonstrate possible stop configurations on two parallel
lines, neither of which has an advantage over the other in the model formulation presented in
this report. However, a more detailed two-dimensional incorporation of travel patterns would
reveal that the staggered solution in Figure 5.2 is preferable, as it offers on average more
convenient transit options for passengers at their origin or destination. The mentioned
limitation is also evident when considering transfer passengers, where the model assumes a
constant number of passengers at a transfer despite the varying stop locations. In reality,
passengers are likely to change their itinerary if a more suitable alternative is available. Future
research could explore incorporating changes in travel plans as a result of adjustments in
generalised travel costs for specific routes. This can be included within the iterations of the
stop optimisation model. However, more detailed information is required about the locations
where people live and where they go to, as well as the specific transit lines and stops they can
utilise to get to their destination.
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Figure 5.1: Stop configuration with stops being placed at ~ Figure 5.2: Staggered configuration of stops on two
the same cross streets on two parallel tram lines. parallel tram lines. The off set in locations creates a
larger total catchment area of the two transit lines.

In addition, the model relies on travel cost elasticity to calculate how changes in generalised
travel costs affect demand. However, for a more accurate analysis on the impact of faster
travel times on transit usage, ideally a multimodal model would be created (Levin et al., 2017).
Such a comprehensive model would also enable a precise examination of the origin and
destination of passengers and their travel options, leading to the creation of the
aforementioned two-dimensional representation. In turn, this could lead to, for instance, two
parallel lines being designed to complement each other as noted before. In addition to placing
the stops in a staggered arrangement, in the optimal solution two parallel lines could
potentially get distinctive characteristics as well; one line can be optimised as an express line
and the other as a local line. However, in the current setup, the two lines are examined
separately, most likely leading to an optimal solution of two almost identical semi-fast lines.
Hence, some efficiency opportunities are not considered.

Another advantage of such a model with a multimodal network would be that it can facilitate a
detailed analysis of the relationship between public transportation and mobility hubs (Nair &
Miller-Hooks, 2014). Moreover, a comprehensive transportation model offers a noteworthy
benefit of simplifying the objective function. By converting user costs into traveller costs and
including the expenses of other transportation modes, social costs can still be reduced even
for higher transit usage. In contrast, the existing model that minimises user and social costs
includes a complicated demand constraint in the objective function to determine the optimal
solution whilst avoiding a network without any stops. The network that minimises operator
costs gives an almost identical solution to the model that minimises social costs, but requires
comparably less running time due to a simpler objective function. Alternatively, to improve the
accuracy of representing user costs, the objective function can incorporate the consumer
surplus (Van Nes & Bovy, 2000). This entails not only considering actual travel costs, but also
evaluating the willingness to pay of consumers. If the average generalised travel costs
increase there are going to be fewer people taking public transportation, resulting in a
reduction of the consumer surplus and a consequent decrease in social welfare.

Nonetheless, developing a detailed and comprehensive transportation model is a challenging
and time-consuming task. Additionally, a significant amount of computational power is
required to optimise such a model as well. This may not be feasible with current processing
capabilities, and such an endeavour may go beyond the intended goals of the model. The
primary purpose of the model is to serve as a practical tool for strategic planners to examine
the effects of the environment on optimal stop locations and the subsequent impact of stop
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locations on the transport system. Therefore, since the optimal solution is expected to be
relatively similar to the current network in the grand scheme of things, using simplifications is
considered appropriate. The presented setup of the model is still able to provide valuable
insights while saving time and effort. Regardless, the results of the model serve as a stepping
stone for alternatives that can be evaluated using a comprehensive multimodal model.

To add, a further study could improve the level of detail in catchment areas without
significantly increasing the complexity of the model. The demand estimation model uses a
uniform distribution of density over a neighbourhood, but this assumption may not always
hold true, as businesses may be concentrated in a specific street. Thus, for example,
considering sociodemographic data for each zone in a 100m by 100 m grid could enhance the
precision of the demand estimation model. Alternatively, more detailed information on a
building level can be obtained, which also improves the accuracy of the walking time
computation when detailed data on the street network is utilised simultaneously (Biba et al.,
2010). In the presented model the Euclidean distance is considered, but for some street
networks in other parts of the world this might not be a good approximation (Foda & Osman,
2010). Furthermore, additional analyses into the effects of having a stop not being placed next
to perpendicular street can be conducted, as this aspect is not explored in this report.

Furthermore, there is a dearth of data on educational and healthcare institutes specifically for
The Hague. These institutes are considered significant trip generators, and therefore a
footnote should be placed next to the results to acknowledge this limitation (Burke & Brown,
2007). In other case studies, it will be necessary to assess the impact of these institutes on
determining optimal stop locations. It is possible that a nearby school could have a more
significant impact on optimal stop locations than a transfer location. However, this study is
unable to draw any conclusions regarding this matter.

» The model assumes that all trams vehicles halt at all stops along a line at all times.
Hence, the effects of request stops are not incorporated in the model.

The model has another limitation in that it only considered average values over the year, such
as demand, headways, dwell time, and average speeds. This assumption is made because
stop placement is typically fixed throughout the year. However, the model does not account for
the possibility of stop skipping during low-demand periods, which could significantly speed up
service and potentially eliminate the need for some stop consolidation altogether. If a stop is
only used a few times over a day, only a limited number of trams have to stop with a resulting
time penalty for only a limited number of through passengers. Additionally, the presence of this
stop can greatly enhance the accessibility of an otherwise underserved area. Therefore, also
no alternative transport services have to be offered.

Despite these advantages, there are several drawbacks to consider. To start, irregular stopping
patterns can lead to significant variations in travel times and potential bunching of vehicles.
Furthermore, the utilisation of infrequently used stops tends to coincide with peak travel
periods, thus a higher number of through passengers is disadvantaged. Hence, it is desirable
to model the effects of such measures, after which the results can become part of the wider
debate concerning accessibility and efficiency. Although, incorporating this into the model
would be complex and would require even more detailed data (Wu et al., 2022).
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» The transition costs of relocating stops are not incorporated into the stop optimisation
model.

Penultimately, the transition costs of relocating stops are not examined. Therefore, it is
possible that the optimal solution suggests moving several stops in the tram network, even if
the distance to the new locations is minimal. However, the costs associated with such
relocations can be high and also go beyond monetary considerations (Wu et al., 2022). They
involve informing and educating local residents who have become accustomed to the existing
stops over the years. This process requires time, energy, and resources to explain the reasons
behind the decision and address any concerns or objections.

Therefore, it is more advantageous and cost-effective to consider stop relocations when
streets are already undergoing a redesign or redevelopment. In such cases, the rationale for
the change can be more effectively communicated, and the investment costs associated with
the relocation can be integrated into the overall street improvement project. By aligning the
relocation with existing street design efforts, the impact on residents and the community can
be minimised, and the investment can be better justified. Nonetheless, these opportunities do
not present itself every other day, hence the improvement of transit systems takes time. From
a technical standpoint, the complete removal of stops can be accomplished quicker compared
to stop relocation, but may lead to additional resistance from the local communities.

» The external costs can be further explored in future research as only the emission
costs are considered in this report.

Finally, in future research, the external costs could be further explored. This could include
incorporating the social benefits of shifting people away from driving and towards using public
transit, such as reduced emissions and improved safety (Gossling et al., 2022). Additionally, it
is possible to include the maintenance expenses of each stop and consider how their location
affects the maintenance requirements of other assets. It is predicted that faster average
speeds can lead to greater wear on the infrastructure, but reduced acceleration and braking
may prolong the lifespan of rolling stock (Wu & Levinson, 2021).

5.4 Generalisability of the model and results

* The stop optimisation model can be applied to other transit networks. Even though, the
model parameters require a lot of specific input from the network which is evaluated.

* The conclusions drawn from the case study conducted in this research can be
extended to other transit networks. This report provides a range for optimal stop
spacing and identifies key factors that influence optimal stop locations. However, since
many factors are relevant, a stop optimisation model remains necessary to determine
the exact optimal stop locations across a transit system.

The model has the potential to be applied to other transit networks around the world as it has
been designed to be adaptable to different systems. The case study results demonstrate the
effectiveness of the model in determining optimal stop spacing for a variety of lines. The
model can identify the most suitable stop locations on sections with short trip lengths, as well
as for metro-like services. Besides, the model is able to identify both stops that should be
added as well as removed. Hence, there is no reason it cannot be utilised to compute optimal
stop locations of bus lines and even metro lines. Only due to time constraints are the urban
bus lines of The Hague not included in the case study. Although this could have been done and
would have given more results, it would not have had added academic value since the
procedures are virtually the same.
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To adapt the model to other transit systems, several key inputs are required. A detailed zone
structure should be adopted for the city and sociodemographic data of these zones should be
acquired, as well as the distances between zones and potential stop locations. Effort is needed
to gather this information before being able to develop the demand estimation model.
Additionally, detailed usage data for all stops in the system is necessary for calibrating this
sub-module. Secondly, the acceleration and braking curves of vehicles must be obtained,
together with the maximum running speeds on all infrastructure sections. These are important
input to construct and calibrate the tram running time model. Finally, other input parameters
specific to the network being evaluated, such as dwell times, operator costs, and passenger
value of time, must be determined. Afterwards, the developed optimisation model can
accurately predict the effects of changes made to the network, and the results can be
assessed. Although the mentioned processes may require a significant time investment, the
same procedures can be performed as described in this report for the case study of The
Hague.

Even so, the findings of the case study conducted in The Hague can serve as a basis for
developing guidelines of transit systems. The study identified the key factors that influence
optimal stop locations, and by conducting a detailed analysis of these factors in a given area, a
reliable estimation of the optimal stop locations can be made without the need to model the
whole network in detail.
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6 Conclusion

In summary, this report details the development of a multi-objective model for optimising stop
locations within an urban tram network. The model can provide valuable insights into the key
interactions between stop locations, usage, and operations. Additionally, the results
demonstrate the potential for increasing ridership while achieving operational cost savings.
The model presented in this study addresses the gap in the existing literature by combining the
following features:

» Detailed evaluation of alternatives: The model has the capability to optimise a transit
network by potentially removing, relocating, and adding stops. Additionally, a
comprehensive evaluation of different transit objectives can be performed with the
modular design of the stop optimisation model.

» Detailed determination of demand at stop locations: Most literature assumes a fixed
distribution of demand along a corridor, whereas the model developed in this study
examines in detail the catchment areas (Guo et al, 2021). In particular, the
sociodemographic characteristics, land uses, building densities, and distances to and
from stops are captured in the model. Additionally, travel patterns can vary across the
city. Hence, these travel patterns are considered in the presented stop optimisation
model to establish optimal stop locations in different areas of the system. Moreover,
as there is a detailed representation of demand, the effects of the tram alignment on
this demand can be captured. Finally, the developed model considers the possibility of
passengers being lost if the generalised travel costs are too high.

» Detailed determination of running times for different stop locations: Most papers which
investigate the stop location problem assume a constant time loss at stops, whilst the
number of boardings, environment, and infrastructure can also affect the running times
and subsequent optimal stop locations (Zheng et al., 2015). Using running time data,
the model can compute the running times at and between all potential stop locations
precisely.

» Detailed evaluation of network effects: The model is able to examine the relationship
between different tram lines within the network and their impact on optimal stop
locations. Particularly, the dependencies between tram lines at transfer locations and
on shared running sections are modelled and analysed.

In the following chapter, the answers to the research questions are presented in Section 6.1.
Also, the recommendations for transit planning are exhibited in Section 6.2. This is followed
with the recommendations for future research in Sections 6.3.

6.1 Answers (0 the research questions

The objective of this study is to examine the effects of the environment on optimal stop
locations and the subsequent impact of stop locations on the transport system. By conducting
a comprehensive analysis of the factors impacting optimal stop locations and assessing their
significance, a detailed optimisation model is developed. The model is also applied on the tram
network of The Hague, the Netherlands. Therefore, this study aims to answer the following
main research question to achieve the goals of the study:

What are the optimal stop locations in an urban tram network for the users, operator and
society as a whole, and how can they be determined?

To answer this main research question, a total of six sub-questions are developed. In the
following section, the different research questions are presented and answered.
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1. Which aspects of user costs, operator costs and external costs are influenced by
different stop locations?

In the literature review conducted for this study, it was concluded that there are numerous
factors that can influence optimal stop locations in a tram network. Among these factors, user
costs were identified as the most significant (Li & Bertini, 2008). The user costs include the in-
vehicle time, access and egress time, and the transfer time of passengers. It was noted that
when stop locations are spaced farther apart, in-vehicle time reduces but the time to access a
stop increases (Li et al.,, 2022). Thus, there is a trade-off between the two. Additionally, transit
demand was identified as another crucial factor, with the land uses, building densities, and
sociodemographic characteristics in a catchment area being the main determinants for transit
demand (Hsiao et al., 1997).

Operator costs were also found to be affected by stop locations, with personnel costs, rolling
stock costs, and energy costs of operation being the primary factors. Generally, the more
stops there are on a line, the higher the operational costs (Johar et al., 2017). Finally, it was
concluded that stop locations can also impact external costs, with the emission costs being
studied the most in the previous literature (Amirgholy et al., 2017). To conclude, a conceptual
framework illustrating the aspects related to stop locations in a tram network is presented in
Figure 2.1.

2. What is the relative significance of these aspects being influenced by stop locations?

It was previously established that stop locations have various impacts on the operations of a
tram system, making it challenging to precisely quantify these effects. The determination of
optimal stop locations also depends on the specific city context and transit network setup,
with different areas of a city having varying characteristics that are critical in identifying the
ideal stop locations.

Nonetheless, the sensitivity analysis of the case study revealed that demand, access and
egress times, and in-vehicle times are the most crucial factors that influence the optimal stop
locations. Specifically, demand is primarily related to the number of households and
businesses in the catchment area of a stop. Regarding operator costs, while costs of
personnel, rolling stock, and energy all contribute significantly, the costs of energy fluctuate
the most. Thus, these are most impactful on the determination of optimal stop locations. In
contrast, factors such as transfer costs and emission costs were deemed less meaningful in
the context of The Hague.

3. How can an optimisation model that considers the important aspects for stop location
determination be constructed?

Historically, stop locations were mainly chosen based on expert judgement and guidelines, but
the stop optimisation model developed in this study allows for a detailed analysis into the
effects of different stop placements. Practically, the model selects various optimal stop
locations from a predetermined set of stop positions. Two sub-models, namely a demand
estimation model and a tram running time model, form the preprocessing steps. In these
models, the demand at stop locations, the access and egress time, and the running time
between locations for different sets of stops is determined. The access and egress time is, for
instance, computed in detail by considering different modes such as walking and cycling, and
incorporates different speeds for various sociodemographic groups. In addition, aspects like
the energy consumption for numerous stop sets can be determined and the dwell times as a
function of boarding and alighting demand is computed. Afterwards, the stop optimisation
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model determines what the optimal network configuration is, considering the weights between
different cost and time components based on the chosen objective.

In the case study, it was found that optimal stop locations can vary across a transit system.
Nevertheless, the optimisation model can precisely determine these locations based on the
specific characteristics of these areas and the tram alignment. Besides, the model can
determine the optimal stop locations on sections of track shared between different tram lines.

4. How can the stop optimisation model be calibrated using data from a case study?

Furthermore, in the case study performed in this report it is shown how the stop optimisation
model can be calibrated. To start, using sociodemographic data and current stop usage, the
demand estimation model is calibrated. It is concluded that the transit demand in The Hague
is largely influenced by the number of households and businesses in the catchment areas. The
accuracy of demand estimation improves when households are categorised based on their
income level, with lower-income households exhibiting greater demand for transit. Next, the
tram running time model is calibrated with details regarding the infrastructure and tram
performance. For the case of the Hague, the time loss during boarding has in general a greater
impact on overall running times compared to the time loss due to accelerating and braking for
a stop. Yet, the additional energy consumption for halting at a stop is predominantly attributed
to the additional acceleration. Finally, after the cost components of the various stakeholders
are obtained and calibrated, together with the perceived weights between cost components,
the model can be used to assess the network at hand.

5. How do the optimal network configurations, derived from different transit objectives in
the case study, impact the transit system dynamics?

The results of the stop optimisation model reveal a noteworthy trend where the number of
stops is consistently reduced for various objectives. Specifically, when the network is
optimised for the user, a reduction of approximately 6% in the number of stops is observed. On
the other hand, for alternative objectives, the decrease in stops exceeds 16%. However, it is
important to note that fewer stops do not indicate a compromised service quality. Although
access and egress times are increased marginally, in-vehicle times are also reduced, resulting
in an overall decrease in travel times. This improvement makes the transit system more
attractive and leads to an increase in ridership. Additionally, implementing these optimal
networks offers significant cost-saving opportunities for the operator, with potential savings of
up to 9%. Therefore, the findings suggest that strategic optimisation of stop locations can
enhance the efficiency, attractiveness, and financial sustainability of transit systems.

6. To what extent are the retrieved results from the case study usable for transit planning
and how are they different from current procedures?

Due to the many factors that influence the optimal placement of stops in a transit system, it is
challenging to extrapolate the results of a case study to other systems. Therefore, a stop
optimisation model is required to determine the most suitable locations for stops across
various parts of a transit network in detail. However, some general guidelines can be
established. To start, the relationship between demand and the number of through passengers
on a section can be used as a good indicator for optimal stop spacing. However, other factors,
such as transfer locations and the local street network, constraint stops to be positioned an
optimal distance apart. Hence, the range of optimal stop spacing can vary significantly.
Typically, in areas where trips are relatively short or at the beginning and end of a tram line,
optimal spacing ranges from 300 m to 500 m. In other urban settings, such as near a major
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train station, optimal spacing is between 500 m to 800 m. Moreover, on suburban lines where
trams are used for longer trips, average stop spacing of more than 800m is optimal. Lastly, if
the demand for a kilometre of tram line is only 10% of the number of through passengers on
that section, no stops should be placed. This may be the case in low-density areas.

What was furthermore concluded is that line speeds, at least in the case of The Hague, do not
affect optimal stop spacing significantly. This finding differs from what is suggested in other
literature (Wu & Levinson, 2021). Besides, it is concluded that a stop near the intersection of
urban transit routes or near a train station is not always optimal. When transfer passengers
are low, other aspects are also important in determining if a stop should be located here. This
has important implications, as current design guidelines of urban tram systems often state
that stops at these locations are optimal regardless (Hassan & Hawas, 2017).

Yet, the placement of stops also remains to be a political issue. Although it is concluded that in
general a transit system can be made more efficient with the relocation of stops, different
optimal stop locations are retrieved depending on the chosen objective. Moreover, it is
important to remember that the model does not dictate what should happen. Rather, it
provides valuable insights into the potential effects of different scenarios which can facilitate
the wider accessibility-versus-efficiency debate. Certain aspects, such as the principle of
equity, were not considered in the model but are important considerations in urban transport
planning. For example, certain groups in society may be disproportionately affected by
changes to the locations of transit stops. Therefore, political and social factors must be
carefully considered in addition to technical considerations when making decisions about
transit stop placement.

6.2 Recommendations for transit planning

Based on the findings of this research, recommendations for transit planning are exhibited in
this section. The main recommendation for transit planning is to adopt a data-driven approach
for determining optimal stop locations, as the ideal distance between tram stops varies
significantly throughout a network. For example, in regions where travel distances are
relatively short or near the end of a tram line, stops should be closer together compared to
other parts in the system. Thus, it is required that travel patterns and passenger behaviour
for each line section are analysed in detail. Additionally, it is important to assess
sociodemographic characteristics and trip purposes, as optimal stop locations may differ for
lines primarily used by individuals with limited mobility or those which carry significant luggage
with them.

Secondly, an important finding from the case study is that fewer stops do not result in fewer
passengers, as with shorter average trip times the tram becomes more attractive to use.
Nonetheless, this does not indicate that removing stops in every system or area is optimal.
Therefore, this phenomenon needs to be examined when designing any transit system. The
equity principle is important to consider as well, since the relocation of stops can
disproportionally disadvantage certain groups in society.

Next, when determining the optimal locations of stops, it is recommended to not only consider
the optimal spacing between stops. Factors such as transfer locations, the local street
network, and curves in the alignment of a tram line are also key. A stop near these areas can
increase the demand potential and reduce walking times to and from transit stops, benefiting
passengers. However, it is important to note that not every curve or transfer location
automatically warrants a stop placement. For instance, stops at the intersections of lines
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should only be considered optimal, regardless of any other factors, if at least 10% of
passengers require a transfer.

Moreover, the environment and communities are constantly evolving, and optimal stop
locations may change as a result. For instance, factors such as the value of time of travellers
and fluctuations in energy costs have been found to significantly impact optimal stop
locations. Transportation planners must also analyse changes in sociodemographic
characteristics, such as an aging population and subsequent changes in travel behaviour.
Additionally, the emergence of new urban developments and shifts in residential patterns
affect optimal stop locations. Only when these aspects are closely monitored and studied, can
the transit system evolve with the changing needs. Finally, addressing equity considerations
and social factors might also become more important in the future. Stop relocation could be
used to ensure fair access to public transportation and to promote social inclusion.

Even though, engineering interventions can also have an impact on the transit system. When
designing new vehicles or stops in the future, it is crucial to carefully review different design
elements. For example, implementing a different tram design or a revised fare payment
system that reduces dwell times, can significantly enhance system efficiency and can have
implications for optimal stop locations. Additionally, the design of stops can influence the
perception of travel time for passengers and enhance the overall appeal of public transport,
which should not be overlooked.

To conclude, innovations within the transit scene are important to stay on top off. One notable
aspect is the emergence of new transportation modes. The rise of autonomous vehicles, as
well as the increasing popularity of micro-mobility options, like e-scooters and bike-sharing
services, can necessitate adjustments in stop locations. For instance, if average access and
egress speeds significantly increase, optimal stop spacing also increases, as shown in the
results of this study. Integrating these modes with public transport, particularly at mobility
hubs, has the potential to enhance first- and last-mile connectivity, making it easier for
passengers to access and egress stops, further improving the attractiveness of public
transport

However, realising these benefits will require thoughtful policies and measures. Placing a
mobility hub in an area which is not well connected to adjacent neighbourhoods can decrease
the potential of such location. Micro-mobility services could compete with trips currently made
with transit as well, which might not be desirable. To avoid such instances, it is recommended
that trams are designed and optimised as a mode for interborough trips, being fast and
comfortable for larger distances in the city. The micro-mobility solutions can then cater the
mobility needs for shorter trips that may not be appealing for walking. Consequently, there are
attractive substitutes for most urban car trips.

