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Summary

Transport infrastructure investments represent some of the largest and most long-lasting public ex-
penses, with the decisions that are made today influencing urban mobility for generations to follow.
As cities all over the world face growing populations, climate targets and thereby the requirement for
sustainable mobility solutions, accurate transport demand forecasts become increasingly important for
effective infrastructure planning, resource allocation and policy evaluation (de Vries & Willigers, 2011).
Otherwise this could lead to either insufficient capacity that constraints economic development or over-
investment that wastes public resources.

Despite their importance, transport demand forecasts are rarely subjected to systematic ex-post evalu-
ation, making it difficult to learn from past successes and failures, and to improve forecasting method-
ologies over time (Tempert et al., 2010). This represents a significant shortcoming in transport planning
practice, where accountability for forecast accuracy is limited and systematic biases in models may go
undetected across multiple projects (Flyvbjerg et al., 2005).

This thesis addresses this gap by using a systematic ex-post evaluation based on smart card data to
investigate the accuracy of multimodal transport demand forecasts, with a focus on the Hoekse Lijn
metro conversion project in the Rotterdam metropolitan area. The study provides a systematic, smart
card data-driven ex-post assessment that compares forecasted and realised public transport demand.
Using anonymised smart card transaction data from the OV-chipkaart system enables this research to
offer a scalable and replicable approach to validating and improving demand forecastingmethodologies.
This contributes to a more accountable and data-informed planning process of transport projects. The
research is guided by the main question:

How can multimodal transport models be improved to enhance the accuracy of future public transport
demand forecasts?

Amethodological framework was developed to guide the analysis, comprising four sequential steps: (1)
demand reconstruction and exploration using smart card data; (2) forecast comparison through tempo-
ral and spatial indicators; (3) diagnostic analysis to trace the origins of discrepancies; and (4) synthesis
of insights to inform model improvement. This framework was applied to the Hoekse Lijn case study, a
former heavy rail line converted to metro operation, supported by detailed transport forecasts from 2011
and 2015. The demand reconstruction was based on already aggregated smart card data, requiring
only limited preprocessing. The analysis involved applying correction factors to account for alternative
payment methods. Key demand indicators, such as boardings per station, segment occupancies and
total passenger kilometres, were derived. The latter two required additional processing using a sec-
ondary dataset. Forecast errors were assessed using quantitative metrics, including mean absolute
error (MAE) and weighted mean absolute percentage error (WMAPE). To account for the structural im-
pact of the COVID-19 pandemic, a correction factor was applied to adjust observed demand upwards
to a pre-pandemic baseline, ensuring comparability with the original forecasts.

The results show that demand forecasts significantly overestimated actual ridership. Relative to the
2015 forecasts, weekday boardings were on average 25ï30% lower after applying the COVID-19 cor-
rection factor. Eight out of ten stations showed underperformance in total weekday boardings, ranging
from -9% to -40%. Westbound boardings were particularly overestimated, with most stations experi-
encing overestimates of more than 50%. In contrast, some stations performed near or above forecast
levels: Maassluis Steendijkpolder came close to the projected figures, while Hoek van Holland Strand
exceeded expectations, with an increase of 121% due to unexpectedly high levels of recreational travel.

While total station-level boardings were lower than forecasted, passenger kilometres were up by 18%,
indicating that the average trip length was longer than anticipated. This discrepancy is explained by the
high share of long-distance, non-commuting trips. For example, beach-related travel to Hoek van Hol-
land Strand generated up to 27 times the normal weekday boardings during peak summer days. This
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illustrates that the projectôs broader objective of improving leisure accessibility was achieved despite
shortcomings in commuter demand projections.

Four systematic deviations were identified in the forecast:

Å Spatial asymmetry: Easternmost stations showed the largest absolute errors in number of board-
ings.

Å Directional bias: Westbound boardings were consistently overestimated across nearly all sta-
tions.

Å Trip purpose misalignment: Commuter demand being overestimated and leisure travel being
underestimated.