Finally, a move towards more demand-driven transport services, such as ride-hailing, shared
mobility, and on-demand bus service, might affect where transit stops should be optimally
located. Optimising stop locations to facilitate seamless transfers between on-demand
services and timetable-based public transport could improve overall travel experiences.

6.3 Recommendations for future research

As mentioned in Section 6.2, there are various developments globally that can change optimal
stop locations. Many aspects, such as rising energy prices, can be analysed in the developed
model, but other aspects cannot and require additional research. Most importantly, research
should be performed into the effects of emerging first- and last-mile solutions on the use of

/8



transit systems. Additionally, the relationship between demand-driven transport services and
schedule-based public transport necessitates further examination. It is crucial to gain
understanding of how these services are utilised, such that stop locations can be optimised
accordingly. To add, the effects of stop skipping can be further explored in future studies.

Additionally, various assumptions were made in the model mainly related to the demand. One
limitation of the stop optimisation model is that people are assumed to not change their
itinerary when stop locations are changed. However, many instances can be thought of
whereby passengers change their trip. For example, in the case that transfer walking times
increase significantly at a particular transfer location, passengers may choose another route to
get to their destination. Besides, if one stop is removed on a specific line, it can be imagined
that people utilise a stop on a parallel line closer to their homes instead. Future research
should therefore investigate these phenomena and attempt to incorporate these in the stop
optimisation model. A possible solution could be that changes in itineraries are considered due
to the changes in generalised travel costs. This can be part of the iterations of the stop
optimisation model.

Moreover, it is advised to further explore the external costs in the stop optimisation model, as
in this report only the emissions costs where considered. For instance, with the ever-growing
need for public transport to be a sustainable alternative to private cars, it is important to also
consider the social benefits of accomplishing a modal shift. Finally, the effects of stop
locations on asset costs can be studied in more detail in future research.
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Appendix B: Results literature review

In this appendix, the results of the literature review are presented. These results form the basis
of the methodology in Chapter 3. It is investigated which aspects are affected by stop locations,
what the significance of these aspects is and how they can be modelled. Section B.1 covers the
outline of a stop location optimisation model and it is investigated which elements should be
included in such a model. This is followed by Section B.2 which specifically focuses on the
demand determination in a stop optimisation model. Next, Section B.3 presents the aspects
influencing user cost with regard to stop locations in more detail. Finally, Section B.4 examines
the operational costs together with the external costs which are related to stop locations.

B.l Structure and workings of a stop optimisation model

As was concluded in the literature review, several types of stop optimisation models have been
constructed over the years. Some models are very complex examining many aspects of transit
operation, whilst others are simpler and only look at the main characteristics influencing stop
locations (El-Geneidy et al., 2006; Lepréte et al., 2020). In addition, there is a distinction between
so-called stop consolidation models and models which also consider new potential stop
locations. The former models assume that the effort of moving stops in an urban area is not
worth it or not achievable (Wu et al., 2022). An advantage of stop removal is that theoretically it
can be achieved tomorrow, while relocating stops costs more time and more money to
implement. Yet, the stop consolidation procedure is based on the assumption that current stop
spacing is too short, which might not always be the case (Stewart & El-Geneidy, 2016).

Furthermore, for the determination of optimal stop locations which minimise user costs,
operator costs or social costs, two types of methodologies are used. One methodology of
determining optimal stop locations is by the means of simulation, the other is linear
programming. The big difference is that the linear programming optimisation models analyse
all possible alternatives, whilst a simulation model investigates the alternatives specified by the
user of the model. Simulation models are really powerful as they generally require fewer data
and require fewer calculations. Often only a few alternatives are seen as potentially viable and
are tested (Sahu et al,, 2022). Yet, these benefits diminish with bigger transit systems as the
number of viable alternatives increases exponentially. On the other hand, the complexity of linear
programming models is not affected significantly by the size of the network, whilst allowing for
the assessment of many alternatives. As a result, alternatives which are seen as non-viable at
first glance, can be determined to be optimal in the model (Lepréte et al., 2020).

Moreover, when building a stop optimisation model, it can be beneficial to predetermine the
possible solution space. Theoretically, every metre along a corridor can be marked as potential
stop location, yet this is not practical. There are many aspects related to the environment which
can make stop locations unsuited. Removing locations, which can already be marked as
unsuitable after a quick analysis, can reduce the running time of the model.

First of all, tram stops are generally not built in sharp curves, due to potential gap between the
platform and the tram vehicle. In addition, stops should also not be placed on steep gradients
(Nuworsoo, 2011). Besides, transit stops are often built at locations which are well connected to
the pedestrian infrastructure, providing easy neighbourhood access (El-Geneidy et al., 2006). For
instance, a stop is not located very far from the next cross street, as average walking times
would otherwise be unnecessarily long. Only when there is a building which generates a lot of
transit trips, like a faculty of a university, should such location be eligible (Nuworsoo, 2011).
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Literature also suggests taking transfer points to intersecting transit routes as viable locations,
but this is already incorporated when considering all locations at cross streets (Sahu et al,
2022). Next, stops should always be located in a safe location, therefore potential unsafe
locations should also be filtered out (El-Geneidy et al., 2006). The last potential stop locations
that should be considered are the physical end of a tram line (Hassan & Hawas, 2017).

Finally, in literature Key Performance Indicators (KPIs), which can be used in an optimisation
model to determine the effectiveness of a stop location solution, are given. The most important
KPI is the objective function of the lowest user, operator or social costs. This incorporates user
costs, operator costs and external costs. Secondary KPIs which can be used are the average
travel time for passengers, operational costs and the stop spacing for different lines in the city
(Dell'Olio et al., 2006). For the travel times, also the in-vehicle time and the average access and
egress times can be distilled. Whilst for the operator costs, it is significant to know the fleet size
required for operation as well.

» Various stop optimisation models have been developed over the years. Some models
only consider removing stops whilst others also examine the possibility of relocating
stops. In addition, there is a distinction between optimisation models that evaluate
alternatives and linear programming models which find the stop locations with the
highest or lowest objective value from all feasible possibilities.

* Not all possible stop locations should be considered in an optimisation model, only the
practical stop locations.

« Key Performance Indicators (KPIs) should be used to assess the effectiveness of an
alternative or a model solution.

B.2 Transit demand determination in a stop optimisation model
A complex aspect of determining optimal stop locations, is estimating what the demand for
stops in certain scenarios is. Travel demand is incredibly commonplace to be unevenly
distributed over the city (Guo et al., 2021). Ideally, the demand for transit is known on street level
to optimise the stop locations, however obtaining such information can be troublesome.
Additionally, having the demand of transit for the whole city on street level, means that a lot of
computational effort is required by the optimisation model.

B.2.1 Modelling demand at stops in a stop optimisation model

Currently, many papers assume an even distribution of demand along a corridor in a stop
optimisation model (Gao et al., 2009). These reports mostly look into finding general guidelines
for stop spacing. This simplification requires fewer data, but one can imagine that demand is
everything but evenly distributed along a corridor. For instance, the demand in the suburbs is
likely lower, due to the lower housing density. Other models therefore divide the city into a few
density zones to model the differences in demand between the suburbs and the city centre (Guo
et al, 2021). Yet, with such methodology stops can still be placed inefficiently next to parks
where the demand is low. Additionally, some models use a linearly increasing demand from the
city centre, but the same problem remains (Spasovic & Schonfeld, 1993).

Another problem of distributing demand over a corridor is created when a transit line is not
straight. When the transit line takes a corner, the demand in the inside of the corner is captured
twice. This phenomenon, visualised in Figure B.1, results in the fact that the stop location
optimisation model does not model the demand correctly (Mei et al., 2007).
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Figure B.1: Even demand distribution over a corridor and results of turns in the alignment on the modelling of demand.

Another proposal for allocating areas for potential ridership to a stop, is by creating an arbitrary
circle around the stop. The radius of the circle is a predefined value of acceptable walking
distance. The density of houses in the area determines the potential ridership of the stop. When
the catchment areas of two stops overlap, the overlapping area is evenly distributed over the
two stops (Kimpel et al., 2007). Nevertheless, no distinction is made between people living next
to a potential stop and people living on the boarder of the circle. This is further elaborated in
Section B.2.2. Another issue of a circle is that it does not consider the local street network, but
goes off the aerial distance. Yet, people cannot fly towards a stop, they use the streets instead.
They can therefore be within the circle boundaries, but the distance to get to the stop is larger
than the acceptable distance (Gutiérrez & Garcia-Palomares, 2008). Only with radial street
networks around stops, circles are viable (Foda & Osman, 2010). This method is therefore mostly
used for catchment areas of train stations in towns (Wu et al., 2022).

It is concluded that the street network can play an important role in the results of the stop
optimisation model (Egeter, 1995). Literature findings suggest that the catchment area in grid
networks can better be represented by a diamond shape around the stop compared to a circle.
A location is within the catchment area if the Euclidean distance to the stop is smaller than the
acceptable distance (Walker, 2010). Yet, with irregular street patterns, mostly seen in American-
style suburbs, this is also not a viable method. In such instances, a polygonal area needs to be
determined for which walking or cycling distances towards a stop are acceptable (Foda &
Osman, 2010). As an example, in Figure B.2 and Figure B.3 the areas are shown which are
reachable within 7 minutes of walking from a transit stop in Berlin and Toronto, respectively.
Although the street network of Berlin is not perfectly grid-like, the catchment area mostly follows
a diamond shape. However, the catchment area is not well represented by a diamond shape in
the second figure, due to the use of cul-de-sacs in the street network of Toronto. Besides, new
studies also use Geographic Information Systems (GIS) to accurately model the number of
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people living in close proximity to a transit stop. However, as stated earlier, this methodology
requires a lot of data which might not be available (Biba et al., 2010).
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Figure B.2: Catchment area of a transit stop in Berlin,  Figure B.3: Catchment area of a transit stop in Toronto,
Germany (Oaley, 2023). Canada (Oaley, 2023).

A completely different solution which is used to determine the demand for a stop, is to model
demand from an area as an entry point along a corridor (Wirasinghe & Ghoneim, 1981). Yet, a
problem arises with such methodology; passengers which have equal access times to two
transit stops, as they are between the two entry points, are already allocated a stop before the
optimisation model is used (Chien & Qin, 2004). Alternatively, the demand between two entry
points can be evenly distributed between the two (Furth & Rahbee, 2000). However, the
characteristics of the local street network are disregarded again in this instance if transit stops
are placed between two intersections of parallel streets.

* Modelling demand along a transit line can pose challenges, as it often requires either a
large amount of data or requires significant assumptions on the distribution of demand
along a corridor.

B.2.2 Acceptable access and egress distances to transit stops

As was mentioned in Section B.2.1, it is important to know the distance people are willing to
travel to a transit stop and what the distance decay is. The distance people are willing to walk or
cycle to a transit stop is not only dependent on sociodemographic aspects, also the
characteristics of the transit service are important (Brand et al,, 2017; Kim et al,, 2010). The
longer the length of the total trip, the more people are willing to walk or cycle. In addition, people
are willing to have further access distances towards reliable and more frequent services (Mulley
et al, 2018). This is a reason why the acceptable distance to a metro stop is higher than to a
regular bus stop, partially contributing towards larger stop spacing of metro systems.

Generally, it is assumed that the distance people walk or cycle to a transit stop follows a half
normal distribution from zero distance (Wu et al.,, 2022). However, on the parameter of the
variance there is less of an agreement. This is due to the different characteristics of transit lines
as mentioned before. A study from Brisbane, Australia found that the median and 85" percentile
distances people walk from home to all public transport stops are 600 m and 1.3 km,
respectively. For walking distances from public transport to end destinations these distances
are 600m and 1.09km, respectively (Burke & Brown, 2007). Another study from Calgary, Canada
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concluded that average walking distances to LRT stops are 649 m and 326 m for suburban and
central stops, respectively. The 75" percentiles are 840 m and 419 m, respectively (O'Sullivan &
Morrall, 1996). Another report from Canada found that people access LRT stops or metro
stations up to 1.5km, but the total use falls off quite sharply after 500 m (Stringham, 1982).

On the other hand, a study from Busan, South Korea found that the average access distance to
a bus stop is around 400 m with the 90" percentile at 640 m, whilst for metro stations the
average distance is equal to 530 m with the 90™ percentile at 880 m (Kim et al., 2010). A study
from The Hague, the Netherlands found similar results where the median and the 85" percentile
for walking distances lied at around 380 m and 730 m, respectively, with the cycling distances
being 1.0km and 1.8km for the median and the 85™" percentile, respectively (Rijsman, 2018).

These latter walking distances are significantly lower than the distances found in Australia and
Canada. An explanation for this can be that the density in South Korean and Dutch cities is higher
than in Brisbane and Calgary. Higher density allows for more transit and higher line density,
meaning people are walking on average less towards a transit stop in the vicinity. Yet, when stop
density drops, people will also access a stop with faster modes such as the bicycle as seen in
the study from The Hague (Rijsman, 2018).

* The closer people their origin or destination is to a transit stop, the more likely they are
going to use it.

» The distance people are willing to walk or cycle to a transit stop is dependent on the trip
length of a passenger and the characteristics of the transit service.

B.2.3 Land use and sociodemographic effects on stop usage

The number of people making use of a transit stop is not only dependent on the housing density
around the stop. Sociodemographic characteristics can influence stop usage as well and the
same holds for land uses and employment characteristics (Hsiao et al., 1997). The stop spacing
of a line should therefore be dependent on land uses (lbeas et al, 2010). The density of a
particular land use within the vicinity of a transit stop also has a great influence on the usage of
a transit stop, similarly to housing density (Furth et al., 2007).

In literature it is found that household density is the biggest contributor to trip production
(Mekuria et al., 2012). Age and household income are less significant, but do play a part in
generating passengers at urban transit stops (Wu et al., 2022). Furthermore, it was concluded
that commercial and retail zoning generate per area significantly more trips than residential
zoning and therefore require denser stop spacing (Chen et al,, 2016). This also entails that
placing a transit stop near a commercial centre can significantly reduce average trip times.
Especially shops, offices, high schools and universities generate a relative high number of trips
(Burke & Brown, 2007).

» Stop usage is mostly influenced by building density in the catchment area of a stop and
sociodemographic characteristics.

B.3 User costs in a stop optimisation model

The aspects regarding stop location which affect user costs are given in this section. User costs
are composed of the fare and the travel time. Fares could be considered using consumer surplus
and producer surplus to determine social welfare. This would be more realistic than other
methodologies, but complicated at the same time. Alternatively, it could be argued that fares are
paid by the passengers to the operator. Hence, there is no difference in social welfare with more
people traveling and with various ticket prices (Van Nes & Bovy, 2000). Therefore, only the
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perceived travel time is important to consider. The travel time itself can be further specified in
the access and egress times, waiting times, in-vehicle times and transfer times.

B.3.1 Access and egress times

The access and egress times for passengers can easily be computed when their origin and
destination is known (Li & Bertini, 2008). A distinction can be made for passengers using
bicycles as an access or egress mode and passengers walking to or from a transit stop. In urban
areas where stop spacing is less than 800 m and line spacing is less than 1.6 km, most people
reach a stop on foot (Van Nes & Bovy, 2004). Only with smaller stop density becomes the bicycle
a significant feeder mode and with very large spacing can the car become a viable feeder mode
as well (Brand et al., 2017). Hence, for urban networks it often suffices to only consider walking
as the main feeder mode. Biking should solely be considered for branches far in the suburbs
which lie further apart and where the tram has a connecting function.

Furthermore, as the characteristics of a transit service influence the distance passengers are
willing to travel to a stop, it could be that passengers access a stop in the network that is not
necessarily the closest (Van Mil et al., 2021). Only when transit services are comparable when it
comes to frequency, speed, reliability and comfort, can it be assumed passengers access the
closest transit stop.

In order to find the access and egress times, the distances from the origin and destination to the
transit stop should be known, together with the average speed. To start, the average walking
speed is highly dependable on the physical ability of a person and the number of signalised
crossings on the route. It is found that in decently sized cities with a population between 100,000
and 1 million residents, the average walking speed is approximately 1.4m/s (Wirtz & Ries, 1992).
Other literature also suggests an average speed of around 1.4 m/s for non-signalised routes
(Forde & Daniel, 20217). On the other hand, when signals are also considered, speeds sometimes
drop to 1.2m/s or even 1.0m/s (Ali et al., 2018; Porter, 2007).

In addition, it was found in literature that the walking speed of people younger than 40 years old
is approximately 10% higher than the average. People around 60 years old walk 10% slower than
the average, whilst for people older than 65 the walking speed is 20% lower than the average
(Wirtz & Ries, 1992). This also explains why elderly prefer stops close by over shorter in-vehicle
times. When the age of the people accessing the stop is known, the total walking times can be
determined per age group.

Furthermore, average cycling speeds are even more dependent on local characteristics such as
the number of signalised crossings compared to walking. Average speeds are expected to lie
around 12 km/h in urban areas (Boer, 2022). Differences between age groups are less
measurable for the bicycle as older people more frequently use e-bikes, increasing their average
speed. This is also helped with the fact that cyclists are waiting relatively longer at traffic lights
than pedestrians as mentioned earlier, thus equalising speeds.

* The access and egress times to a stop are reliant on the distance that needs to be
travelled and the average speed of a particular mode or person.

B.3.2 Running times trams

Following the access and egress times, the in-vehicle times require to be calculated in the stop
optimisation model. The in-vehicle times are not easily computable as many factors can
influence the running times of trams. For a start, the speed of a tram is not constant. Trams
have to regularly stop to pick up passengers, also introducing dwell times. On top of that, trams
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have to accelerate from these stops to reach their cruising speed, and decelerating for stops is
also required. Scheduled trip times can be used to determine in-vehicle times, however the
running times between new stop locations are not known in advance. Besides, what makes
matters more complex is that not all trams run on maximum pace, as their timetabled running
times are often different from their minimum running times. This is done to reduce the energy
usage of the trams and to allow for buffers in the timetable. Delays can be recovered, increasing
the reliability of the system (Schittenhelm, 2011). Hence, a time supplement is used in planning.

Furthermore, most literature assumes constant braking and acceleration rates for running time
determination of urban transit vehicles (Saka, 20071). Using continuous acceleration and braking
is however a simplification, as with greater speed the tractional effort of electric vehicles
decreases and the air resistance increases significantly (Keskin & Karamancioglu, 2017).
Therefore this should be considered when a more detailed running time model is desired.

» The in-vehicle time for passengers can be divided into the running time between stops
and the dwell times. Accurately calculating the running times between new stop
locations requires a detailed running time model.

B.3.3 Congestion effects at transit stops

Not always can a tram achieve minimum running times. The driving style of an operator is one
of the many factors that can cause variations, but the variations are mostly caused by other
traffic being on the route. When trams run mixed with other traffic, congestion could result in
trams having to limit their pace (Ibeas et al., 2010). Additionally, trams can be hindered by traffic
lights if there is insufficient transit priority. Stopping at intersections can increase the running
time and decrease the average speed. When a tram is already stopped for a traffic light, the
additional time loss to also let passengers board is very low. Yet, creating a stop could mean
that a tram arrives when there is a green light (or white in the case of a tram), and when the
vehicle is about to depart the light turns red. Although, this probability is equal to the probability
of arriving with a red light and departing with a green light without transit priority.

As was found before, shorter stop spacing is more optimal for lower speeds. Therefore, it is
important to not only know the theoretical running times of trams, but also the average running
times. It could be argued that there is a great variation in running times over the day, signifying
that taking averages is not justified. However, it can also be argued that the stop locations must
be consistent over the day, meaning that the average conditions should be taken when creating
a stop optimisation model.

In literature it is argued that finding the average speed of transit vehicles during congested
conditions is dependent on local characteristics and conditions (Alonso et al., 2011). Therefore,
it is best to investigate the average running times between stops based on Automatic Vehicle
Location (AVL) data available for the city in question. Within these data the running times
between consecutive stops can be retrieved from which it can be deduced how fast trams are
able to run on average. These data can be used in the optimisation model.

» There are various reasons why not all trams take the same amount of time to travel
between two succeeding stops. Therefore, great care should be taken when determining
average trip times in the stop optimisation model.

B.3.4 Dwell times and boarding at transit stops
Besides inter-stop running times of trams, also the dwell times at stops are really important.
Dwell times directly influence the time a through passenger has to spend on the vehicle. It goes
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without saying that the more people board and alight the tram, the longer the dwell times are.
Speeding up the boarding process could make it more viable to have more stops. On top of that,
long dwell times are also a major factor in creating delays on a service and therefore reducing
reliability (Tirachini, 2014). The whole phenomenon of vehicle bunching is a direct effect of
lengthy dwell times. Hence, it is beneficial to reduce these.

A study from Milwaukee, Wisconsin found that the dwell time at a stop can be estimated by the
following formulas (Guenthner & Sinha, 1983):

d=2z+(50—-12x*In(z)) forz <23
d=zx1.2 forz = 24
where:

- d: Total dwell time at stop in seconds
- z: Total number of passengers boarding and alighting

However, these values cannot be easily implemented in other cities. For a start, vehicles can
have different door arrangements and different fare-payment systems onboard (Jara-Diaz &
Tirachini, 2013; Rajbhandari et al, 2003). Also, it was concluded that the R2-value of the
equations above is equal to 0.36. This indicates that there is a lot of variation in dwell times and
that not only the number of passengers affects the length of the boarding process. Yet, a
conclusion that can be used is that with an open boarding regime, with boarding and alighting
at all doors, dwell times are not significantly different with varying boarding/alighting-ratios. This
relation is also found in other literature (Banks, 1984). When other boarding regimes are used
with, for instance, dedicated doors for alighting or boarding, dwell times can increase even
further (Zheng et al,, 2015).

A study from Sydney found that other aspects contribute to the dwell time as well. It is concluded
that every vehicle at a stop has a deadtime in which no passengers can board or alight, since
the doors need to be unlocked and opened first. Furthermore, it is found that depending on the
age group and the fitness of passengers, boarding takes longer and the crowding on a vehicle
also influences dwell times. Finally, a difference in dwell times is found between high-floor and
low-floor vehicles (Tirachini, 2013).

» Dwell times depend on several factors, but the most significant correlation is with the
quantity of passengers getting on and off a vehicle.

B.3.5 Queuing delays at transit stops

Besides the before-mentioned delays at stops, there is another delay which can occur for tram
vehicles. This is when there are more trams requiring to halt at a stop than the capacity of that
particular stop allows. What is regularly seen on a line is that a tram stop allows for one vehicle
to stop alongside at the time. Also, on a corridor with more and busy lines, stops would regularly
be dimensioned for two vehicles at once (Tirachini, 2014). Not even considering disruptions,
scenarios are imaginable where a rail vehicle has to queue. The average queuing delay at a stop
is highly dependable on the average dwell times and the combined frequency on a corridor. For
dwell times of 60 seconds on average and a combined frequency of 40 trams per hour per
direction, already an average queuing delay of more than a minute can be observed when the
stop is only the length of one vehicle (Tirachini, 2014).

If the stop spacing is increased, it would lead to longer dwell times as discussed in Section B.3.4.
The queuing delays on busy corridors can therefore also increase significantly. For that reason,
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it should be studied if in the network that is investigated there are stops which constrain capacity
significantly. Besides, if stops are moved, the design of the new stops should allow for enough
capacity for the number of vehicles on that stop.

Finally, literature found that transit vehicles standing along a platform could delay road traffic
behind (Chen et al,, 2018). This only happens when trams share the road with cars, and when
cars do not have a bypass lane around the tram stop. The effects of this phenomenon are highly
dependent on the local traffic situations.

» On busy stops or stops being served by multiple frequent lines, queuing delays are likely
to occur, which can result in longer in-vehicle times.

B.3.6 Transfer times

Transfers are also a major part of determining an optimal transit network with transfer stops.
Transfers are generally perceived as a burden and increase the perceived travel time
significantly. In modelling often a so-called transfer penalty value is applied to model this
phenomenon (Hossain et al., 2015). Ideally, when lines intersect there is a stop on both lines to
improve the quality of the transfer. The same methodology can be applied for transfer points
with, for instance, trains. Other optimisation models for bus stop consolidation strategies also
frequently not even consider removing a transfer point, as these are assumed to be too
important to remove (Hassan & Hawas, 2017; Sahu et al., 2022; Wagner & Bertini, 2014). An
additional benefit of taking transfer points as a constraint, is that the number of viable solutions
for stop locations in a network is significantly reduced, resulting in a model that runs quicker
(Furth & Rahbee, 2000). However, instead of presuming that a transfer connection should be
made when lines intersect, it can be better to confirm this in the optimisation model. It might be
beneficial in certain circumstances to move a stop if the number of people transferring in the
current situation is very low.

Furthermore, demand for boarding and alighting is often distributed over an area, but in transit
networks transfers can be modelled as point of demand (Furth & Rahbee, 2000). For the
planning of stops on an individual line, a transfer location is often seen as an actual destination
with transfers being ignored (Wu & Levinson, 2021). Yet, this is a simplification for a network-
wide stop optimisation model as this does not incorporate the additional perceived travel time
due to transferring.

Literature states that the perceived transfer penalty can be computed using the following
formula (Iseki & Taylor, 2009):

TP, = Walk * Walk,,) + (Wait, * Wait,,) + TP,
where:

- TP,: Transfer penalty, including transfer walking and waiting

- Walk,: Time in minutes walking to transfer

- Walk,,: Passenger valuation of walk time to and from transit stops
- Wait,.: Time waiting for transit vehicle to transfer in minutes

- Wait,,: Passenger valuation of wait time at transit stops

- TP, Transfer penalty excluding transfer walking and waiting

Interestingly, it was concluded in a revealed preference study that the waiting time at a transfer
is not perceived significantly different than other waiting times. The same holds for the walking
time between transfers not being perceived differently than the access times (Iseki & Taylor,
2009). The only difference is the transfer penalty excluding walking and waiting. Although, other
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studies found walking between two stops to be perceived three times as high as the waiting
time at the transfer stop. This is not in line with walking and waiting to the access stop (Hossain
et al, 2015). In spite, this was concluded using a stated preference study.

Moreover, it is suggested that there are three categories of factors which contribute to the
transfer penalty perceived by passengers, excluding transfer walking and waiting. Firstly, there
are the operational factors which include, for instance, headways and reliability of the connecting
service. Secondly, there are the physical environment factors at stops such as safety, comfort
and convenience. Finally, there are the passenger factors such as the familiarity of the system
(Iseki & Taylor, 2009).

» Transfers are perceived as a burden compared to other trip components. The transfer
time should therefore be modelled separately in the stop optimisation model from, for
instance, access and egress times.

B.4 Operator and external costs in a stop optimisation model
Next to the user costs, there are also costs for the operator and external costs which are
dependent on stop locations. The costs for the operator include the daily operational costs,
whilst external costs mainly investigate emissions and safety of the tram network. Identifying
these aspects and their importance is key for creating the stop optimisation model.

Other reports found that there are four different types of annual operating costs (Shrestha &
Zolnik, 2013). The categories are operations, maintenance, non-vehicle, and general
administrative. Firstly, operational costs include wages of vehicle operators, fringe benefits and
services. Secondly, maintenance costs include electricity, maintenance of rolling stock and
many other aspects. Finally, non-vehicle costs include for instance liabilities, whilst
administrative costs include other wages and salaries.

B.4.1 Fleet size, labour costs and maintenance costs

With bigger stop spacing, the trip times for trams are shortened. Thus, a smaller fleet is required
for operation when frequency is assumed to remain constant (Johar et al., 2017). This is a
significant benefit for operators as trams are expensive to purchase. On top of that, fewer drivers
are required for operating the network, as every vehicle needs a driver (Griswold et al., 2013).
This is one of the main reasons why operators are interested in reducing the number of stops
(Alterkawi, 2006).

A smaller fleet does not only entail fewer vehicles to be purchased, but also less maintenance is
required (Griswold et al,, 2013). In addition, a smaller fleet also signifies, among other things,
that smaller depots are necessary. The maintenance costs are mostly calculated in literature as
the costs per travelled vehicle distance (Shrestha & Zolnik, 2013). This therefore is an average,
which does not consider the effects of stop spacing on maintenance costs. Studies suggest
that most maintenance must be done to tram vehicles due their excessive accelerating and
braking. Increasing stop spacing is therefore expected to reduce the maintenance required for
vehicles (Nuworsoo, 2011). However, the specific effects are not clear. It is also noted that with
higher speeds, more maintenance is required to the rails (Wu & Levinson, 2021). These effects
are also not researched well.

Besides, the total maintenance costs of stop facilities are dependent on the number of stops in
the system. As can be expected, fewer stops require less maintenance (Medina et al., 2013).
However, there is a caveat to that. If stops are removed, the adjacent stops are expected to
receive more passengers. Therefore, these stops possibly need to be upgraded in size or with
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new amenities, requiring additional maintenance costs if these cannot be covered with
additional advertisement (Tirachini, 2014). In addition, if a new location for a stop is deemed to
be necessary, this will require additional financial investment to construct this stop (Gao et al.,
2009). Especially when stops are to be relocated in the short term, this would cost a significant
amount of money. Yet, if new stop locations are incorporated in the design of a street, when
these streets have to be reconstructed every so often, costs might be a fraction of what is
otherwise expected.

» Current papers mainly look into the costs per travelled distance of a vehicle when
calculating operator costs, thus not incorporating the effects of stop locations.

B.4.2 Energy consumption and external costs

It was concluded in literature that the potential of at-stop energy usage reductions is higher than
that of inter-stop reductions. This suggests that reducing stops could be effective in reducing
energy costs (Yang et al,, 2022). Trams are really efficient when it comes to rolling resistance
due to the steel-on-steel contact between the wheels and the rails. On top of that, new trams
can better recuperate energy while braking, with fewer energy being lost. Nevertheless, the
introduction of air conditioning in trams and a range of other systems like passenger information
screens also means the energy consumption of trams is still relatively high, even whilst idling
(Siemens, 2013).

Moreover, there are four main types of energy consumption related to the operation of trams.
These are energy usage when accelerating, braking, cruising and idling. In reality, there are a lot
more aspects which relate to energy like the number of passengers and the ambient
temperature, but also small things like the energy to open and close doors and the energy
required for wind screen wipers (Szilassy & Folders, 2022).

Next to the aspects mentioned before, emissions are becoming more and more an import
aspect in the planning of transport. The world is better acknowledging the effects of emissions
on the climate and the local air quality. Not only are emissions important when a decision
between two transport modes is made, it is also important with regards to how emissions of
one particular mode can be reduced (Gong et al., 2011). This might be more relevant for polluting
buses, but energy consumption of trams can also be investigated. Constantly accelerating and
decelerating of heavy vehicles such as trams costs a lot of energy, energy which in return cannot
be used by other electricity users. Still not all electricity comes from renewable sources and
therefore saving electricity can indeed reduce pollution elsewhere (Linders, et al., 2021). A critical
look can often reveal that more can be done to make trams a more sustainable mode of
transport. Hence, it is important to see the relation between stop spacing, energy consumption
and emissions. This is especially important when the objective is to minimise not only the user
and operator costs, but also the social cost (Amirgholy et al.,, 2017).

There are two methods for determining the emission that can be saved with wider stop spacing.
The first method looks at the direct emissions polluted by a vehicle (Shrestha & Zolnik, 2013).
The second method looks into the electricity consumption of a tram and then determines how
many emissions would be emitted if all this energy would be produced in a non-sustainable
manner (Griswold et al., 2013). Since the direct pollution of trams is rather limited, it can be
deemed more appropriate to calculate the emissions using the second method.

Finally, when the transit system becomes more attractive, it is expected that more people will
make use of the system. For instance, people who previously took the car as preferred mode of
transport, now take the tram instead. This will not only alleviate traffic on the roads, but roads
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will also get safer and there is fewer pollution in the city (Gossling, 2022). These are external
benefits which are affected by stop locations. However, within literature there is little research
on the significance of these effects and their relation to stop spacing.

» There are four main types of energy consumption related to the operation of trams and
stop locations. These are energy usage when accelerating, braking, cruising and idling.

» Stop locations can have multiple external effects. The effects most easily quantifiable
are those of pollution due to energy consumption.
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Appendix C: Mathematical formulation of the
stop optimisation model

The formulation of the stop optimisation model is given in this appendix. First, the general
characteristics of the model are presented, together with the possible objective functions and
the constraints. This is done in Sections C.1 to C.3. This is followed with a short showcase of
the presented stop optimisation model in Section C.4 as well. Finally, an overview of the model
formulation is presented in Section C.5.

C.1 Solving technique of the stop optimisation model

From the findings in the literature review it was already concluded that the stop optimisation
problem is a complex problem with many trade-offs and dependencies. Therefore, the
mathematical model that is constructed requires many constraints. Finding the optimal solution
with a multitude of constraints can be complicated and time consuming if an inefficient solving
technique is used. To circumvent this, the simplex method is employed. This technique is one
of the most efficient algorithms ever invented and is still standard practice for computers to
solve optimisation problems in the 271st century, even though it was invented in the fifties
(Wright, 2009).

However, the simplex method can only be used for linear programming. Linear programming is
a form of mathematical programming whereby all functions and constraint should be in a linear
form. If there are any nonlinear functions, this would result in significantly longer running times
of the optimisation model, as other less efficient algorithms would have to be used (Bonnevie,
2015). Hence, constraints should often be reformulated into a linear form to acquire an efficient
model.

Lastly, the stop optimisation model employs binary decision variables for stop locations, which
cannot be solved optimally using the simplex method designed for continuous variables.
Instead, the branch-and-bound algorithm is commonly used to solve integer programming
problems. This technique involves solving the relaxed problem, using continuous variables and
the simplex method, followed by decomposing the initial problem with new constraints to
maintain variable integrity (Correia, 2021). The efficiency of the branch-and-bound method relies
on generating and solving subproblems in a specific order, which in turn depends on the variable
selected for branching. Unfortunately, there is no universal approach for determining the optimal
branching variable, and commercial solvers may employ heuristics to aid in selecting that
variable (Gurobi Optimization, 2022).

» The simplex method and the branch-and-bound algorithm are used to optimise the stop
location problem, requiring exclusively linear functions.

» Binary decision variables are used for the stop locations. Within the optimisation model
it is explored which of these decision variables result in the optimal solution.

C.2 Objective functions of the stop optimisation model

The objective of the model is to determine the stop locations which minimise the user costs,
operator costs and social costs of the network. Firstly, the objective function required for
minimising the social costs is investigated in Section C.2.1. Following this, the objective
functions for minimising user and operator costs are exhibited in Section C.2.2.
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C.2.1 Objective function for minimising social costs

For the objective of minimising social cots, there are three main cost components which are
considered as mentioned in Chapter 3, specifically the user costs, operator costs and external
costs. However, simply minimising these costs would lead to an undesirable solution containing
an optimal network with no stops. In other stop optimisation models this would not be
applicable as the number of passengers taking transit is considered constant, whilst in the
model presented in this report this is not the case (Alonso et al,, 2011). If there are no stops
close by, passengers will avoid public transit, resulting in no travel costs. Since the zero solution
is not useful, rather a network should be obtained in which, for instance, the social costs per
passenger kilometre are to be minimised. Yet, in linear programming such divisions are not
allowed (Lindo, s.d.).

To avoid the problems mentioned above, another method is implemented. Namely, the objective
function of the model incorporates the percentual difference in users costs with respect to the
user costs in the current network. The user costs should only decrease in the case that the
percentual decrease in ridership and in passenger kilometres is less. This would imply that the
average user costs drop, thus being an improved solution. Operator costs and external costs
are incorporated as usual, whereby fewer costs lead to a more optimal solution. The
mathematical notation of the objective function that is used to minimise social costs is given
below:

o Cy B KM
Ob] (mln) = CUcurrent * C -

Ucurrent Beurrent  KMcyrrent

i€eL JES; JES; ki€EK; LET;

Jrcora

HS

Co % Noyprent * VC + HS % DC + Z EU; x EC

i€l
Cs = Z EU; *IC

i€eL

Hscurrent

B = Z By;
i€L,jes;

KM = 2 Pki *KMkL'
k€K

HS = Z HS;

where:

- Cy: Total user costs in tram network

CUgypren;. 10tal User costs in current tram network

- B: Total number of boardings in tram network

- Beyrrene: TOtal number of boardings in current tram network

- KM: Total number of passenger kilometres in tram network

- KMc¢yrrens: TOtal number of passenger kilometres in current tram network
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- C,: Total operator costs in tram network

- Cg: Total external costs in tram network

- L:Set of lines in the network

- §;: Set of potential stops for line i

- K;: Setof line segments on line i

- T;: Set of transfer groups for line i

- VoT;: Average value of time on line i

- TA,; Total access and egress time at stop j on line i

- TD;;: Total time lost due to idling for passengers at stop j on line i
- TIN,,: Total in-vehicle time on line segment k;

- TTy: Total transfer time for transfer group [

- F4p: Perceived weight for access and egress times

- Fpr: Perceived weight for transfer times

- HS: Total number of timetable hours in tram network

- HS_.yrrent: TOtal number of timetable hours in current tram network
- Neyrrent. TOtal number of trams required in current fleet
- VC: Total costs per vehicle in fleet

- DC: Total costs per timetable hour

- EU;: Total electricity consumption on line i

- EC:Cost of electricity usage

- IC: Environmental costs due to energy usage

- B;;:Number of boardings at stop j on line i

- P,,: Number of passengers on line segment k;

- KM, Length of line segment k;

- HS;: Total number of timetable hours on line i

The applied method is called the Lagrangian method. With such methodology a constraint is
integrated into the objective function. In general, a great advantage of this technique is that the
optimisation model can be solved without the need of parameterisation for particular
constraints (Strang & Herman, 2022). Nevertheless, this method is predominantly utilised in the
formulation of the stop optimisation model to avoid challenging constraints regarding demand.
In addition, the solution space is reduced with a Lagrangian function; only solutions where the
number of passengers increases or does not vastly reduce are considered. As this solution
space is sufficient for the required purposes and the model running time reduces with a smaller
solution space, this is satisfactory. Yet, the model is also more complex due to the adaptation
of the objective function. The objective function is not a simple multi-objective minimisation,
thus increasing the length of the optimisation process (Kalman, 2018).

* When the objective of the model is to minimise social costs, the sum of the user costs,
operator costs and external costs is minimised in the optimisation model. Yet, with the
applied objective functionit is also ensured that tram usage stays at and adequate level.
Thus, an optimal solution without any stops in the network is avoided.

C.2.2 Objective functions for minimising user and operator costs

Apart from a model that minimises social costs in a network, it is also interesting to compare
the solution of that model to an optimal network for users and an optimal network for the
operator. For the former, when the optimal network for the users is considered, the external
costs and the operator costs are disregarded. The solution of this model gives the optimal
network in which there are the most passengers with the lowest travel costs. The constructed
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stop location model can be easily adapted to this, by removing the operator and external costs
from the before-presented objective function.

The optimal network for the operator is not obtained as easily. When the costs for the operator
are minimised, no stops are chosen thus resulting in no passenger being able to use the tram.
Therefore, there will also be no revenue for the operator. To avoid this zero solution, the revenue
due to ticket sales should be incorporated for the operator model. Yet, finding the average
revenue per passenger can be difficult. First of all, transit riders often do not pay a flat fare per
trip, but rather a boarding fare and a kilometre fare. When passengers transfer to another line,
they do not have to pay this boarding fare a second time. In addition, some people travel with a
discount and therefore pay less for their travel. Also, some operators receive additional subsidy
for every passenger they transport from an authority. What makes matters even more complex
is that some passengers make use of monthly transit passes whereby the costs for the
passenger are constant no matter the number of trips they travel in that month. Finally, in some
instances particular groups receive a free transit pass. As an example, in the Netherlands
students travel at no costs. Transit operators are compensated for this with a yearly subsidy
from the government. Yet, this subsidy is not directly related to the number of students using
transit in a concession (HTM, 2023). Hence, the pricing scheme should be investigated in the
city for which the model is created. Using data on total ticket sales, total passengers and
passenger kilometres, average revenue per boarding and average revenue per passenger
kilometre should be obtained.

The objective function in the optimisation model should be reformulated to the following form
to find the optimal network which minimises operator costs:

Obj(min) = —f, * B — fim * KM + Cp

HS

Co % Noyprent * VC + HS % DC + Z EU; x EC

" HS
current €L

B = Z By,
i€L,jes;

KM = 2 Pki *KMkL'
k€K

where:

- fp: Average boarding fare

- fwm: Average kilometre fare

- B: Total number of boardings in tram network

- KM: Total number of passenger kilometres in tram network
- Cp: Total operator costs in tram network

- L:Set of lines in the network

- S;: Set of potential stops for line i

- K;: Set of line segments on line i

- HS: Total number of timetable hours in tram network

- HS_.yrrent: TOtal number of timetable hours in current tram network
- Ngyrrent: TOtal number of trams required in current fleet

- VC: Total costs per vehicle in fleet

- DC: Total costs per timetable hour
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- EU;: Total electricity consumption on line i

- EC:Cost of electricity usage

- IC: Environmental costs due to energy usage
- B;;:Number of boardings at stop j on line i

- P,,: Number of passengers on line segment k;
- KM, Length of line segment k;

» The objective function for minimising user costs is similar to the objective function of
minimising social costs. Only the operator costs and external costs should be
disregarded. When the objective is to minimise operator costs, the fare revenue should
be considered.

C.3 Constraints of the stop optimisation model

In this section, the constraints that are used in the stop optimisation model are explained. To
start, the constraints relating to the user costs are examined in Sections C.3.1 to C.3.4. Secondly,
the constraints to determine the operator and external costs are explained in Section C.3.5 and
Section C.3.6, respectively. Finally, the constraints regarding the stops are exhibited in
Section C.3.7. The final formulation of all constraints is also given in an overview in Section C.5.

It should be noted that other models also use boundary conditions for the accessibility of the
transit system, whilst the model in this study does not (Li & Bertini, 2008). Such constraints, for
instance, entail that at least 90% of the population in a city should have a transit stop within 400
metres of their homes. This highly relates to the equity principle of transit planning. Such
boundary conditions are not used in this research as it assumed that under-served areas can
also be connected by lower order transport services like on-demand transit. Yet, for the results
it is investigated in detail what the effects of the stop locations on transit accessibility are.