Å Trip length distribution change: Average trip length were fundamentally underestimated, with a
higher proportion of longer-distance trips and integration into the bigger Rotterdammetro network
attracting travellers from outside the corridor.

These results point to a mixed outcome. Although the strategic target of a 52% uplift in weekday board-
ings was not achieved at most stations, the line did outperform on leisure travel and, as a result, total
passenger-kilometres. At the same time, percentage errors (especially westbound, where base vol-
umes are low) can exaggerate apparent deviations; for operational interpretation, absolute deviations
are more informative. Taken together, the findings underline the difficulty of forecasting for corridors
that must serve both regular commuters and irregular, weather-sensitive leisure users.

The systematic deviations also had implications that extended beyond the immediate outcomes of the
project. Spatial asymmetry and directional bias resulted in suboptimal resource allocation, with capac-
ity and service assumptions concentrated in areas that ultimately experienced lower-than-expected
demand. Meanwhile, trip-purpose misalignment and longer-than-assumed journey times shifted the
operational profile away from the anticipated commuter-oriented service towards longer recreational
journeys, thereby influencing urban mobility patterns in ways that were originally not planned for.

The observed inaccuracies in the forecast were due to a mix of limitations in the model and external
developments:

Å Overestimated service levels: Forecasts included an additional peak-hour metro line that was
never implemented and assumed a dense feeder bus network, both of which inflated perceived
accessibility and demand.

Å Misaligned cost assumptions: Outdated parameters related to value of time and distance costs
did not align with actual traveller behaviour, leading to misrepresentations of generalised travel
costs in the forecasts.

Å Outdated demographic forecasts: Forecasts misjudged spatial patterns of population and em-
ployment growth, particularly outside Rotterdam.

Å Post-2015 policy shifts: Parking fee increases and fare reforms influenced mode choice more
than anticipated, especially due the rising relative costs of public transport compared to other
modes.

Å Pandemic effects: COVID-19 led to lasting reductions in commuting and a rise in long-distance
leisure trips, notably to Hoek van Holland Strand.

Å E-bike adoption: Growth in e-bike use diverted medium-distance travellers from metro access
trips, impacting mode competition.

After applying the ī12% structural correction for the effects of the pandemic, systematic attribution
analysis (see figure 5.8) shows that approximately 60% of the total residual deviation on an average
weekday can be explained by identifiable factors. These include network representation ( 30%), which
is driven by the assumed frequencies of Line A and a feeder bus network that is more extensive than
that delivered. Other factors include behavioural and economic parameter misalignment ( 20%), which
is due to time and distance cost factors that are anchored in 2010, despite the fact that public trans-
port costs have risen relative to car travel. There are also socioeconomic inputs ( 5%), which reflect
employment that is concentrated in Rotterdam rather than along the corridor. Finally, there is unmod-
elled competition from e-bikes ( 10%) for trips of between 5 and 15 km. These effects are partly offset
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by stronger-than-forecast leisure demand at Hoek van Holland Strand ( -7%). The remaining 40% is
best understood as interaction effects (factors reinforcing each other), normal post-opening ramp-up,
seasonality and data/measurement limitations, rather than a single missing cause.

Figure 1: Waterfall graph showing attribution to the total residual forecast deviation.

Beyond the findings of the case study, the broader implication is that forecasts should treated as indica-
tive rather than as fixed targets as forecasts are inherently uncertain and prone to bias. Their primary
value is to indicate direction and scale and to support comparisons between alternatives, rather than pro-
viding guaranteed outcomes. Forecasts should therefore be communicated in outcome ranges linked
to specific scenarios and should reflect heterogeneous demand. On that basis, this study proposes
four concrete strategies:

Å Systematic ex-post validation: Establish standardised continuous ex-post validation schemes
using using automated data sources, such as smart card data, to create feedback loops between
forecasting practice and observed outcomes, going beyond traditional one-time evaluations.