C.3.1 Demand constraints

An important aspect for the calculation of the total user travel costs, is the total number of
passengers. This amount needs to be determined for various configurations of stops. In the
model a distinction is made between boarding and alighting passengers at a stop. As only one
direction is considered, a boarding passenger in one direction at a stop, is an alighting passenger
in the other direction. Furthermore, in a given scenario with certain stop locations, the number
of boardings and alightings in a direction needs to be balanced. This is done to ensure that all
passengers have an origin and destination. Boardings and alightings can become imbalanced
if, for instance, a stop with many boardings is moved to a more suited location. If the potential
of that new location is 10% higher than the current location, the number of boardings increases
with 10% and the same goes for the number of alightings. However, in absolute numbers there
are now more boardings than alightings along the tram line. To account for this, a balancing
factor between the number of boardings and alightings on all lines is used. In mathematical
form this can be noted down as:

1
Bi=zBDi,j*Pi=zADi,j*F=Ai VieL
JESi JESi '
P, >0 Viel

where:

- B;: Total number of boardings on line i
- A;: Total number of alightings on line i
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- BD, ;: Expected boarding demand at stop j on line i for the chosen stop locations
- AD;;: Expected alighting demand at stop j on line i for the chosen stop locations
- P;: Balancing factor for line i

- §;: Set of potential stops for line i

- L: Set of lines in the network

However, it should be noted that the constraint set above is not linear. To start, a decision
variable cannot be part of the denominator when using linear programming. Decision variables
can only be added or subtracted from each other (Lindo, s.d.). To reformulate the above
constraint set, two decision variables are introduced which are demand multipliers. One decision
variable is the boarding factor and one is the alighting factor such that:

BL=ZBDL,1*PbL=ZADL,1*PaL=AL Vi €L (Cll)
JES; JES;

0.5 < Ph; <2 Viel (C1.2)

0.5 < Pa; <2 Viel (C1.3)

where:

- Pb;: Boarding balancing factor for line i
- Pa;: Alighting balancing factor for line i

Among other things, constraint sets C1.2 and C1.3 ensure that the balancing factors are not
equal to zero. This also avoids the instance whereby the demand would be divided by zero. In
addition, two dummy variables are introduced for each line to ensure that the product of the two
variables cannot be larger than one:

Pb;<1+(A—-Pa)+ (1A —-ya)*M VieL (C1.4)
Pa; <1+ (1—Pb) + (1—yb)*M VielL (C1.5)
yb; +ya; <1 Viel (C1.6)

where:

- yb;: Dummy variable for the boarding balancing factor of line i
- ya;: Dummy variable for the alighting balancing factor of line i
- M: Sufficiently large fictious constant

The M in the above constraints is an arbitrary number that ensures equality of decision variables
only when a certain binary variable is equal to zero. In such instance, the constraint is active.
Though, the variable is unconstrained if the binary dummy variable is equal to one (Rubin, 2011).

Nevertheless, constraint set C1.1 is still not linear. The boarding and alighting demand are
dependent on the decision variables of stops. Hence, in constraint set C1.1, two decision
variables are multiplied. This cannot be done in linear programming and therefore a workaround
is created. The multiplication of two decision variables can be reformulated into a linear form
when at least one of these decision variables is binary (Joni, 2021). As the multiplication factors
for the demand are continuous decision variables, the demand itself should be made binary.
Alternatively, the demand should be obtained by multiplying a binary variable with a constant.
Accordingly, the following equations are used to determine the demand at a stop:

BD;; = 2 Xijz*bdyjz Vi € LVj €S (C1.7)
ZEZiJ'

AD;; = Z Xijz*adij, VieLVjES; (C1.8)
ZEZ,"]'
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where:

- X; ;.- Dummy variable for stop j on line i indicating if stop set z is chosen
- bd;;,: Boarding demand at stop j on line i when stop set z is chosen

- ad; j,: Alighting demand at stop j on line i when stop set z is chosen

- Z;;: Possible stop sets around stop j on line i

As the number of possible stop sets can be very large, it can be decided to limit the search to
sets which have fewer decision variables. For instance, it could be assumed that the demand at
stop j; », can only be influenced by stop locations j; n—3, jin-2, jin-1, Jin+1 Jn+2 @Nd jin43- IN this
case, the so-called n-value is equal to 3, as the demand for a stop in the model depends on the
selection of three preceding and three succeeding potential stop locations. This assumption is
justified if there are no more than four consecutive potential stop locations within twice the
maximum access and egress distance of a stop. If that is not the case, demand at a stop is
contingent on even more stop locations, thus requiring a larger size of stop set z.

As an example, when stop location jis 15 is considered with an n-value of 3, a possible stop set
can be z; = [13,15,16]. This stop set indicates that stops 13, 15 and 16 of line 5 are chosen,
whilst stops 12, 14, 17 and 18 are not. The latter is noted down as zo = [12,14,17,18].

Nevertheless, still a lot of constraints can be created as many stop configurations are still
possible. For large transit networks it can be decided to let the demand for a stop in the model
depend on the selection of fewer potential stop locations by reducing the n-value, also reducing
running times. This may lead to simplifications in the calculation of stop demand, but running
times can be reduced. Hence, there is a trade-off to be made.

Besides, X; ; , itself can be computed using the following formula:

Xbijz = 1_[ (1 =) » 1_[ Xi,j vzeZz (C1.9)

i,j€zq i,j€Zg
where:

- x;; Binary variable indicating if stop j on line i is chosen
- z4: Possible stop set around stop j on line i

- zo: Set of stops which are not chosen in stop set z

- Z: All possible stop sets for all stops

Yet, constraint set C1.9 is also not linear as different binary decision variables are multiplied.
Hence, the product of the binary decision variable needs to be reformulated into a linear form.
This can be achieved using the following constraints (Van den Broek, 2019):

Xi,j,Z <1- xi,j Vl,] € Zl,VZ ez (CllO)

Xi,j,Z < X5 Vi,j €zg,VZEZ (C1.11)

Xijz 2 z Xij vzEZ (C1.12)
i,jEZ

An advantage of the above method is that all sets are mutually exclusive. This means that for a
given set of potential stops, it holds that:

Z Xijz=1 VieLVj€S;

ZEZ”
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To add, the boarding demand bd;  , can be obtained for all possible stop sets beforehand with
the demand estimation model. Thus, from constraint set C1.7 it can be concluded BD; ; is only
dependent on one binary variable and a constant bd; ; ,. Following this, constraint set C.1 can
be reformulated using the following equations (Joni, 2021):

Ybi,j,z < Xi,j,Z * M Vi€eL, V] € Si,VZ €eZ (C113)
Ybij, =X, *—M VieLVjES;,VzEZ (C1.14)
Yb;j, <bd;j,*Pbi+(1—X;;,)*M VieLVj€eS,vzeZ (C1.15)
Yb;j, <bd;j,*Pb;—(1—X;;,)*M VieLVj€eS,vzeZ (C1.16)
Bij = 2 Ybij, Vi€ LVjES; (C1.17)

z€L;j
Yai,j,Z < Xi,j,Z * M Vi €L, V] S Si,VZ €eZ (C118)
Yaij, = Xij,*—M VieLVjES;,VzEZ (€C1.19)
Yaj;,<ad;j, *Pa;+(1—X;,)*M VieLVj€eS,vzeZ (€1.20)
Yaij, = ad;j, *Pa;—(1—X;;,)*M VieLVjeS,VzeZ (C1.21)
Ayj = z Ya,j, Vi€ LVjES; (C1.22)

Z€Z;j

where:

- Yb;,: Continuous dummy variable indicating the boarding demand at stop j on line i if
stop set z is chosen

- Ya;j,: Continuous dummy variable indicating the alighting demand at stop j on line i if
stop set z is chosen

- B;;: Number of boardings at stop j on line i

- A; ;- Number of boardings at stop j on line i

It should be mentioned that with the performed reformulation steps, neither are values or
phenomena approximated nor is accuracy lost. The only drawback of the reformulation steps is
that additional constraints are introduced in the model, resulting in longer running times.
Nevertheless, when considering optimisation models of the same size as the one being
formulated, it is anticipated that the increase in running times is lower compared to using
nonlinear formulas (Najman, 2023).

» The number of passengers boarding and alighting at a stop on a line is calculated based
on the chosen stop locations. The number of boardings and alightings are also balanced
with the use of constraints.

» As the envisioned constraints are nonlinear, multiple reformulation steps were required
for the model.

C.3.2 Access and egress time constraints

As the number of boardings and alightings are now computed, also the user costs can be
determined. To start, the access and egress times can be calculated at all stops, when the
average access and egress times are known. This is described in the following equations:

TAL"]' = (Bi,j + Ai,j - Ti,j) * tal-,]- Vi € L, V] € Si (CZ].)
where:

- TA;j: Total access and egress time at stop j on line i
ta;j: Average access and egress time at stop j online i
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- B;;: Number of boardings at stop j on line i

- A; ;- Number of boardings at stop j on line i

- T;;: Number of people transferring at stop j on line i
- §;: Set of potential stops for line i

- L: Set of lines in the network

Since transferring people do not have an access and egress time at the transferring stop, these
passengers are excluded. The additional costs due to transferring are considered in
Section C.3.4. Again, considering that the average access and egress time is dependent on
various potential stops being chosen in the vicinity, this constraint set C2.1 is not linear.
Nonetheless, the dummy variable X; ; , can be used again to reformulate this constraint set. Only
the average access and egress time needs to be calculated for a given stop set z. The average
access and egress time is reliant on the number of people walking or cycling to a stop and the
average speed of these modes. The average access speed can also be dependent on age groups
and could be considered. Below it is given how the average access and egress time can be
computed for a given stop set z if different walking speeds for people over 65 and under 65
years old are assumed.

PWUnderGSi,j‘Z PWOverGSiJ-‘Z

1
) +Cdyj,*Cpijz*

Siiz=Wdij,*Wp;i,*
1,],Z 1,],Z pl,j,Z < SC

SWUnder65 SWOver65

where:

- 53, Average access and egress time to and from stop j on line i when stop set z is
chosen

- Wd,;,: Average access and egress distance for people accessing stop j on line i on foot
for stop set z

- Cd,j, Average access and egress distance for people accessing stop j on line i by
bicycle for stop set z

- Wp; . Percentage of people accessing stop j on line i on foot for stop set z

- Cp; ;. Percentage of people accessing stop j on line i by bicycle for stop set z

- PWyngerss, ;- Percentage of people under the age of 65 years, accessing stop j on line i
on foot for stop set z

- PWoyeres, - Percentage of people over the age of 65 years, accessing stop j on line i on
foot for stop set z

- Swynaeres. Average walking speed for people under the age of 65 years

- Swoperes. Average walking speed for people over the age of 65 years

- Sc: Average cycling speed

As all parameters above can be computed using the demand estimation model, or are constants
which need to be chosen beforehand, the average access and egress time s; ; , is also a
constant. As a result, constraint set C2.1 can be reformulated into the following linear constraint
sets (Joni, 20217):

Sijz<Xij,*M Vi€ LVj€ES;,VzEZ (C2.2)
Si,j,Z = Xi,j,Z * —M VieL, V] € Si, VvzeZ (C23)
Si,j,Z < (Ybi,j,z + Yal-,]-,z - Ti,j) * Si,j,Z + (1 - Xi,j,Z) *M Vi€ L, V] € Si, VzelZ (C24)
Sijz=(Ybij,+Ya;;,—Tij)*sij,—(1—X;j,)*M Vi€LVjeS,VZEZ (€2.5)
TAj = z Sijz VieLVjES; (C2.6)

z€L;j
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where:

- 5, Continuous dummy variable indicating the total access and egress time at stop j
on line i if stop set z is chosen

- X; - Dummy variable for stop j on line i indicating if stop set z is chosen

- Z;j: Possible stop sets around stop j on line i

- Z: All possible stop sets for all stops

* The total access and egress time for users is determined by multiplying the average
access and egress time with the number of passengers at a stop.

» As the envisioned constraints are nonlinear, multiple reformulation steps were required
for the model.

C.3.3 In-vehicle time constraints

Next, the user costs due to in-vehicle times can be determined. To start, the number of
passengers using a tram line on a specific segment needs to be computed. This is easily done
as the number of boardings and alightings at a stop was already known. The load on a segment
can then be calculated using the following formulas:

Lki = Lki—l + Bi,j - Ai,j Vkl S K (Cgl)
LOL'_]- = 0 Vl € L (C3.2)

where:

- Ly, Load on line segment k;, where segment k; is located between stops j; ,—1 and ji »
- B;j: Number of boardings at stop j on line i

- A; ;- Number of boardings at stop j on line i

- K: Set of line segments

- L: Set of lines in the network

Consequently, the total in-vehicle travel time, excluding dwell times, can be calculated using the
equations below:

TINki = Lki * tki Vkl EK (C33)
where:

- TINy,: Total in-vehicle time on line segment k;
-ty Average run time on line segment k;

Nonetheless, the above constraint set C3.3 is not linear as the run time on a segment is reliant
on stop locations. Therefore, the dummy variables X; ; , are used once more for reformulation
purposes (Joni, 2021):

Wi,z < Xijz*M vk, e K,VzEZ (C3.4)

Wki,Z = Xi,j,Z * —M Vkl EKVzeZ (C35)

Wiz < the,z % L, + (1= X;5,) * M vk, € K,Vz€Z (C3.6)

Wiz = the,z % L, — (1= X;5,) * M vk, € K,Vz€Z (C3.7)

TINg, = z Wi,z + 1, * L, Vk; € K (C3.8)
Z€Z;
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where:

- Wy, . Continuous dummy variable indicating the in-vehicle time on line segment k; if
stop set z is chosen

- X; ;.- Dummy variable for stop j on line i indicating if stop set z is chosen

- tly,,: Loss time on line segment k; if stop set z is chosen

- tr,,- Running time on line segment k; if no stops are chosen

- Z;j: Possible stop sets around stop j on line i

- Z: All possible stop sets for all stops

Secondly, the in-vehicle time due to idling at stops is computed. To obtain the total user costs
due to idling, first it must be determined how many people are waiting in a vehicle at a particular
stop. This can be acquired using the following formulas:

j j-1
Lt; = ZOBU + ZO Ay Vi€ LVjES; (C3.9)

where:

- Lt;: People remaining seated at stop j on line i
- §;: Set of potential stops for line i

Afterwards, the load at a stop can be multiplied with the dwell time at a stop. Although, the dwell
time is not constant as it is related to the number of people boarding and alighting. Hence, this
results in a nonlinear equation. In order to reformulate the equation, dummy variables should be
used and the following linear equations are obtained (Joni, 2021):

Upjz <Xij,*M VieLVjeS,VzeZ (€3.10)
Upjz = Xij,*—M VieLVjeS,VzeZ (€3.11)
Upjz<tdj,*Lt;j+(1—X;;,)*M VieLVj€eS,VzeZ (€3.12)
Upjz2tdj, *Lt;—(1—X;;,)*M VieLVjES;,VzEZ (€3.13)
TDyj = z Uijz VieLVjeES; (C3.14)

z€L;j

where:

- Uy, Continuous dummy variable indicating the total time lost for passengers due to
idling at stop j on line i if stop set z is chosen

- td;;,: Average loss time due to idling at stop j on line i if stop set z is chosen

- TD;;: Total time lost due to idling for passengers at stop j on line i

* The total in-vehicle time is computed with the multiplication of the number of
passengers on a certain section and the average running time on that section. Also dwell
times are multiplied with the number of passengers remaining seated at a stop.

» As the envisioned constraints are nonlinear, multiple reformulation steps were required
for the model.

C.3.4 Transfer time constraints

Next, as the final part of the user costs, the transfer time needs to be computed. As it is assumed
that the number of transfer passengers and the frequencies stay constant, only the walking time
between transferring stops is reliant on stop location. The transfer time is computed using the
walking distance from the intersection point of two lines towards the closest stops on each of
those lines. For two lines which have a shared section and split at one point, the transfer time
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between the two branches is computed by calculating the additional in-vehicle time from the
merge point towards the first stop on the shared section. This is visualised in Figure C.1 and
Figure C.2, respectively.

1

Figure C.1: The transfer time for two intersecting lines is  Figure C.2: The transfer time between the branches of

calculated as the walking time between the stops on two splitting lines is calculated as the in-vehicle time

each line which are closest to the intersection. This is between the merge point and the first stop on the

indicated in with the black arrow. shared section. This is indicated in with the black
arrow.

To model the additional travel time of a transfer group, it is chosen to look at two parts of this
travel time separately. First, the additional travel time from a stop on the first line to the
intersection point is calculated. Afterwards, the time from the intersection point to the stop on
the second line is computed. Both have the same number of passengers, but the transfer time
for each group is only reliant on the chosen stops on one line. Similarly to the demand, a binary
dummy variable is consequently introduced which explains which stop set is chosen.
Afterwards, the transfer time for a given stop set can be multiplied by this value (Van den Broek,
2019):

Riq = 1_[ (1= 2x) * H i j VIET,Vq € Q

,j€qq i,j€qo
where:

- R, 4 Dummy variable indicating if stop set q is chosen for transfer group
- x;; Binary variable indicating if stop j on line i is chosen

- qq: Possible stop set for transfer group [

- qo: Set of stops which are not chosen in stop set q

- T: Set of transfer groups

- Q: All possible stop sets for the transfer groups

In this study, for each line only the three closest stops to the intersection point with another line
are considered. If none of these stops are chosen, the additional travel time will be set at 10
minutes. Furthermore, as the above constraint set includes a multiplication of binary variables,
it is not linear. To reformulate this constraint set, the following constraint set are introduced
(Van den Broek, 2019):

Rig<1-—x; Vi,j €Eq,YqEQ (C4.1)
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Ry g <xij Vi,j €q¢,VqQ EQ (C4.2)

Riq = Z Xij Vg e Q (C4.3)
i,jeq

where:
- Ryq: Binary dummy variable indicating if stop set q is chosen for transfer group

As now a binary dummy variable is obtained, the transfer time for all transfer groups can be
determined using the following constrain set (Joni, 2021):

TT = Z Riq*ttiq VIET,Vq € Q (C4.4)
qeQ;

where:

- tty 4 Transfer time for a passenger in transfer group [ if stop set q is chosen
- TTy: Total transfer time for transfer group [

» The total transfer time is calculated with the multiplication of the number of transfer
passengers and the walking time between two connecting stops.

C.3.5 Operator asset cost constraints

The first aspects of the operator costs that are considered are related to the fleet size and the
number of drivers required for operation. Both costs drop if the cycle times of trams reduce.
Hence, the trip time between two termini should be calculated to later obtain the required
number of drivers and trams. Within the trip time there are two major components that are
investigated in this study, these are the running times between stops and the dwell times at
stops. The summation of the two components multiplied with the number of trams on a line,
results in the total time vehicles are in service in a particular time period:

HS;= ) Nexhrg+ ) Ny hdy viel (€5.1)
ki€EK; JES;

where:

- HS;: Total number of timetable hours on line i in a particular time period
- Ni,;: Number of trams on line segment k; in a particular time period

- N j:Number of trams halting at stop j on line i in a particular time period
- hny,: Average timetabled running time on line segment k;

- hd,;: Average timetabled dwell time at stop j on line i

- L: Set of lines in the network

- §;: Set of potential stops for line i

- K;: Set of line segments on line i

The average running time and the average dwell time are related to the chosen stops. Hence,
comparably to the user costs due to in-vehicle times, the dummy variables X; ; , are adopted to
indicate if a particular stop set is chosen. This allows for the following constraint sets to be used:

hrki = z Xi,j,Z * tlki,Z + trki Vkl cK (CSZ)
z€L;;
hd;j = z Xijz*tdij, Vi€ LVjES; (C5.3)
Z€Z;
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where:

- X; - Dummy variable for stop j on line i indicating if stop set z is chosen

- tly,,: Loss time on line segment k; if stop set z is chosen

- tr,- Running time on line segment k; if no stops are chosen

- td;;,: Average loss time due to idling at stop j on line i if stop set z is chosen
- Z;j: Possible stop sets around stop j on line i

The above constraint sets can be utilised in conjunction with constraint set C5.1 to obtain the
total timetabled time of a network with particular stop locations.

* The total number of timetable hours on a section is determined by multiplying the
average run time with the number of trams running on that segment.

C.3.6 Energy consumption constraints

The final operator costs that are considered are the energy costs. In addition, the external costs
considered in this study are related to energy usage. Similarly to the trip times of trams, the
energy consumption is split into two components. These components are the consumption due
to the trams running between stops and the energy consumption at stops due to dwelling. Both
of these components are reliant on the chosen stop locations. In mathematical notation this is
written down as:

EU; = Z Ny, * ex, + 2 Ny j*td;j*Cd VieL (C6.1)
ki€K; JES;

where:

- EU;: Total energy consumption on line i

- Ni,: Number of trams on line segment k; in a particular time period

- Njj: Number of trams halting at stop j on line i in a particular time period
- ex,- Average energy consumption on line segment k;

- td;;: Average loss time due to idling at stop j on line i

- Cd: Energy consumption whilst idling

- L: Set of lines in the network

- §;: Set of potential stops for line i

- Kj: Set of line segments on line i

First and foremost, the total energy consumption for inter-stop operation is calculated. As was
mentioned before, the energy consumption on a line segment is reliant on stop locations.
Therefore, the dummy variables X; ; , can be used once again for the following constraint set:

ERy, = Z Xijz * eliyz * Ny, + e, * N, vk; € K (Ce.2)

Z€Z;
where:

- ERy,: Total energy consumption on line segment k;

- X; ;.- Dummy variable for stop j on line i indicating if stop set z is chosen
- ely, .. Energy loss on line segment k; if stop set z is chosen

- er,: Energy consumption on line segment k; if no stops are chosen

- Z;j: Possible stop sets around stop j on line i

- Z: All possible stop sets for all stops
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In the second place, the energy consumption due to idling at stops is computed. The associated
dwell times at stops are not constant, but are rather reliant on the number of people boarding at
the stop. This was already remarked when the user costs due to idling were calculated. Yet,
when the dwell time is known, it can be easily multiplied with the number of trams running on a
line segment and the energy consumption due to boarding and alighting. Thus, the dummy
variables X; ; , are made use of to obtain the energy consumption due to idling:

ED;; = z Xijz* Nij*tdjz + Cd Vi € L Vj €S (C6.3)

ZEZi_]'
where:

- ED;;: Total energy consumption due to idling at stop j on line i
- td;;,: Average loss time due to idling at stop j on line i if stop set z is chosen

* The total energy consumption is obtained by summing the energy consumption
between stops and the energy consumption during the boarding process.

C.3.1 Stops on shared line segments constraints

The last constraints that should be implemented in the model concern shared line segments. It
is assumed that on a segment shared between two lines, all trams halt at the same stops. To
be precise, this only holds for sections where trams run on exactly the same rails. Hence, for the
intersection of two lines there should not be a constraint that both lines either have a stop or
not. Furthermore, in the case where two lines merge at a particular intersection, a stop can be
placed for only one of these lines if this stop is placed before the intersection. These possibilities
are visualised in Figure C.3 and Figure C.4 whereby both alternatives are possible, thus no
constraint is applied. Only on the sections where trams physically run together should a stop on
one line result in a stop for the other line as well. This can be formulated into the following
constraint set:

Xij = Xg,h Vi,j,9,h€G (C7.1)

where:

- x;; Binary variable indicating if stop j on line i is chosen
- G: Set of stops on the same line segments

—

Figure C.3: A stop on a shared section of track requires  Figure C.4 There should not be a constraint that a stop

a constraint that a stop must be activated in the model  on one line automatically leads to a stop on the other

for both lines. line at a merge point. One stop can be placed before
the intersection instead.
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* Constraints are introduced which ensure that on shared line segments all lines have the
same stop locations.

C.4 Example of the computations in the stop optimisation model
The following section demonstrates the computation of cost elements for the user, operator,
and external costs in two fictional scenarios. This is done to illustrate how different stop
configurations are analysed using the stop optimisation model. By examining a practical
example, a better understanding of the model can be gained.

First of all, consider a short line with five predefined potential stop locations labelled Ato E. The
base scenario assumes all stops are in use, while in the second scenario two stops are
consolidated. These scenarios are shown in Figure C.5 and Figure C.6, respectively.

A B C D E A C E
Figure C.5: Stop configuration for the base scenario. Figure C.6. Stop configuration for the consolidation
scenario.

After applying the preprocessing steps, many required scenario values can be computed. The
demand estimation model calculates the boarding and alighting demand for each scenario and
the average access and egress times for all stops along the line. The tram running time model
is used to obtain trip times and energy usage. Table C.1 and Table C.2 provide network
characteristics for both scenarios as obtained with these two models. Please note that dwell
times are considered as constant in this example, although they actually depend on stop usage
in the stop optimisation model. Furthermore, as there are no transfers in this simple network,
these are also not considered in the following explanation.

Table C.1: Network characteristics for the base scenario.

Stop/Section A-B B B-C C GCD D) D-E =
Boarding demand _ 600 - 400 - 200 - 0
[passengers per day]

e E - 200 - 400 - 600 - 1000
[passengers per day]

Boardings - 629 - 420 - 210 - 0
[passengers per day]

Alightings - 191 - 381 - 572 - 954
[passengers per day]

Average access and ) ’ ) ? ) 9 ) 3
egress time [min]

Trip time [min] 1.2 - 1.2 - 1.2 - 1.2 -
Average dwell time [min] . - 0.4 - 0.4 - 0.4 - 0.4
Energy consumption [kWh] . 12 02 12 02 12 02 12 0.2
Section length [km] 0.5 - 0.5 - 0.5 - 0.5 -
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Table C.2: Network characteristics for the consolidation scenario.

Stop/Section A-B B B-C C C-D D) D= E
Boarding demand i i i 800 i i i 0
[passengers per day]
Alighting demand i i i 800 i i ~ 1200
[passengers per day]
Boardings i i i 843 i i i 0
[passengers per day]
Alightings i i . 759 i i ~ 1138
[passengers per day]
Average access and

e S S
egress time [min]
Trip time [min] 1.1 - 1.1 - 1.1 - 1.1 -
Average dwell time [min] - - - 0.6 - - - 0.4
Energy consumption [kWh] 1.1 - 11 03 1.1 - 11 02
Section length [km] 0.5 - 0.5 - 0.5 - 0.5 -

To start, the boarding and alighting demand for both scenarios are not equal. In the first
scenario, the total boarding demand is equal to 2000 and the alighting demand is 2200. In the
second scenario, the total boarding demand is equal to 1800 and the alighting demand is 2000
passengers per day. Both should be balanced using a balancing factor. For the first scenario the
balancing factor should be equal to 1.0488 as 2000 = 1.0488 = 2200/1.0488 = 2098.
Similarly, for the second scenario with fewer stops the balancing factor is equal to 1.0541. The
resulting number of actual boardings and alightings are also displayed for both scenarios in
Table C.1T and Table C.2, respectively. Besides the network characteristics within these tables,
also the following parameters are used for the calculations in the example:

- VoT = €10/h: Average value of time for passengers

- F4g = 1.5: Perceived weight for out-of-vehicle trip components

- VC = €500/day: Total daily costs per vehicle in fleet

- DC = €50/h: Total costs per timetable hour

- EC = €1/kWh: Cost of electricity usage

- IC = €0.2/kWh: Environmental costs due to energy usage

- e = —0.5: Price elasticity between travel time and transit usage

- W, = 5min: Average waiting time at a stop

- N = 100: Number of trams on the examined section per direction

Next, the user cost components can be calculated for the base scenario. The total access and
egress time is calculated as follows: (839 +0)*3 + (629 + 191) * 2 + (420 + 381) * 2 +
(210 4+ 572) * 2+ (0 + 954) = 3 = 10185 min. Once the number of passengers per section is
determined, of which the results are given in Table C.3, the total inter-stop time for passengers
and the total dwell time can be computed. It is worth noting that a boarding passenger in one
direction is equivalent to an alighting passenger in the other direction since both directions are
considered.

Table C.3: Total passengers in the vehicles on each section of the tram line.

Stop/Section
Passengers in vehicle

0 1678 1296 2554 1792 2632 1488 1908 0

Subsequently, the total inter-stop travel time for users can be computed and amounts to 1678
1.2+ 2554 % 1.2 + 2632 * 1.2 + 1908 = 1.2 = 10526.4 min. The total dwell time as experienced
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by the passengers is then calculated as 0% 0.4 + 1296 * 0.4 + 1792 * 0.4 + 1488 * 0.4 + 0 *
0.4 = 1830.4 min. Moreover, the total weighted trip time for passengers excluding waiting times
is equal to 1.5% 10185+ 10526.4 + 1830.4 = 27634.3 min = 460.6 h. Finally, the total user
costs amount to 460.6 * 10 = €4606 considering the value of time of passengers.

Furthermore, the total timetabled hours must be determined for the operator costs using the
following equation: 2 * 100 * (0.4 + 1.2+ 04+ 1.2+ 04+ 1.2+ 04 + 1.2 + 0.4) = 1360 min =
22.7 h. The total driver costs are then equal to 22.7 * 50 = €1135. In addition, from the base
scenario it can be determined that, for instance, three vehicles should be in the fleet to operate
this service every day of the year. Hence, on a daily basis this costs the operator an additional
3+« 500 = €1500. Besides, the total energy consumption can be calculated. This is equal to 2 *
100%(02+1.2+02+12+02+1.2+02+ 1.2+ 0.2) = 1160 kWh. This results in energy
consumption costs for the operator of 1% 1160 = €1160 and external costs of 0.2 x 1160 =
€232.

Finally, for the base scenario it can be computed that the total number of daily boardings is equal
to 839 4+ 629 + 420 + 210 = 2098 and the total number of passenger kilometres is equal to
1678 * 0.5 + 2554 % 0.5 4+ 2632 x 0.5 + 1908 * 0.5 = 4386 pkm.

The same methodology as described in this section can be used for the scenario where two
stops are consolidated. The results for this scenario are given in Table C.4 below. Additionally,
the results for the base scenario are presented in the overview of this table.

Table C.4: Key performance indicators of the two fictional scenarios.

Indicator Base Consolidation
Scenario Scenario
Number of boardings 2098 pax 1897 pax
Passenger kilometres 4386 pkm 4384 pkm
Average access and egress time PRENnl) 4.00 min
Average in-vehicle time 2.94 min 2.59 min
Total user costs €4606 €4166
Energy consumption 1160 kWh 1020 kWh
Trams required in fleet 3 veh 2.56 veh
Total operator costs €3795 €3266
Total external costs €232 €204

However, it should be noted that the average trip time in the second scenario is higher compared
to the base scenario. In the first scenario an average trip takes 2.43 + 5+ 2.94 + 243 =
12.8 min, whilst in the second scenario this is 4 + 5 + 2.59 + 4 = 15.6 min. Also, the perceived
average trip time is higher for the second scenario. Hence, the demand at all stops in this
scenario is adjusted for the longer trip times with the travel cost elasticity computation:

% * —0.5 = —12%. As aresult of the lower demand, it can be expected that the dwell times

drop slightly, which affects the average trip times and operator costs again. Iterations are
therefore performed till the objective value does not deviate significantly between proceeding
iteration steps. In that occasion, the new scenario can be compared to the old. In the complete
model the above methodology is performed for all possible configurations of stop sets to
determine the one which has the lowest objective value.

C.5 Formulation overview of the stop optimisation model
An optimisation model consists of two main components; the objective function and the
constraints. The objective function represents the mathematical expression that needs to be
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optimised, while the constraints specify the limitations that must be satisfied. In earlier sections
of this appendix, these constraints and the objective functions for different transit objectives
have been explained in detail. In this section, an overview of the optimisation model formulation
is provided, along with tables that specify all the parameters within the objective functions and
constraints.

To start, the objective function for the model that minimises social costs is as follows:

o Cy B KM
Ob] (mln) = CUcurrent * C -

Ucurrent Beurrent  KMcyrrent

i€eL JES; JES; ki€EK; LET;

Jrcora

HS

Co % Noyprent * VC + HS % DC + Z EU; * EC

i€eL
Cs = Z EU;  IC

i€eL

Hscurrent

B = Z By,
i€L,jes;

KM = 2 Pki *KMkL'
k€K

HS = Z HS;

When the objective is to minimise the users costs, the operator and external cost can be
disregarded in the formulation above. However, when the operator costs are to be minimised,
the following objective function is utilised:

Obj(max) = fp * B+ fim * KM — Cp

HS

Co % Noyprent * VC + HS % DC + Z EU; * EC

" HS
current €L

B = Z By,
i€L,jes;

KM = 2 Pki *KMkL'
k€K

The objective functions above are subject to the following constraints:

Ybij, <Xij,*M VieLVj€ES,VzEZ (C1.1a)

Ybij, = Xij,x—M VieELVj€ES,VzEZ (C1.1b)

Yb;j, <bd;j,*Pbi+(1—X;;,)*M VieLVj€eES;,VzEZ (Cl.10)
Yb;j, <bd;j,*Pb;—(1—X;;,)*M VieLVj€ES,VzEZ (C1.1d)
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B;; = z Yb; .
z€L;j
Yai,]z <Xl]z*M
Yal]Z >Xl]Z -M
Ya,j, <adUZ*PaL+(1 ijz)

* M
(1-X;,)*M

Ya;j, = ad;;,* Pa; —

i,jEz
Pb;<1+(1—-Pa)+(1—ya)*M
yb; +ya; <1
05<Pbh; <2
0.5 < Pal- < 2
Sijz<Xijz*M
Sl]Z = Xi,j,z * —M

l]Z— (YbL]Z+YaL]Z i,j)*si,j,z+(1_Xi,j,z)*M
l]Z— (YbLjZ+YaL]Z_ i,j)*si,j,z_(l_Xi,j,z)*M
TAi,j = Z Si,j,Z

ZEZiJ'

Wki,z < Xi,j,z *M

Wki,z = Xi,j,z * =M
Wi,z < thez * L, + (1= X 5,) * M
Wkiz—tlk Z*Lk _(1 XL]Z)*M

TINkL' = 2 Wki,Z + tTki * Lki

ZEZi']'
Ly, = Lg;—1 +Bij — Ay
Loj—1 = 0

UL-J-,Z < Xl-,j,z * M
Uijz 2 Xijz*—M
Upjz<tdj, Lt +(1—X;j,)*
Upjz=tdij, Lt —(1—X;j,)*
TDL-J- = Ui_j,z
z€L;j

j j-1
Ltj=2 Bl,]+2 Al,]
0 0
TT[ = Z Rl,q * ttl,q

qeQ;
qu <1-

Riq = xij

Riq 2 2 Xi,j

iLjeq

= Z Nki*hrki+2Ni’j*

ki€K; JES;

M
M

Xij

VieLVjE€S;

VieLVj€eS;,VzeZ
VieLVj€eS;,VzeZ
VieLVj€eS;,VzeZ
VieLVj€eS;,VzeZ

VieLVj€S;

Vi,j €Ez4,VZEZ

Vi,j €Ezg,VZEZ
VzelZ

VieL

Viel

VielL

VieL

VielL
VieLVj€eS;VzeZ
VieLVj€eS;VZzeZ
VieLVjeS;VzeZ
VieLVj€eS;,VzeZ

VieLVj€S;

Vk;, e K,VzEZ
Vk;, e K,VzEZ
Vk; €EK VzeZ
Vk; e K,VzEZ

Vk; € K

Vk; € K
Viel
VieLVj€eS;,VzeZ
VieLVj€eS;,VzeZ
VieLVj€eS;,VzeZ
VieLVj€eS;,VzeZ

Vie L VjES;
Vie L VjES;
VIeT,VqeQ

Vi,j €q1,Yq €Q
Vi,j €q0,Vq EQ

vVq e Q

Viel

(Cl.1e)

(C1.2a)
(C1.2b)
(C1.2¢)
(C1.2d)

(C1.2e)

(C1.3a)
(C1.3b)

(C1.30)

(Cl.4a)
(C1.4b)
(Cl.40)
(C1.44d)
(C1.4e)
(C2.1a)
(C2.1b)
(C2.1¢)

(C2.1d)
(C2.1e)

(C3.1a)
(C3.1b)
(C3.1¢)
(C3.1d)

(C3.1e)

(C3.2a)
(C3.2b)
(C3.3a)
(C3.3b)
(C3.3¢)
(€3.3d)

(C3.3e)
(C3.4a)

(C4.1a)

(C4.1b)
(C4.10)

(C4.1d)
(C5.1a)
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hry, = Z Xijz * thez + 1, Vk; € K (C5.1b)

z€L;j

hd; ; = Z Xz *tds ), Vi € L, Vj € S; (C5.1¢)

Z€Z;
EU; = 2 ERy, + Z Nij» tdy; « Cd Viel (C5.2a)

k,€K; JES{
ERy, = Z Xijz * eliyz * Nig + ery, * N, Vk; € K (C5.2b)
ZEZi']'
ED; = Z Xijz* Nij*tdijz+Cd VieLVjES; (C5.2¢)
ZEZ,"]'

Xij = Xg,h Vi,j,g.h€G (C6.1a)

At last, the parameters of the objective functions and constraints are explained in Tables C.5
to C.9. First, Table C.5 gives the decision variables of the stop optimisation model and this is
followed by the related cost and usage values as presented in Table C.6, and Table C.7 in which
the other parameters and values of the model are exhibited. Moreover, Table C.8 shows the
dummy variables of the model and finally the sets which are part of the objective function and
constraints can be found in Table C.9.

Table C.5: Decision variables stop optimisation model.

ap Binary variable indicating if stop j on line i is chosen
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Table C.6: Cost and usage values in the stop optirmisation model related to the decision variables.

Al,]
Bl,]
B
B Current
Cg
Co
Cy
Ucurrent
ED;
ERy,

HS
HScurrent
Pa;
Pb;

Py,
Ty j
TD;
TINy,
TT,
TA;;
VoT;

Number of boardings at stop j on line i

Number of boardings at stop j on line i

Total number of boardings in tram network

Total number of boardings in current tram network
Total external costs in tram network

Total operator costs in tram network

Total user costs in tram network

Total user costs in current tram network

Total energy consumption due to idling at stops

Total energy consumption on line segment k;

Total energy consumption on line i

Average boarding fare

Average kilometre fare

Total number of passenger kilometres in tram network
Total number of passenger kilometres in current tram network

Load on line segment k;, where segment k; is located between stops j; ,—1

and j; n
People remaining seated at stop j on line i

Total number of timetable hours on line i in a particular time period

Total number of timetable hours in tram network

Total number of timetable hours in current tram network
Alighting balancing factor for line i

Boarding balancing factor for line i

Number of passengers on line segment k;

Number of people transferring at stop j on line i

Total time lost due to idling for passengers at stop j on line i
Total in-vehicle time on line segment k;

Total transfer time for transfer group [

Total access and egress time at stop j on line i

Average value of time on line i
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Table C.7: Additional pararmeters and values in the stop optirnisation model.

adLLZ
deLZ
cd
DC
EC
elkhz
ery;
Fup
l::TT
hdLj
hrki
IC
KMy,
M
N,
AGJ

current

=

Sij,z

tdi’j,z
tlkbz
tr,
tt q
VC

Alighting demand at stop j on line i when stop set z is chosen
Boarding demand at stop j on line i when stop set z is chosen

Energy consumption whilst idling

Total costs per timetable hour

Cost of electricity usage

Energy loss on line segment k; if stop set z is chosen

Energy consumption on line segment k; if no stops are chosen
Perceived weight for access and egress times

Perceived weight for transfer times

Average timetabled dwell time at stop j on line i

Average timetabled running time on line segment k;

Environmental costs due to energy usage

Length of line segment k;

Sufficiently large fictious constant

Number of trams on line segment k; in a particular time period
Number of trams halting at stop j on line i in a particular time period
Total number of trams required in current fleet

Average access and egress time to and from stop j on line i when stop set z
is chosen

Average loss time due to idling at stop j on line i if stop set z is chosen
Loss time on line segment k; if stop set z is chosen

Running time on line segment k; if no stops are chosen

Transfer time for a passenger in transfer group [ if stop set q is chosen
Total costs per vehicle in fleet

Table C.8: Dummy variables in the stop optimisation model.

Rl,q
Sijz

Uijz

YbLLZ

Binary dummy variable indicating if stop set q is chosen for transfer group [
Continuous dummy variable indicating the total access and egress time at
stop j on line i if stop set z is chosen

Continuous dummy variable indicating the total time lost for passengers due
toidling at stop j on line i if stop set z is chosen

Continuous dummy variable indicating the in-vehicle time on line segment k;
if stop set z is chosen

Dummy variable for stop j on line i indicating if stop set z is chosen

Dummy variable for the alighting balancing factor of line i

Continuous dummy variable indicating the alighting demand at stop j on line i
if stop set z is chosen

Dummy variable for the boarding balancing factor of line i

Continuous dummy variable indicating the boarding demand at stop j on line i
if stop set z is chosen
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Table C.9: Sets in the stop optimisation model.

Set of stops on the same line segments

Set of line segments

Set of line segments on line i

Set of lines in the network

Possible stop set for transfer group [

Set of stops which are not chosen in stop set q
All possible stop sets for the transfer groups
Set of potential stops for line i

Set of transfer groups

Set of transfer groups for line i

Possible stop set around stop j on line i

Set of stops which are not chosen in stop set z
Possible stop sets around stop j on line i

All possible stop sets for all stops
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Appendix D: Data and model parameters for the
stop optimisation model in the case study

The stop optimisation model needs various data on possible stop locations, demand at stops,
running times of trams and much more elements specific for the case study. In addition, the
model parameters should be set. These are presented for the case of The Hague in this
Appendix. First, the data and the parameters for the demand estimation model are gathered in
Section D.1. Afterwards, in Section D.2 and Section D.3, respectively, it is determined based on
other literature how the out-of-vehicle and in-vehicle times can be computed. Next, the operator
and external costs and their parameters are presented in Section D.4 and Section D.5,
respectively. After this, the weights between the various cost components are exhibited in
Section D.6. Finally, the travel cost elasticity value is studied in Section D.7.

D.I Demand determination at stops

First of all, it is determined how the demand is computed for a specific stop in The Hague based
on the density around the stop and the stops which are in the vicinity. A demand estimation
model is constructed which determines the potential of a stop in a specific location. The
methodology is the same for other tram networks around the world, but the characteristics of
the tram system and the city determine how demand for a specific stop can be estimated. For
the system in The Hague a total of 494 potential stop locations are selected for the tram lines
across the city, which are all on the intersection of crossing streets. The potential stop locations
are visualised in Figure D.1, whilst the filtering methodology used to obtain these stops is
described in Section B.1. As currently some stops are not located at an intersection, these are
modelled to be at the closest potential stop location in the stop optimisation model. This may
have an effect on the results.
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Figure D. 1. Potential stop locations considered in the network of The Hague for the optimisation model. The stops
marked in green are existing Stops, stops in red are potentially new stop locations.

D..1 Catchment areas around stops

As prescribed in Section B.2.3, it must be determined which sociodemographic factors
significantly influence ridership at tram stops in The Hague. To find these factors, first it should
be analysed how many riders use the current tram stops in the system and what the various
densities of households and businesses around these stops are.

For the latter, the areas around the tram lines in The Hague are divided in numerous
geographical blocks. For each block it is determined how far the zone is from the closest stops,
as it can be assumed distance is also affecting stop usage (Kim et al., 2010). Hence, different
intervals of distances are used to make a distinction between people living close to a potential
stop and people living far. In total, four distance intervals are used. These are 0 m to 200 m,
200 m to 400 m, 400 m to 800 m and finally 800 m to 1.6 km. As stated, it is assumed that
passengers access the nearest stop, because tram lines in The Hague with close proximity
typically offer comparable levels of speed, frequency, reliability, and comfort (HTM, 2023; Van
Mil et al., 2017).

As described before in Section B.2.1, diamond-shaped catchment areas are used as the street
network of The Hague is mostly grid-like. Yet, the fourth and final interval for distances larger
than 800m is only used for areas where line spacing and stop spacing is high. When line spacing
and stop spacing is low there is always a stop close by, reducing the maximum distance people
travel towards a stop (Van Nes & Bovy, 2000). As a result, the only locations where catchment
areas up to 1.6 km are considered, are on the sections of the RandstadRail network (lines 3
and 4) in the eastern parts of the metropolitan region and in the suburbs of Wateringen,
Ypenburg and Nootdorp (lines 15, 16, 17 and 19). Line spacing in these areas is greater than a
kilometre and stop spacing is generally wider compared to most neighbourhoods in The Hague.
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Furthermore, for the created blocks it can be determined in which neighbourhood they lie and
what the distance is towards all stops in the vicinity. The former is important as Statistics
Netherlands (CBS) provides sociodemographic data for each neighbourhood in the Netherlands.
For instance, the number of people living in a neighbourhood can be retrieved from an online
database, but also information on the number and type of businesses and even detailed data on
the average energy usages of households in the area are available (CBS, 2020). When both the
area of a block as well as the area of a whole neighbourhood are known, it can be distilled what
the sociodemographic data are for that block. For example, if 1,000 people live in a
neighbourhood with an area of 1km? and a block in that area has the size of 0.1km?, it can be
assumed that 100 people live in that specific block.

The catchment areas of the tram lines in The Hague lie in a total of 297 neighbourhoods as
defined by the CBS. Altogether 7205 blocks are created for the total tram network of The Hague
with varying sizes, sociodemographic characteristics and distances to potential tram stops.

» The Hague is divided into geographical blocks with given sociodemographic aspects
from CBS.

» Distance intervals are used in catchments areas between 0m to 200m, 200m to 400m,
400m to 800m and 800m to 1.6km.

» Catchment areas above 800 m are only considered for stops in the outskirts of the city.

D.1.2 Potential predictors for stop usage

As prescribed before in Section B.2, population is a good indicator for transit use, but age and
income are also relevant (Hsiao et al, 1997). All sociodemographic aspects which are
considered to be relevant are gathered and linked to a specific block. All elements which are
accounted for are given in Table D.1 (CBS, 2020). Here it is also indicated what groups per
specific category are considered by CBS. Education and health care are not subgroups for the
businesses as defined by CBS, whilst these are considered to be good indicators for transit
demand, as found in Section B.2 (Burke & Brown, 2007). How locations such as schools and
hospitals are incorporated in the demand estimation model, is further elaborated on in
Section D.1.4.

Moreover, what is not incorporated in the data from CBS is the number of visitors to, for instance,
leisure destinations. There are no sufficient data available for that, only on the number of
workplaces in a sector. However, if one leisure workplace attracts a lot of visitors, then the
parameter, as are found by the demand estimation model, for leisure businesses is higher. In
this way the number of visitors is incorporated indirectly to estimate transit demand.

In the analysis, which is performed, it is determined which sociodemographic elements are most
significant. Aspects which are not considered include, among other aspects, the average age of
houses and the ethnicity of residents. For the sociodemographic data the year 2019 is
considered as this is the most recent year from which data are available. This is also important
as 2019 might also be a good year for passenger travel data, since much of the data of the
succeeding years might be (partially) skewed due to travel restrictions as a result of the
Covid-19 pandemic.
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Table D. 1. Sociodemographic groups used for the estimation of transit use (CBS, 2020).

Category Groups
Population gender - Male
- Female
Population age groups EISReMERCEIE o] (6
-15to 25 years old
-25to 45 years old
- 4510 65 years old
- 6510 100 years old
Household income - Low income
- Middle income
- High income
Car ownership - Number of personal cars in household
Businesses - Agriculture, forestry and fishing

- Industry and energy

- Trade and catering

- Transport, information and communication
- Financial services and real estate

- Business services

- Culture, recreation and other

For each block, all people living and working in this block are allocated to the closest tram stop
which is currently in use. What is then obtained is the total catchment area of a specific stop
and the number of households and workplaces in that area. This is further categorised with, for
instance, the type of workplaces and the distance to the stops.

» Sociodemographic aspects which are considered in the demand predictor analysis are
gender, age, income, car ownership and businesses. Data from 2019 are used.
» Blocks are linked to the closest transit stop to obtain the total catchment areas.

D.1.3 Passenger data on current stop usage

To obtain significant parameters for the estimation of stop usage, also the current stop usage
should be known to be able to construct, calibrate and run the model. Yet, knowing what
passenger data to include is an incredibly challenging task as passenger usages is never
consistent between two days. Passenger behaviour, weather effects, construction works,
strikes, and many more aspects influence stop usage. The total ridership of the tram and bus
network of the HTM is shown over 2019 in Figure D.2 (HTM, 2020). A trip is counted per alighting
of a transit vehicle. If passengers change lines and vehicles, this counts as an additional trip.
What is seen in the presented figure is that on three days in the year transit usage was equal to
zero, twice in January and once in May, due to strikes. Also, weekly fluctuations are visible where
in the weekends demand is lower compared to weekdays. Besides, what could be seen is that
around August there is a dip in transit usage, and the same holds for a week in March, May,
October and December due to public and school holidays. November and March show the
highest passenger numbers with just above 400,000 daily trips on specific weekdays.
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Daily number of transit trips in The Hague in 2019
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Figure D.2: Daily number of urban transit trips in The Hague in 2079 (HTM, 2020).

Figure D.3 shows indeed that passenger usage is not consistent over the week with most
demand during the weekdays. As demand is not constant over the year, taking yearly averages
might not be telling of actual demand due to these fluctuations. For example, a stop close to a
beach might be used often on a sunny day, but not during the chilly winter months. Therefore, it
is further analysed what data should be used for the calibration of the model.
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300,000+

250,000+

200,000+

150,000+

Number of trips

100,000+

50,000+

0_

3oy cp’o‘!

3
OIS 8

ae®

o &

y 963‘5 «.\63‘{ 63‘0‘63* ‘\63‘4

e
Day of the week

Figure D.3: Average number of urban trips in 2079 in The Hague per day of the week (HTM, 2020).

For each stop in the network it is investigated if travel behaviour is different over the year
compared to all other stops in the network. For instance, it can be computed that on
average 9.3% of annual trips in the network in 2019 take place in the month November. On stop
level it can be checked if this percentage corresponds with percentual usage of a specific stop
in November. If for example stop usage at one location in November is 5% of the yearly total,
this would make November not a reliable month for average demand at this specific stop. Based
on this technique, it is checked for all stops in the network if monthly usage correlates with
network-wide averages. What is found is that for almost all stops, monthly demand variation is
less than 25% compared to what is estimated (HTM, 2020). Nevertheless, there are a few stops
which show massive deviations. It is concluded that most stops where this is the case are
terminal stops. This could be explained by the fact that there are multiple platforms for trams
for alighting and boarding at a terminus. Tram drivers can immediately run to the departure stop
if they are, for instance, running behind schedule. Hence, all passengers are allocated as
alighting at the departure stop, whilst on other trips they would not. This creates inconsistencies
in the data. Furthermore, there are deviations visible on a few stops which are only used during
diversions, stops which saw a name change during the year and stops which were moved.
Therefore, it could be that in the beginning of the year demand is disproportionally high on the
first stop whilst at the end of the year this is the other way around. Also, a few stops along the
northern alignment of line 1 show exceptionally low ridership in January and February as this
section was closed temporarily for maintenance in these months.
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The odd stops that remain are mostly stops around recreational areas. As an example, usage of
the stop Strandweg on line 11 is twice as high in August from what is expected, whilst demand
is being overestimated in January. This can be explained by the fact that this stop is next to the
beach meaning that during the warm holidays demand is higher than the rest of the year.
Following the stop of Strandweg, there are also other stops which are closely located to the
beach or a park which show deviations in certain months of the year. In addition, the stop
Prinsenhof which lies next to the touristic centre of Delft also has very high demand in August.
On the other hand, there are stops which show very low demand in August compared to the rest
of the year. An example is the stop Brasserskade which is located next to a college and has very
low usage during the school holidays. Moreover, the stop Westgalia next to the Mall of the
Netherlands shows very high usage during the festive season when people go out for shopping
more regularly. The only deviations of stop usage which cannot be explained well by the location
of the stops, are at the stop Paul Krugerplein along lines 6 and 12 and the stop Gravenstraat
along line 16. Both stops show deviations of around 50% in August and the latter also shows a
deviation of 30% in January. No explanation could be found for the deviations at these stops.

Yet, what is concluded is that the majority of deviations appear in January, August and July.
Most deviations in July can be appointed to the holidays and the warm weather. It is found that
November is the month which shows the least deviations by far on stop level, as there are no
holidays in this month and there were no strikes. Therefore, for this study the stop data from
November 2019 are used. As part of the sensitivity analysis, also the month July is used to see
if stop locations would be majorly different if demand is majorly different as well. For instance,
a stop next to a beach might not be viable in November, but during the summer this stop might
be very useful indeed. This can be checked with the optimal stop locations by considering the
demand from July and comparing it to optimal stop locations when considering demand from
November. If, for example, one stop is only optimal in one season, it can be checked what the
costs are of having that stop also in the other season. After this, a decision can be made on the
necessity of that stop during the whole year.

Moreover, it was concluded that demand over a week highly fluctuates. For this study it is
chosen to look at the average demand over a week. As there are, for instance, more Fridays than
Mondays in November 2019, this should be considered. To determine the average demand over
a week, the average demand for all days of the week in July and November is determined. If the
average demand on a Monday to Sunday is known, this usage can be summed to obtain the
demand in an average week over the month. This demand is further used in this study.

Finally, in order to perform the model that determines the relation between sociodemographic
aspects and stop usage, the transfer passengers should be filtered out. These passengers
change line at a specific stop, but only due to there being a transfer possibility. The fact that
houses or businesses are close by, does not affect their choice of boarding and alighting at a
stop. In addition, transfer passengers are also modelled separately in the final optimisation
model. These passengers all need to be at the same location, a stop on another line, instead of
demand being spread out over an area. Walking times can therefore easily be computed when
stop locations change and these additional walking times can be added to the objective function
as a penalty. Unfortunately, the operator only disposes of transfer data to lines operated by HTM.
No data are available for passengers transferring to regional bus lines and trains. Hence, only
the urban transfer passengers can be filtered out in this case study.

» Stop data from an average week in November 2019 are used for the demand estimation
model to be calibrated. Data from July 2019 are used in the sensitivity analysis as well.
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» Transfer passengers are not considered for the demand estimation model and are
filtered out.

D.14 Linear regression model to estimate stop usage

As the sociodemographic aspects of catchment areas are known in conjunction with the
average stop usage, the demand estimation model can be performed. In this section the three
salient steps of model calibration, validation and verification are executed for this model
(Climate Action Reserve, 2020). First, it is investigated which sociodemographic characteristics
are significant for estimating stop demand. Furthermore, the parameters for the characteristics
are determined in the model calibration step. Specifically, of the current 331 stops, the model is
calibrated on only a sample of 250 randomly selected stops. This method of data splitting allows
to validate the results of the calibrated model on the testing data (Gillis, 2022). If the estimated
stop usage for the remaining 81 stops is well estimated by the found parameters, this would
indicate that the model is suited for its purpose. Finally, in this section the verification step is
performed. A Monte Carlo simulation is used to confirm the correct implantation of the
conceptual model.

First of all, in the model it is investigated which sociodemographic aspects influence stop usage
significantly. Multiple sets of sociodemographic data are tested on their significance.
Specifically, a multiple regression technique is performed in which explanatory variables are
used to predict the outcome of the response variable. In such a way, the linear relationship
between the independent and dependent variables is analysed. The model uses the following
formula to predict the weekly stop usage based on the sociodemographic aspects of the
catchment area (Hayes, 2022):

Vi =PBo+Br*xin + By *xppt.. By xxip + €
where:

- yi: Weekly usage of stop i

- x;: Explanatory variable p of stop i

- By: Constant term

- By Slope coefficients for each sociodemographic variable
- € Errorterm

For the analysis it is chosen to set B, equal to zero. This ensures that demand can never be
negative, and demand is equal to zero with no households and businesses close by. The analysis
itself is done in Excel, whereby various sets of sociodemographic variables are tested. This is
done using the regression analysis package of Excel. With this package, Excel determines the
parameters for the slope coefficients and determines the coefficient of determination, also
known as the R-squared, by virtue of an optimisation scheme (Microsoft, 2016). The R-squared
is a statistical metric that indicates how much of the variation in stop usage can be explained
by the chosen independent values. R-squared lies between 0 and 1, whereby a value of 0
indicates that the stop usage cannot be estimated by the sociodemographic aspects. A value
of 1 indicates that the stop usage can be perfectly predicted without an error term (Hayes, 2022).
A property of R-squared is that it always increases with more predictor variables added, although
predictors are not necessarily related to the stop usage. To account for that there is also an
adjusted R-squared, which is the corrected goodness-of-fit for linear models. In short, when
more predictors are included, whilst R-squared barely improves, adjusted R-squared drops to
indicate that the model is not a better estimator than the previous model (Viimeskie, 2023).
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The analysis is first performed on the stop usage of November 2019. In Table D.2 below, some
results are shown of the R-squared and adjusted R-squared values for various sets of predictors.
What can be seen, for instance, is that making a distinction between male and female within
population does not improve the model, as the adjusted R-squared value does not improve.
Furthermore, it can be observed that the number of businesses in the vicinity of a stop is a poor
predictor of stop usage. Whilst when a distinction is made between the type of businesses, the
model improves significantly. Also, what could be concluded from the analysis is that for each
set of predictors, not all predictors are deemed as significant. In general, a predictor is seen as
significant if the so-called P-value of a variable is smaller than 0.05 (Beers, 2022). This indicates
that it can be 95% sure the variable is a significant predictor. This is, for instance, the case for
the three income groups of households. Yet, the same cannot be said for the age groups 45
to 65 and 65 to 100 years old. They are poor predictors as their P-values lie between 0.60 and
0.95. On top of that, some businesses are seen as better predictors for stop usage than others.
To give an example, trade and catering businesses and financial services and real estate
businesses have a P-value of around 0.25, whilst transport, information and communication
businesses have a P-value of 0.92. This indicates that there is a 92% chance of observing results
at least as extreme, when it is assumed that this variable is a predictor for stop usage. In other
words, the chances of this variable being a reliable predictor are very low. This can also be
concluded if, for instance, only the industry and energy, financial services and real estate, and
culture, recreation and other businesses are included in the model. The adjusted R-squared
value then improves from 0.574 to 0.584.

Table D.2: Sets of predictors for transit use with their respective R-squared and adjusted R-squared values.

Used predictors R? | Adjusted
RZ
- Population within 800 m 0.512 0.508

- Male population within 800 m

- Female population within 800m 0.514 0.508
- Households within 800m 0.543 0.539
- Number of personal cars within 800 m 0.488 0.484
- Low-income households within 800 m

- Middle-income households within 800 m 0.593 0.585

- High-income households within 800m

- Population between 0 and 15 years within 800 m
- Population between 15 and 25 years within 800m
- Population between 25 and 45 years within 800m 0.596 0.585
- Population between 45 and 65 years within 800m
- Population between 65 and 100 years within 800m
- Businesses within 800m 0.355 0.351
- Agriculture, forestry and fishing businesses within 800m
- Industry and energy businesses within 800m

- Trade and catering businesses within 800m

- Transport, information and communication businesses within 800m | 0.590 0.574
- Financial services and real estate businesses within 800m
- Business services within 800m

- Culture, recreation and other businesses within 800m

As various of the above aspects can also be combined, it can be tested what the optimal set of
sociodemographic elements are to estimate transit usage. In addition, it can be tested if making
a distinction between households and businesses close by and far away from a stop improves
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the model. It is found that a model which considers income groups and numerous business
types shows the highest adjusted R-squared values. Including age groups and personal cars
does not further improve the model. What is also concluded is that businesses further than
800 m from a stop do not significantly affect stop usage, whilst households are significant up to
1.6km. This can be explained by the fact that people accept longer access distances than egress
distances (Li et al., 2022). People their origin is in a home and their destination is mostly where
businesses are.

Furthermore, the model is improved by making a distinction between businesses up to 200m
from a stop, between 200m and 400 m from a stop and between 400m and 800 m from a stop.
Yet, this does not hold for all businesses and neither for households. The latter further adds to
the hypothesis people are willing to have further access distances compared to egress
distances, as there is no significant distinction found between people living within walking
distance from a stop. Furthermore, for financial services and real estate businesses there is no
significant transit usage if these businesses are more than 400 m from a stop. This indicates
that the people who work at such businesses are less willing to walk to their destination
compared to other businesses.

What can further be concluded from the results of the analysis above is that usage of tram stops
close to train stations is vastly underestimated. This is caused by the fact that transfer
passengers to other transit networks such as trains are not filtered out, since there are no data
available of transfer passengers between different operators. To account for that aspect, an
additional variable is included for the average number of daily passengers boarding or alighting
at a train station close to a transit stop. This does not include train passengers which change
between train services at the station in question. For this, data are retrieved from the travel
behaviour dashboard of the Dutch Railways for the year 2019 (NS, 2020).

Alternatively, as demand is relatively high at stops close to train stations, these could be
considered as given in the optimisation model. This is seen as valid, as it can be assumed that
placing stops close to a train station is optimal in most scenarios. These stops can then also be
excluded from the linear regression analysis to improve the demand estimation model.
Nevertheless, this is not done in this case study.

Including the predictor value for train passengers improves the model with a final R-squared
value of 0.817 and an adjusted R-squared value of 0.807. The final coefficients of all considered
elements with other statistical values are given in Table D.3. What for instance can be observed
is that a household living within 800m from a transit stop is around four times as likely to access
that tram stop compared to a household living between 800 m and 1.6 km from the same stop.
For businesses this drop-off can already be observed after a distance of 400m.
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Table D.3: Results of final multi linear regression model for weekly stop usage in Novernber 2079.

Variable Coefficient Standard T- P-value Highest Lowest
error statistics 95%- 95%-
term value value
Daily users train 0.262 0.013 1965  <0.001 0236  0.288
station close by
Industry and energy
businesses within 800 28.55 5.007 5.702 <0.001 18.69 38.42
m

Financial services and

real estate businesses 207.9 102.6 2.026 0.044 5.744 410.1
within 200m

Financial services and
real estate businesses
between 200m and
400m

Culture, recreation and
other businesses 54,53 27.16 2.008 0.046 1.023 108.0
within 200m

Culture, recreation and
other businesses
between 200m and
400m

Culture, recreation and
other businesses
between 400m and
800m

Low-income
households within 800 1.236 0.840 1.471 0.143 -0.420 2.892
m

Low-income

households between 0.354 2.358 0.374 0.521 -4.310 5.019
800m and 1.6 km

Middle-income

households within 800 1.103 1.085 1.017 0.310 -1.034 3.240
m

Middle-income

households between 0.291 2.053 0.326 0.453 -3.865 4.482
800m and 1.6 km

High-income

households within 800 0.886 1.241 0.714 0.476 -1.559 3.332
m

High-income

households between 0.204 1.646 0.261 0.364 -2.927 3.454
800m and 1.6km

73.53 47.98 1.532 0127 -21.00 168.0

46.27 13.75 3.365 0.001 19.18 73.36

2.833 2478 1.143 0.254 -2.049 7.715

It must be noted that in very specific instances, such as when a stop is located in a commercial
area which is specialised in trade and catering, the demand for transit is not captured in the
demand estimation model. Lastly, as touched upon earlier, often special locations such as
hospitals or schools attract a lot of transit riders (Burke & Brown, 2007). For the region of The
Hague there were insufficient data from CBS on the number of businesses or workplaces in the
sectors education and health care for the year 2019. Therefore, instead the indicators of the
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number of hospitals, general practitioner locations, and the number of schools within 3km from
blocks in a catchment area are tested as indicators for demand. However, it was concluded the
adjusted R-squared would not improve with these predictors included.

Moreover, it should be noted that including, for instance, the frequency of trams at a stop or the
reliability would improve the estimation model (Mulley et al, 2018). Yet, as described in
Section 3.1.2, the future demand is computed as a percentual difference of the current demand
on the closest located stop. The demand estimation model is only used to determine the
percentual difference in potential of the two stops. As frequency and reliability on both stops are
assumed equal, the precision of the methodology would not be improved by incorporating these
aspects in the linear regression analysis.

Finally, the same methodology for the determination of significant parameters for the data of
November 2019, is also applied for transit data of July 2019. What is found is that also the
highest R-squared values are obtained with the same predictor values. To add, the parameters
for the predictor values are in the same order of magnitude. The only noteworthy difference is
that overall demand is lower across the board in July. In addition, it can be observed that the
predictor values in general show lower P-values and the R-squared values are lower as well.
Hence, it can be concluded that stop usage in July cannot be estimated as well as usage in
November, possibly due to more sporadic demand. At last, a R-squared value of 0.800 and an
adjusted R-squared value of 0.785 are retrieved for July. The final coefficients of all considered
elements with other statistical values for July are given in Table D.4.
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Table D.4: Results of final multi linear regression model for weekly stop usage in July 2079.

Variable Coefficient Standard T- P-value Highest Lowest
error statistics 95%- 95%-
term value value
Daily users train 0.217 0.013 1613 <0001 0191 0244
station close by

Industry and energy

businesses within 800 21.26 5.055 4206 <0.001 11.30 31.22
m

Financial services and

real estate businesses 117.9 103.6 1.138 0.256 -86.26 322.0
within 200m

Financial services and

real estate businesses

between 200m and

400m

Culture, recreation and

other businesses 38.69 27.43 1.410 0.160 -15.35 92.73
within 200m

Culture, recreation and

other businesses

between 200m and

400m

Culture, recreation and

other businesses

between 400m and

800m

Low-income

households within 800 0.925 0.847 1.092 0.276 -0.744 2.594
m

Low-income

households between 0.155 3.508 0.148 1.2671 -6.776 7.355
800m and 1.6 km

Middle-income

households within 800 0.335 1.095 0.306 0.760 -1.823 2.492
m

Middle-income

households between 0.134 3.108 0.131 1.117 -6.003 6.472
800m and 1.6 km

High-income

households within 800 1.489 1.253 1.189 0.236 -0.979 3.958
m

High-income

households between 0.111 2.585 0.109 0.929 -4.993 5.441
800m and 1.6km

75.99 48.40 1.570 0.118 -19.36 171.3

41.5 13.86 2.995 0.003 14.20 68.81

0.999 2.503 0.399 0690  -3.932 5.931

As the model calibration has been performed, the model is subsequently validated. The stop
usage is estimated for the testing data based on sociodemographic characteristics and is
compared to the actual stop usage. Since the model was not calibrated using these testing data,
it can be evaluated how the demand estimation model would perform for new stop locations. In
Figure D.4 it is shown how well stop demand in November 2019 is estimated for the sample of
testing data using the demand estimation model. Nonetheless, from this figure it can be
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observed there are still variations, indicating the model cannot be blindly used to estimate
demand at a particular stop. An example of a stop that shows high deviations is the stop Leyweg
along lines 9 and 16. Deviations could possibly be explained by the fact this stop is located near
a shopping centre.

Validation demand model for stop usage
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8,000+
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4,000
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0 2,000 4000 000 8000 10,000 12,000 14,000
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Figure D.4: Plot of the actual demand per week at a transit stop in November 2079 for the testing data and the
estimated demand by the demand estimation model.

Finally, the model verification step is performed for the demand estimation model. Based on the
distribution of sociodemographic characteristics for the current catchment areas, a set of
artificial stops can be generated with catchment areas which follow these distributions. In
Figure D.5 below, the distributions of sociodemographic data are shown for the significant
predictors.
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Probability density function of sociodemographic characteristics
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Figure D.5: Probability density function of sociodemographic characteristics deemed significant for the demand
estimation model, as seen in the current catchment areas of the tram stops in The Hague.

What is observable from the figure above is that most characteristics approximately follow
either a Poisson or an exponential distribution. For the verification step it is assumed that all
characteristics generally follow an exponential distribution. The mathematical formulation for
such distribution is given below, whereby the lambda value can be estimated by taking the mean
of a particular sample (Penn State University, 2016):

Ak * e_’lk*x X = 0
f"(x){o x<0

where:

- fr(x): Probability density function of sociodemographic characteristic k
- A Parameter of probability density function of sociodemographic characteristic k
- x: Sociodemographic characteristic

As the mean of all sociodemographic characteristics can be computed, also sets of numbers
can be generated which follow the found exponential distributions. These values are the
sociodemographic characteristics of artificially generated catchment areas. Thus, in
conjunction with the computed parameters, the stop usage can then be simulated for a large
sample of stops. Such methodology is called a Monte Carlo simulation (Kenton, 2022).
Following this, the distribution of stop usage for all these stops can be compared to the
distribution of stop usage in the current network. This comparison is visualised in Figure D.6
below. As both distributions generally have the same shape, it can be concluded that the
demand estimation model matches desired specifications and assumptions.
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Simulated stop usage compared to actual stop usage
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Figure D.6: Probability density function of simulated and actual weekly stop usage in the tram network of The Hague.

To conclude, the final parameters for the demand estimation model are calibrated, validated and
verified. Hence, with the known sociodemographic aspects of a catchment area and the found
coefficients, the stop usage can be estimated for a new potential stop location along a tram line.
The previous catchment area model which allocated numerous areas to the closest stop, with
a given set of stops, can again be used. What was already explained in Section 3.1.2 is that the
final estimated demand is a function of the current potential of a stop, the estimated potential
of a stop with different stop locations and the current stop usage. The equation for estimating
demand at a potential stop, based on the current usage of a stop in the vicinity, is given below:

Pj

where:

- D;: Demand at potential stop location j

- P;: Estimated demand potential of stop i
- P Estimated demand potential of stop j
- D;: Demand at current stop location i

For example, with the found parameters, demand can be estimated at 1200 weekly passengers
for both the current and future stop locations on the same stretch of line. Yet, if the current
usage is only 1000 passengers, future demand is also set at 1000 passengers. Hence, the future
demand is a function of the ratio between the potential of a stop in both scenarios, but is mostly
related to current stop usage. This not only ensures that demand is not easily overestimated or
underestimated at a stop, but also allows for a good comparison with the demand and costs of
the current network.
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* Income and businesses are chosen as the main predictors for transit demand in The
Hague. Businesses up to 800 m from a stop are significant predictors and households
up to 1.6 km are significant.

 Demand for potential stop locations can be computed with sociodemographic
characteristics in the catchment area and transit usage of current stops close by.

D.2 Determination of access, egress and transfer times

Into the bargain, the total demand for a stop is not the only aspect that can be estimated with
the demand estimation model. Since the distances of households and businesses to a stop is
known, together with the information which households and businesses are contributing to
transit ridership, the average distance to a stop can be computed. The average distance in a
diamond-shaped catchment area of a given size with a grid-like street network, is equal to the
maximum distance to a stop divided by 1.5. For instance, for households within 800 m of a
transit stop, the average distance to a stop is approximately equal to 533 m if the buildings are
uniformly distributed. In general, the average distance to a transit stop for a given diamond-
shaped area with a minimum and maximum distance to a stop, can be computed with the
following equation:

dupper _ dlower * dlower 2
1.5 15 “\dupper

1— (dlower )2
dupper

dqvg: Average distance from catchment area to transit a stop
dypper: Maximum distance from catchment area to transit a stop
djower:- Minimum distance from catchment area to a transit stop

avg

where:

When the average distance is divided by the average speed, the average time to access a stop
can be computed. For distances above 800m it is assumed that all people cycle towards a stop,
for distances under 800 m it is assumed all people walk to their destination or stop. This is
generally inline what was found in previous studies on, for instance, the access and egress
modes in The Hague (Rijsman, 2018; Van Nes & Bovy, 2004).

Nevertheless, taking an average walking speed for all people might not be realistic, as with age
walking speeds drop (Wirtz & Ries, 1992). This was already explained in Section B.3.2. Yet, age
was not seen as a good predictor for transit demand at stops. Therefore, assumptions must be
made on what the average speed to a particular transit stop is.

From data it can be determined that 8.9% of transit users in The Hague in November 2019 were
above the age of 65 (HTM, 2020). Also, it is known that on average 15.2% of people in the
catchment areas in that same period were above the age of 65. With the given age divisions in
a catchment area, it can be estimated how many of the transit users at a stop are above the age
of 65. In conjunction with the walking speeds per age group, it can then be estimated what the
average walking speed to a particular stop is. This is calculated using the following formulas:

a= POPo-65 0.911 _ PO9Pes-100 0.089
POPo-100 0.848’ POpo-100 0.152

a b
Vavg = 7}, * Vo-65 + 2+ Ves—100
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where:

- a: Arbitrary factor indicating how much more people under 65 years old access a stop
compared to the average

- b: Arbitrary factor indicating how much more people over 65 years old access a stop
compared to the average

- popy-gs. Population between 0 and 65 years old in a catchment area

- Ppobgs—100. Population between 65 and 100 years old in a catchment area

- popy_100: Population between 0 and 100 years old in a catchment area

- Vapg: Average walking speed in a catchment area

- vy_gs. Average walking speed of people between the age of 0 and 65 years

- Vgs_100. Average walking speed of people between the age of 65 and 100 years

The speeds as assumed per age group are given in Table D.5. These values are determined
based on the fact that average walking speeds for signalised routes are between 1.0 m/s
and 1.2m/s (Ali et al., 2018; Porter, 2007). Also, for people under the age of 40, speeds are
approximately 10% higher than average walking speeds, and for ages above 65 speeds decrease
to around 20% under the average (Wirtz & Ries, 1992).

Table D.5: Average assumed walking speed per age group.

Age Group Assumed average
walking speeds

0 to 65 years old
65 to 100 years old

As the age division is not known for transfer passengers between lines, an average walking
speed of 1.1 m/s is assumed. In addition, for bicycle speeds an average speed of 3.3m/s is used
for all age groups as it was found in previous studies that age is not as influential for average
pedalling speeds in urban areas (Boer, 2022). The assumed values for walking and cycling
speeds are altered in the sensitivity analysis to determine the effect of these (assumed) speeds
on stop locations.

» Access, egress and transfer times are calculated using the average distance to a stop
and the average speed.

» People living more than 800 m from a stop are assumed to take the bicycle, others walk.

» Average speeds for walking are calculated based on the age of people living close to a
stop. Average bicycle speeds are independent of age.

D.3 Determination of in-vehicle times

As was found in Section B.3.2, the in-vehicle times can be divided into running times of trams
and dwell times. These are investigated in the following sections.

D.3.1 Running times of tram

For the determination of the running times, a few aspects should be investigated. First of all, not
only are running times between current stop locations required for the model. Also running times
between potential stops should be known to determine in-vehicle times for different stop
configurations. For the latter no data are available, so a model should be constructed which
estimates these running times between potential stop locations.

To start, it is investigated what the acceleration and braking curves are for tram vehicles in The
Hague. Measurements are taken on different parts of the network of the speed of a vehicle and
the time it takes to reach that speed. The results for the acceleration and braking characteristics
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are presented in Figure D.6 and Figure D.7, respectively. Based on these measurements, a
quadratic curve is chosen to approximate the acceleration capabilities of the trams and a linear
function for the braking behaviour. This is done, as wind resistance is the main factor influencing
acceleration capabilities at higher speeds and the resistance force due to wind is quadratic with
increasing speed (Keskin & Karamancioglu, 2017). The estimated equations for acceleration and
braking are given below:

Vaee(t) = —0.0537 = t2 + 4.3361 = t
Vpra(t) = —4.3067 * t + v,
where:

- gec(t): Speed of tram vehicle when accelerating in km/h
- Vpra(t): Speed of tram vehicle when braking in km/h

- t: Timein seconds

- vo(t): Initial speed of tram in km/h

The above formulae are also visualised in the Figure D.8 and Figure D.9 in orange. The orange
lines approximate the runs where the highest acceleration and braking rates were observed.
Vertical and horizontal alignment were not considered in the analysis as it is assumed that the
effects of these on acceleration and braking are low. In The Hague there are, for instance, hardly
any height differences.
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Figure D.7: Acceleration curve of trams in The Hague. Figure D.8: Braking curve of trams in The Hague.

Furthermore, the running times are not only reliant on the characteristics of the vehicle, but also
on the characteristics of the infrastructure. Across the city numerous speed limits are applied.
As an example, tram speeds on the non-RandstadRail sections are limited to a maximum of
50km/h (HTM, 2021). Moreover, for curves, switches, and intersections there are additional
speed limits in force. In addition, there are some temporary speed limits for sections where
trams cause too many vibrations or where they are running through a pedestrianised area (HTM,
2027). For various sections of the network, signs indicate the maximum allowed speed. Hence,
from cab-view videos from 2019 it can be determined what speed limits are on the different
lines. Additionally, from the operator manual for the drivers it can be deduced what the
maximum speeds are on switches, in curves and on intersections in The Hague (HTM, 2021).
These speed limits are general limits on diverse types of infrastructure, but can be disregarded
if the posted speed limit is different. The general speed limits are given in Table D.6.
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Table D.6. Civil speed limits applied in The Hague (HTM, 2027).

Type of infrastructure  Maximum speed
Switch 15km/h
Curve 20km/h
Intersection 25km/h

With the estimated acceleration and braking curves for trams in The Hague, in conjunction with
the speed limits, it can be estimated what the theoretical running times are between current
stops. These running times can be compared to the observed running times from trams in 2019.
Hence, for all sections in the network it is determined what the realised running times were for
trams in July and November of 2019. Running times where stops are skipped due to no
passengers wanting to board or alight, are filtered out in the analysis.

A boxplot is presented of the observed running times for a section of line 1 in November 2019
in Figure D.9. What can be observed is that running times show massive deviations over a
month. The section between Badhuiskade and Keizerstraat shows the biggest deviations which
can be explained by the fact trams run in mixed traffic on this segment. A delivery vehicle being
parked on the road can potentially massively interrupt service, but general traffic levels also
influence running times. In addition, it can be concluded that there are measurement errors, as
some running times are zero or even negative. Hence, it is chosen to filter out the upper quartile
and lower quartile of data to remove exceptions. The used realised running time on a section is
determined by taking the average running time of the unfiltered data.
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Boxplot of running times on a segment of Line 1 in November 2019
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Figure D.9: Boxplot of running times of line 1 between Badhuiskade and World Forum in November 2079 (HTM, 2020).

Next, the computed average running times are compared to the theoretical minimum running
times as determined by the running time model. First this is done for the sections of the
RandstadRail network of line 3 and line 4. On these sections trams can run independently from
pedestrians and road traffic. Therefore, it is expected that drivers mostly run close to the
theoretical minimum running times. In Figure D.10, it is presented what the difference is between
the computed and observed running times on these sections.
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Difference between actual running time and estimated running time
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Figure D.10: Differences between estimated running times of the model and observed average running times in
November 2079 on the RandstadRail sections of line 3 and 4 (HTM, 2020).

What can be concluded from the figure above, is that running times are underestimated by
around 12% on average in the model, both in July and November. This is possibly due to an
applied time supplement, as discussed in Section B.3.2, to allow delayed trams to get back to
schedule (Schittenhelm, 2011). Drivers therefore do not run at the maximum pace when they
are running on time. Hence, the speeds on sections should be lowered in the running time model
to the average speeds drivers run in service on the infrastructure. This procedure should be
performed in steps until the estimated running time matches the observed running speeds.

Nevertheless, when the observed and estimated running times for the whole network are
compared, it can be concluded that on numerous sections the running times are also
overestimated. Figure D.11 below shows the relation between estimated and observed running
times. An overestimation of running times would indicate that drivers run on particular sections
faster than the theoretical minimum running time. Especially on sections with a lot of curves
and switches, running times are underestimated. An example is between the stops Kurhaus and
Circustheater on line 9 where running times are overestimated by 30%.
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Relation between estimated and observed running times
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Figure D.717.: Relation between estimated and observed running times in The Hague in November 2079.

Therefore, on multiple sections where running times are lower than expected, measurements
were taken on the speed of trams. What was concluded is that drivers generally do not obey to
the allowed speed limits. Figure D.12 shows the speeds observed on switches in The Hague and
Figure D.13 shows the speeds on intersections.
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Figure D.12- Observed speeds of trams when passing a — Figure D.13: Observed speeds of trams when crossing
switch,n = 87. an intersection, n = 135.

What can be concluded from the figures above is that tram drivers in The Hague indeed
systematically drive faster than the allowed speed limits for switches and intersection of
15km/h and 25 km/h, respectively. Moreover, when the speeds in curves are analysed, it is
concluded that drivers run at speeds above the allowed 20km/h. This is pictured in Figure D.14.
It can also be seen in this figure that speeds increase with increasing curve radii. The maximum
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speed drivers run through a curve can be approximated by the orange line in the figure. The
formula for this line is equal to:

v(r) =vr—25%3.6+15
where:

- v(r): Maximum speed of a tram vehicle in km/h
- r:Radius of curve in metres

A root is chosen for the line approximating maximum speeds, as centrifugal forces increase
quadratically with increasing speed.

Relation between curve radii and tram speed

60 —
/
50
40 -
<
£ o
c @]
— 30 -
o e® o ?
v o o
& o ®
20
10 -
0 ] ] ] ] I T T
0 25 50 75 100 125 150 175 200

Curve radius in meters

Figure D.74: Relation between curve radii and observed tram speeds in The Hague.

As a result, the speed limits in the running time model are adjusted for the observed
phenomenon of speeding by drivers. Speeds in switches are set at 17 km/h instead of 15km/h
and speeds at intersections are set at 32 km/h instead of 25 km/h. Speeds in curves are
estimated using the equation above, considering curve radii.

Finally, similarly to the segments on the RandstadRail network, speeds on all sections of the
network are adjusted such that estimated running times match observed running times. This is
done for both running times in July as well as November of 2019. For none of the segments
speeds are increased, they are only lowered. When running times match, the realised speeds on
all sections of the network are obtained. This is important as with the running time estimation
model, stops can be moved along a line to determine new running times between various
potential stop locations. Hence, for all potential stop locations, it can be determined how much
time is lost by accelerating and braking for that stop. Figure D.15 shows the distribution of time
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loss across all potential stop locations in the network. It should be noted that this time is
excluding dwell times. It is concluded from the figure below that on some sections a tram loses
around 20 seconds when speeds are approximately 70km/h. Yet, for most stops in the city
speeds are around 30km/h, which results in a time loss of around 7 seconds.
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Figure D.75: Addlitional running time due to braking and acceleration at potential stops.

* Thetime loss due to braking and accelerating at a potential stop lies between 4 and 24
seconds based on the speed limits around a potential stop. For most potential stops in
The Hague, the time loss is around 7 seconds.

D.3.2 Dwell times of trams

As the running times are affected by boarding times, these are analysed as well. Since in the
future the HTM is going to operate an almost heterogenous fleet of low-floor trams across its
system, it is decided to only take the characteristics of these trams and not look at the effects
of having, for instance, more doors on a vehicle (Rosenberg, 2022). Yet, if new vehicles are to be
purchased in the future, attention should be given to the characteristics of these vehicles. Some
of these design changes can speed up the boarding process significantly and influence optimal
stop spacing (Rajbhandari et al., 2003). The effects of longer and shorter dwell times on optimal
stop locations are also studied in the sensitivity analysis in Section 4.5.

In Figure D.16 a boxplot is shown of the dwell times at four stops on line 1 in November 2019.
What can be observed is that dwell times also show significant variation over a month. This is a
result of deviations in the number of people boarding and, to give an example, the fact that
sometimes people with strollers or wheelchairs require to board the vehicle. The latter increases
the boarding time significantly (Tirachini, 2013).
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Boxplot of durtaion of stopping times for a segment of line 1 in November 2019
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Figure D.76: Boxplot of dwell times on line 7 between Badhuiskade and Frankenslag in November 2019 (HTM, 2020).

Interestingly, if the average number of people boarding and alighting at a stop per vehicle in a
month is plotted against the average dwell times, a clear relation can be observed. Figure D.17
shows this relation for the months July and November of 2019. Yet, in the figure no clear
difference between the two months can be observed.

What can also be seen in the figure is that there are four outliers in November where average
boarding times are much higher than what is expected. These are the stops Kurhaus, Centrum,
Station Hollands Spoor and Station Delft along line 1. A possible reason for this could be that
the timetable included too much slack time for this line in November 2019. Drivers therefore
waited to be on schedule on the main stops of the route, increasing boarding times.
Furthermore, it is found that the average dwell times for high-floor trams are higher compared
to dwell times of low-floor trams. Therefore, the sections where high-floor trams are used are
filtered out of the analysis. This is done, as described before, since HTM is going to operate only
low-floor vehicles in the near future (Rosenberg, 2022). Hence, lines 1, 6, 12 and 16 are excluded
from the analysis.
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Relation bggween average number of people boarding and alighting and stopping time
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Figure D.17: Relation between average number of people boarding and alighting over a month per vehicle at a stop
and the average adwell time in July and November of 2079 (HTM, 2020).

If all stops for both months are included in the plot and the four mentioned tram lines are
factored out from the results, a relation can be obtained between the average number of people
boarding and alighting and the resulting average dwell time. This is shown with the orange line
in Figure D.18. The equation for this line is equal to:

tawell = 1.0084 * (pasboard + pasa”ght) + 20.611
where:

- tawen. Average dwell time in seconds
- paspeqera. Average number of passengers boarding
- pasgigne: Average number of passengers alighting

What can be concluded from this equation, is that the average time loss due to boarding and
alighting is approximately 25 seconds, whilst the time loss due to braking and accelerating
around a stop is often only 7 seconds. This would indicate that placing a stop adjacent to a
curve or intersection is not necessarily always the optimum strategy to decrease running times.
Most time can be saved by decreasing the number of stops as already a time penalty of 20
seconds is applied to every stop, even before people have boarded and alighted the vehicle. With
half the stops and the same number of total passengers, boardings times drop by 30 to 40%.
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Relation between number of people boarding and allighting and stopping time
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Figure D.18: Relation between average number of people boarding and alighting over a month per vehicle at a stop
and the average stopping time in July and November of 2079 for low-floor trams (HTM, 2020).

* The dwell time at a stop is dependent on stop usage. Yet, dwell times are already
approximately 20 seconds for sparse numbers of passengers boarding and alighting.

D.3.3 Queuing delays at stops

The final component of in-vehicle times, as described in Section B.3.5, are queuing delays. If
queuing delays were apparent in the network of The Hague, they would be observable in the
running times of 2019. Subsequently, this would have resulted in lowered speeds in the running
time model on particular line segments to account for these delays.

Nonetheless, when looking at the stops in the network of The Hague, it can be concluded that
queuing delays have a low probability of occurring. For all stops in the network where the
frequency during the peak is more than 10 trams per hour both ways, there are at least two
berths for trams to halt per direction. For some busier stops with high dwell times, there are
even three or four berths available per direction. For example, this is the case at the tram stops
of the two busiest train stations Den Haag Centraal and Den Haag Hollands Spoor. Since
multiple berths are used and dwell times are not longer than 60 s, average queuing are rarely
more than 3's, but often much lower (Tirachini, 2014). Hence, these delays can be disregarded
in The Hague. Although, future stop locations should also have the appropriate number of berths
per stop to avoid excessive queuing delays.

* Queuing delays at tram stops in The Hague are neglectable.

D.4 Determination of operator costs and revenue parameters
As the costs for the users are determined, the operator costs and revenue are determined as
well. The operator costs which are considered are the costs associated with the fleet size and
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the costs associated with the energy usage. The former includes the annual costs of drivers,
annual maintenance costs and the amortisation costs.

D.4.1 Fleet size, labour costs and maintenance costs

Most operator costs are affected by the fleet size and the total number of timetable hours. One
timetable hour is expressed as one vehicle being in service for one hour. The most important
cost components related to the fleet size include the amortisation costs, maintenance costs,
cleaning costs and the insurance costs. In total a tram costs on average €230,000 per year
across its lifecycle according to the operator (HTM, 2022). Furthermore, the costs mostly
associated with the operation of the vehicle are the costs of driving personnel. It costs
around €70 to operate a tram in one hour of service, including the costs of compensations to
third parties in the case of accidents. This also accounts for the hours a driver is not running
revenue trips. All considered cost components are presented in Table D.7 and Table D.8 below.

Table D.7: Costs associated with the fleet size Table D.8: Costs associated with the
(HTM, 2022). number of timetable hours (HTM, 2022).

Component  Yearly cost per tram Component Cost per
I\pglelgit1ilelsl €130,000 timetable hour
Maintenance E2s{0Ase[0) Personnel

Cleaning €16,000 Compensation K33
Insurance €3,500

The running times for the tram lines were already computed for the user costs. Hence, when all
running times on all sections are multiplied with the number of trams on that section, the total
time vehicles are in service can be obtained. This value can be multiplied with the €70 to obtain
the service-related costs. Afterwards, the total number of timetable hours can be compared to
the current number of timetable hours to investigate how many trams should be in the fleet of
the operator. As was mentioned in Section 3.1.4, it is assumed that with 10% shorter running
times, that the fleet can be 10% smaller as well. Following this, the total number of rolling stock
required in the new network can be multiplied with the weekly costs associated with owning and
maintaining a tram.

» Operating a tram in one hour of service costs approximately €70, of which most costs
are endured due to personnel salary. Moreover, the operator incurs an additional annual
cost of approximately €230,000 for having a tram in their fleet.

D.4.2 Energy costs

The energy consumption of tram vehicles is dependent on stop location, as was found in
Section B.4.2 (Yang et al., 2022). With more stops, trams must brake and accelerate more
regularly, with the latter requiring a higher tractional effort. Yet, the energy loss is not consistent
for all stops in the system. One can imagine that if a tram must slow down for a curve already,
the additional energy usage for having to stop is quite low. On the other hand, a tram travelling
at 80km/h having to slow down to stop and then speed up again, would require a lot of additional
energy. This is similar to the time loss for stopping.

What is found in literature is that energy usage of a tram is dependent on various factors, but
most influential is the change in speed (Szilassy & Folders, 2022). The energy requirements of
trams are very different for acceleration, braking cruising or idling. This was already explained
in Section B.4.2. In literature values are found for these four aspects, in the case of a standard-
sized, modern and electric, urban tram. These values are used in the case study for The Hague
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as the system uses similar trams. The energy consumption values are presented in Table D.9
below (He et al,, 2022).

Table D.9: Average energy usage of trams for different movements (He et al, 2022).

Movement Energy
consumption

Acceleration
Braking
Cruising
Idling

In reality, energy consumption is not consistent over varying speeds. For instance, the energy
consumption for cruising increases with speed, besides increasing over time. On top of that,
energy consumption for constant acceleration varies over speed, but in this study these aspects
are not considered (Ma et al,, 2013). The model is therefore a simplification of actual energy
usage.

As for the energy consumption a function of time is obtained, the running time model can be
used to investigate how long a vehicle is accelerating, braking and cruising. These durations are
known for various potential stop locations across the system. Hence, with the model it can then
also be computed what the energy loss is for all potential stop locations in the network. The
results of the model for all potential stop locations are pictured below in Figure D.19. What can
be observed is that for most stops around 1 kWh of additional energy is consumed. For some
stops where speeds are high, the additional energy consumption of accelerating and braking for
a potential stop is almost 3 kWh.

Additional energy usage due to braking and acceleration at a stop
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Figure D.79: Additional energy usage due to braking and acceleration at a potential stop.

161



For the results above, the dwell times are not considered. The energy consumption due to idling
must be computed separately. As the energy consumption due to idling is only deemed
dependent on the stationary time, first the dwell time has to be computed. This boarding time
was dependent on the demand at a stop as described in Section D.3.2 and in this section it was
also explained how the stationary time is computed for varying demand per stop. When this
dwell time is obtained for a specific stop, the energy loss can be computed by multiplying with
the average energy consumption due to idling.

Finally, when the total energy consumption is found, the energy costs can be computed using
the average costs for electricity. The electricity costs from 2022 are used, which were at the
time equal to 0.59 €/kWh (ANWB, 2022). As a result, the energy costs due to braking and
accelerating at a potential stop per vehicle lie approximately between €0.25 and €1.75. The cost
of energy is multiplied by the energy usage for a particular set of potential stop locations in a
solution, to obtain the total energy costs for the operator.

» Theenergy loss due to braking and accelerating at a potential stop lies between 0.4 kWh
and 2.9 kWh based on the speed limits around that stop. For most potential stops in The
Hague, the energy loss is around 0.9 kWh.

* The energy loss due to idling is proportional to the stationary time and must be
computed separately.

* When the total energy usage is known, the costs can be computed by multiplying with
costs of electricity.

D.4.3 Operator revenue parameters

To find the optimal network of the operator, the average revenue per boarding and per travelled
kilometre is calculated. To start, it is known that around 60% of people in The Hague travel with
their regular smart card balance, around 15% of these people also travel with a 33% discount
(HTM, 2023). When these values are converted it can be estimated that 54% of passengers travel
with the full boarding fare, whilst 46% of passengers do not. Hence, with a given boarding fare
of €1.08 it can be estimated that the average revenue per boarding is €0.58 (HTM, 2023).
Furthermore, it is known from the year 2022 that around 90 million passengers travelled on the
HTM tram network, which travelled approximately 350 million passenger kilometres in total. In
addition, the revenue for the operator in this year was approximately 105 million euros (HTM,
2023). With the calculated boarding fare and the left-over earnings, it can be estimated that the
average revenue per passenger kilometre was approximately €0.15. Consequently, these values
are used in the stop optimisation model to obtain the optimal network for the operator.

* For the network of The Hague an average boarding fare of €0.58 and an average
kilometre fare of €0.15 are applied in the model. These values are used to compute the
optimal network for the operator.

D.5 Determination of external costs

In Section 3.1.4, it was decided to only investigate the external costs of greenhouse gas
emissions in this study. It is found that in the Netherlands the greenhouse gas emissions
intensity is equal to 418 g CO2e/kWh (European Environment Agency, 2022). This is calculated
as the ratio of COz-equivalent emissions from public electricity production. This value can be
multiplied with the total energy consumption and the external costs of emitting carbon dioxide
to obtain the external costs. In 2015 the external costs of one ton of COz-emission in the
Netherlands were approximately €100 (Schaffner, 2015). This value is adjusted for inflation to
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obtain the costs of emitting one ton of CO, in 2022. Inflation between 2015 and 2022 was equal
to 22% in the Netherlands, resulting in external costs of 0.051 €/kWh (Hoekstra, 2023).

The total energy consumption is computed already with the methodology described in
Section D.4.2. Using this prior analysis, it can be computed that the external costs of stopping
are on average as low as €0.04, while for some stops in Zoetermeer external costs can be equal
to €0.12. These costs are less than a tenth of the electricity costs. Hence, it is expected that
external costs hardly influence the optimal solution. Nevertheless, this is confirmed in the
sensitivity analysis.

» The external costs of greenhouse gas emissions due to braking and accelerating at a
potential stop lie between €0.02 and €0.12 based on the speed limits around a potential
stop. For most potential stops in The Hague, the costs are approximately €0.04 per
vehicle.

» The external costs of greenhouse gas emissions due to idling are proportional to the
stationary time and must be computed separately.

D.6 Weight of cost and time components for objective functions

As in the optimisation model that, for instance, minimises social costs the optimal trade-off is
determined between various aspects such as user costs and operator costs, it is important to
know the weights of these components. In addition, it should be decided how, for instance, time
and costs can be compared. The weights are particularly important as they can heavily influence
the optimal solution of the model. Hence, their values should also be altered later on to
determine the sensitivity of the solution. This is done in Section 4.5 in the sensitivity analysis.

D.6.1 Monetary costs for trip time

In literature it is suggested that every aspect of the objective function should be rewritten in a
monetary cost (Van Nes & Bovy, 2000). This allows for a model which determines the minimal
social costs in the system. The monetary costs of time can be computed using the Value of
Time (VoT). This is an indication of how much money people are willing to spend to save time
whilst traveling. What is often found is that the VoT for people is in the same order of magnitude
as their wage. Yet, depending on the travel purpose, the VoT of people can be different (Shires
& de Jong, 2009). A study from the Netherlands found that the perceived monetary costs of
travelling one hour in a transit vehicle are approximately €7 (Kouwenhoven et al, 2014).
However, the costs are on average three times as high for business travellers and can be
around 20% lower for other travel purposes. In Table D.10, the VoT in urban transit is shown for
the three main travel purposes. Moreover, it should be noted that these values are according to
the price level of 2010. Therefore these values are corrected for inflation in the last column of
the table. Between 2010 and 2022 inflation was equal to 34% in the Netherlands, resulting in a
VoT which is 34% higher compared to 2010 (Hoekstra, 2023).

Table D.10: Value of Time for different travel purposes in urban public transit in the Netherlands (Kouwenhoven et al,
2074).

Travel Value of time  Value of time
motive i

Commute

Business
Other
All purposes
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The various VoT are incorporated in the optimisation model. However, this is not done as easily
as, for instance, incorporating different walking speeds for older age groups. There are not
sufficient data available on the travel purpose of specific passengers in The Hague. Yet, what is
available is the share of trips per travel purpose in the four quarters of 2019 in the entire tram
network. In addition, within the data a distinction is made between the urban tram network and
the RandstadRail network. For the third and fourth quarter of 2019 from July to September and
from October to December, respectively, the data are shown in Table D.11 (Goudappel Coffeng,
2020).

Table D.71: Share of trips per travel purpose in the tram network of The Hague (Goudappel Coffeng, 2020).

Urban tram RandstadRail
Travel Share of trips Share of tripsin  Share of trips in Share of trips in
purpose in Q32019 Q42019 Q32019 Q42019
Education

Work
Business
Visit

Other social

Form the data above it can be concluded that more people use the RandstadRail network for
commuting purposes, compared to other lines in the network. Furthermore, it can be observed
in the table that people use the tram less for commuting purposes during third quarter. Although
September is included which sees a lot of students traveling by transit, more significantly the
summer holiday season is scheduled in this time of year (HTM, 2020). It is assumed that the
share of travel purposes in July 2019 are equal to the averages of Q3. Similarly, the data from
Q4 are used for the share of travel purposes in November 2019. In addition, for the remainder of
the analysis the travel purposes education and work are combined into the group commuting,
while visit and other social trips are combined to the group other purposes. For these travel
purpose groups, the VoT can be used as presented in Table D.10.

Next, from passenger data of 2019 it is analysed on a line level what the ratio is between the
number of people traveling during the peak and the number of passengers during the off-peak.
Atrip in the peak is defined as a trip starting between 7:00 and 9:00 or between 16:30 and 18:30
on a weekday. In this study it is assumed that this ratio between trips in the peak and off-peak
is related to the ratio between the number of people traveling for working or business purposes
and other purposes. The percentage of people traveling during the off-peak is shown in
Table D.12 for all lines in the network. The percentual difference per line from the average of
65% is also shown in this table. Nevertheless, lines 3 and 4 of the RandstadRail network are
considered separately. On the RandstadRail network, on average 59% of people travel during the
off-peak.

From the share of passengers during the off-peak, the shares between the different travel
purposes on the multiple lines can be estimated. As an example, line 1 is taken in November
2019. On average, 67% of trips are performed during the off-peak on this line, which is 3% more
compared to the average. Consequently, the number of commuting and business trips is
reduced by 3% for this line, and the number of trips with another purpose is increased with 3%
from the network averages. Finally, also these estimated shares are increased proportionally,
such that the total is equal to 100% again. These steps are applied to the other lines as well to
obtain the share of travel purposes per line. The entire results of this methodology for November
2019 are shown in Table D.12.
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Table D.12: Estimated share of trips per travel purpose per line in the tram network of The Hague in Novermber 2079
(Goudappel Coffeng, 2020).

Line Passengers Percentual Estimate of trips  Estimate of trips ~ Estimate of
during off-  difference from with commuter  with business  trips with other
peak the average purpose purpose purpose
1 67% 3% 55% 4% 41%
2 68% 5% 54% 4% 42%
3 64% 9% 51% 3% 46%
4 54% 9% 60% 3% 37%
6 66% 2% 56% 4% 40%
9 60% -8% 61% 4% 35%
11 67% 4% 55% 4% 41%
12 66% 2% 56% 4% 40%
15 62% -4% 60% 4% 36%
16 66% 3% 56% 4% 40%
17 64% -1% 58% 4% 38%
18 63% 2% 58% 4% 38%
19 59% 9% 61% 4% 35%

The same procedure for November 2019 can be applied for July 2019. The estimated values for
different travel purposes on the different lines in July 2019 are given in Table D.13.

Table D.13: Estimated share of trips per travel purpose per line in the tram network of The Hague in July 2079.

Line Estimate of trips Estimate of trips Estimate of

with commuter with business  trips with other

purpose purpose purpose
1 39% 4% S57%
2 38% 4% 58%
3 51% 4% 45%
4 59% 4% 37%
6 39% 4% S57%
9 43% 4% 53%
11 38% 4% 58%
12 39% 4% 57%
15 42% 4% 54%
16 39% 4% 57%
17 41% 4% 55%
18 41% 4% 55%
19 44% 4% 52%

To conclude, from the tables above it is known, on a line level, what the share of trip purposes
is. Hence, the total users cost can be estimated by multiplying the respective travel times with
the weighted VoT per line. This is applied in the optimisation model. The weighted VoT can be
calculated with the following equation:

VOTavg = VOTCommuter * SCommuter + VOTBusiness * SCommuter + VOTOther * SOther
where:

- VoTg,4: Average VoT for a tram line
- VoT;:VoT for specific travel purpose i
- §;: Estimate of trip share with purpose i
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» User travel costs are expressed in monetary costs using the value of time. This value of
time is different for various travel purposes.

* For each tram line in the network, the share of travel purposes is estimated using the
network averages and the ratio between the number of people travelling during the peak
and off-peak.

D.6.2 Weights between trip time components

Furthermore, as described in Section B.3, distinct parts of the trips are not perceived equally. In-
vehicle times are often seen as less of a burden compared to out-of-vehicle times (Hossain et
al., 2015). This should be accounted for when the different travel times are weighted. Many
papers aimed to find these weights, but results are diverse. Transfer penalties show the biggest
deviations, but as touched upon in Section 3.1.3, only the walking times between transfer are
incorporated in the stop optimisation model. In addition, waiting times are not considered in the
computation of the user costs in this study. Other literature suggests a weight between 1.25
and 2.71 should be applied to access and egress times compared to in-vehicle times, where
most studies indicate a value between 1.25 and 1.75 (Iseki et al., 2006; Wardman 2001). For this
study it is assumed that a minute of walking or cycling time is perceived 1.5 times as high
compared to a minute of in-vehicle time. This factor is multiplied by the access and egress times
and the value of time of people to obtain the monetary costs for walking or cycling. For walking
between transfers a value of 1.75is used, as transfers are generally perceived more as a burden
(Iseki & Taylor, 2009). Nevertheless, different values are tested in the model to see the sensitivity
to these values.

Finally, other costs, such as the operator costs and the external costs, are already considered in
monetary terms, meaning that they do not have to be assigned a weight. Only if, for example,
operator costs are seen as more important than user costs, should a weight be assigned. Yet,
the optimal solution is then the optimal solution for a group of people, and not for society as a
whole.

* Access and egress times are weighted 1.5 times as high as in-vehicle times in the
optimisation model. Walking times between transfers are weighted 1.75 times higher
compared to in-vehicle times.

D.7 Travel cost elasticity paramelers on line sections

As mentioned in the methodology, the final stage of the model involves conducting iterations to
observe the impact of alterations in overall travel cost on the demand. To accomplish this, a
travel cost elasticity value is necessary, and it is crucial to determine how the changes in travel
costs are calculated for each section of tram line. Additionally, before calculating the adjusted
demand for the stop optimisation model, it is essential to ascertain the waiting times for all
stops in the network.

D.1.1 Travel cost elasticity value

The sensitivity of users to changes in travel costs, referred to as travel cost elasticity, can vary
depending on the region and mode of transportation. Studies conducted in the Netherlands have
found that public transport users have a travel cost elasticity value ranging between -0.3
and -0.9, with variations based on age group and travel motive (de Haas et al., 2022). Another
study in the Netherlands has shown that tram users have a narrower range of travel cost
elasticity, with a value of -0.3t0-0.7 (MuConsult, 2015). In a study of the Stockholm metropolitan
area, the average travel cost elasticity for public transport was found to be approximately -0.46,
with weaker elasticity for metro trips compared to bus and train trips (Kholodov et al., 2021).
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Interestingly, the study also found that travel cost elasticity increases with longer distances.
Finally, a third study in the Netherlands determined that the price elasticity for urban transit, such
as buses, trams, and metros, is around -0.36, reflecting the shorter trip distances in Dutch urban
areas (Van 't Rot, 2022). Based on these findings, a travel cost elasticity of -0.4 is chosen for the
tram network of The Hague. This value can be adjusted in the sensitivity analysis to assess its
impact on the optimal solution.

» For the iterations of the stop optimisation model a travel cost elasticity value of -0.4 is
applied.

D.1.2 Division of lines into sections for travel cost elasticity determination
To determine the stops that require adjusted demand based on differences in total travel costs,
the tram lines of The Hague are divided into various segments. Initially, the lines are split at the
stops of the two busiest train stations, Den Haag Centraal and Den Haag Hollands Spoor, which
have the highest number of boardings and alightings in the network (HTM, 2020). This indicates
that through passengers are relatively few and passengers primarily stay within one line
segment. Consequently, a decrease in average generalised travel costs on a line segment only
impacts demand for that particular section. Thus, the adjustments in demand are computed for
all iterations of the stop optimisation model by taking the changes in average travel cost on a
line section and the travel cost elasticity.

Tram lines 1 and 15 are also split at Delft Station and Rijswijk Station, respectively, in addition
to the previously mentioned cuts. Furthermore, Line 19 is split at the Leidschenveen Centrum
stop because it does not connect to either of the two busiest train stations. Trams 11 and 12
only have one section considered as they terminate at Hollands Spoor Station.

« Tramlines in The Hague are split in up to three segments. For each section and iteration
the average generalised travel cost in a solution is computed, after which the demand
for that section is adjusted in the succeeding iteration.

D.1.3 Average waiting times at stops

Furthermore, the waiting time for all stops in the network should be determined to compute the
demand changes per section. This involves investigating the number of passengers traveling
per hour for each line to determine the average waiting time accurately. For example, in
Figure D.20 below it is shown for line 9 in November 2019 what the distribution of boardings is
per hour of the day (HTM, 2020). The morning and evening rush hour is clearly visible in this
figure, even though weekly averages are taken. Yet, this distribution can also be obtained for
individual days of the week. The percentage of people travelling for each hour in an average
week should be taken and multiplied with the frequency on a line in that hour. Subsequently, if
all these values are summed, the weighted frequency is obtained. Afterwards, assuming
uniformly distributed demand over an hour, the average waiting time can be computed. These
steps are formulated in the equations below:

n=7 t=23
fWi = Z Z fi,n,t *PDint
n=1 t=0

_ 60
2% fw

WTA;
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where:

- fw;: Weighted frequency on line i

- fine Average frequency on line i at hour t of day n

- Dpine Average percentage of passenger on line i traveling at hour t of day n
- WTA;: Average waiting time on line i

Passenger distribution on line 9 across an average day

0.14

0.12 A

0.10 A

0.08 -

Share
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0.02 A

0.00
0 5 10 15 20

Hour of the day

Figure D.20: Hourly passenger distribution on line 9 across an average day in November 2079 (HTM, 2020).

It must be noted that in the above formulation not the average waiting time for a passenger is
computed, but rather the theoretical average waiting time. Waiting times are most likely higher
due to unreliability and disruptions in everyday service. Nonetheless, the computed average
waiting times per line as considered in the model are presented in Table D.14. What can be seen
in this table is that the average waiting times across the network are in the range of 5 to 6
minutes, only on lines 11 and 19 are average waiting times notably longer due to the lower
frequencies. One thing that should be emphasised is that on lower frequency routes passengers
tend to schedule their departure based on the timetable rather than arriving randomly at a stop,
since they prefer not to wait for extended periods of time (Esfeh et al,, 2020). However, these
effects are not investigated in this study.
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Table D.14: Average waiting time considered in the travel cost elasticity computation for all lines in the network of
The Hague in Novermber 207 9.

Line Average
waiting time
5.5 min
5.7 min
5.8 min
5.8 min
5.2 min
5.6 min
7.1 min
5.6 min
5.8 min
5.3 min
5.9 min
8.5 min

Finally, when considering the generalised travel time costs, the waiting time is adjusted by
incorporating the out-of-vehicle travel time factor. The waiting time is multiplied by a factor
of 1.5, similar to the access and egress times, compared to the in-vehicle times (Iseki et al.,
2006). This means that a passenger experiences one minute of waiting time as 1.5 times more
inconvenient than one minute of in-vehicle time.

» Average waiting times on most stops in The Hague lie between 5 and 6 minutes. For
stops along the less frequent lines 11 and 19, average waiting times are up to 9 minutes.

* Waiting times are perceived 1.5 times as high as in-vehicle times in the travel cost
elasticity computation.
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Appendix E: Mapping of results

This appendix presents the results of the case study, including the selected stop locations for
each objective. Figure E.1 displays the current stop locations, while Figure E.2 presents the
optimal stop locations with the lowest social costs. In addition, Figure E.3 and Figure E.4 exhibit
the optimal stop locations with the lowest user costs and lowest operator costs, respectively. In
all figures, green stop locations are part of the network or are stop locations chosen by the
model, whereas red locations are not. Figure E.5 showcases the optimal network with the lowest
social costs for the stop removal strategy, with orange locations representing stop locations
that should be removed to increase social welfare. Moreover, Figure E.6 displays the optimal
solution with the lowest social costs, considering the demand from July 2019 instead of the
demand from November 2019. Finally, Figure E.7 and Figure E.8 show the geographical
distribution of stop spacing for the current network and the optimal network with the lowest
social costs, respectively.
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Figure E. 1. Potential stop locations considered in the network of The Hague for the optimisation model. The stops
marked in green are existing stops, stops in red are potentially new stop locations.
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Figure E.2- Optimal solution with the lowest social costs for the stop locations in The Hague. The stops marked in
green are stops chosen by the model, stops in red are potential stop locations which are not chosen.
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Figure E.3: Optimal solution with the lowest user costs for the stop locations in The Hague. The stops marked in green
are stops chosen by the model, stops in red are potential stop locations which are not chosen.
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Figure E.4: Optimal solution with the lowest operator costs for the stop locations in The Hague. The stops marked in
green are stops chosen by the model, stops in red are potential stop locations which are not chosen.
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Figure E.5: Optimal solution with the lowest social costs for the stop locations in The Hague considering a stop
removal strateqy. The stops marked in orange are stops that are removed, the green stops should remain.
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Figure E.6: Optimal solution with the lowest social costs for the stop locations in The Hague considering demand
from July 2079. The stops marked in green are stops chosen by the model, stops in red are potential stop locations
which are not chosen.
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Figure E.7: Current stop spacing over the network of The Hague.

173



S N\ s
// ///I, 7 L \ ) /~\

\
\
7
\
\
\
\
~_/

/ / Legend

<200m
200m-290m
300m-390m
400m -490m
500m - 590m
600m - 690m
\ 700m -790m
800m - 890m
\ 900m - 990m
1000m - 1090 m
' 1100m - 1190m
1200m - 1290m
1300m - 1390m
1400m - 1490 m
21500m

7

-~

Figure E.8: Optimal stop spacing over the network of The Hague to minimise social costs.
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