Å Adaptive parameter calibration: Implement adaptive parameter management that regularly up-
dates behavioural and economic parameters using real-time data sources, addressing the sys-
tematic overestimations that caused by outdated assumptions in the model.

Å Scenario-based uncertainty management: Adopt scenario-based forecasting methodologies
that systematically explore uncertainty across major assumptions, providing probability-based
outcome ranges rather than single-point estimates that aremore vulnerable to external disruptions
like COVID-19.

Å Integrated network planning: Implement network planning that evaluates how new infrastruc-
ture could reshape existing service networks and assesses financial sustainability of service as-
sumptions.

Implementing these changes requires a shift in institutional culture, moving from ñpredict-and-forgetò
to ñpredict-and-learnò. Ex-post evaluations should be mandated and published as part of the funding
conditions, turning forecasting into a continuous cycle of planning, evaluation and improvement, helping
to mitigate the effects of optimism bias. Data management is fundamental in this process. Ideally, a
governmental-led database would provide open, aggregated indicators to support routine validation.
For each major project, the project owner, relevant operators and regional authorities should form a
small, temporary working group to agree on service scenarios and confirm matching budgets before
forecasts are finalised. Finally, roles must be clearly defined, such as who initiates evaluations, who
updates parameters and who coordinates across the different agencies. This ensures that continuous
learning becomes and integral part of forecasting practice, rather than being viewed as an occasional
activity.

This study underscores the value of smart card data as a tool for ex-post validation. The continuous,
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system-wide nature of this dataset enables a granular understanding of temporal and spatial travel
patterns. However, several limitations persist: incomplete coverage of user segments due to alternative
payment methods, lack of direct insight into trip purpose or traveller demographics, and the challenge
of inferring demand indicators using a secondary model to evaluate the accuracy of the original forecast
outputs.

This research demonstrates that systematic ex-post evaluation using smart card data can significantly
enhance the accountability and accuracy of transport demand forecasting by revealing systematic bi-
ases that would otherwise remain hidden in planning practice. The Hoekse Lijn case study illustrates
how traditional forecasting approaches, while achieving some strategic objectives such as improved
leisure accessibility, can substantially overestimate commuter demand due to outdated model param-
eters, unrealistic service assumptions, and inability to anticipate external disruptions such as e-bike
adoption and pandemic-induced behavioural changes. The four-step methodological framework de-
veloped in this study provides transport planners with a replicable approach for continuous model
validation and improvement, while the proposed strategies offer concrete pathways toward more ro-
bust forecasting methodologies. As transport systems face increasing complexity from technological
innovation, changing mobility preferences, and unexpected societal disruptions, the integration of au-
tomated data sources with systematic evaluation frameworks becomes essential for evidence-based
infrastructure investment decisions. This study contributes to a more mature and accountable transport
planning discipline, where forecasting accuracy is continuously monitored, systematic biases are trans-
parently identified, and lessons learned are systematically incorporated into future practice, ultimately
supporting more informed and sustainable transport infrastructure development.
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1
Introduction

Transport demand forecasts play an important role in infrastructure planning, investment decisions, and
public transport operations (de Vries &Willigers, 2011). Multimodal transport models are widely used to
estimate ridership for new public transport connections. However, despite their importance, transport
demand forecasts are often subject to significant deviations, with actual ridership figures eventually
differing from projections (Flyvbjerg et al., 2005). Furthermore, ex-post evaluations of transport demand
forecasts remain uncommon, making it difficult to systematically assess their accuracy (Tempert et al.,
2010).

The need for reliable transport forecasts had become increasingly important as cities continue to expand
and prioritise sustainablemobility solutions. Overestimated demand can result in inefficient allocation of
resources and financial losses, while underestimation can lead to insufficient capacity and suboptimal
infrastructure planning. As a result, improving the accuracy of forecasting models is an important issue
in transport planning (Flyvbjerg et al., 2005; Tempert et al., 2010).

Despite the extensive use of transport demand forecasts in infrastructure planning, research has shown
that these forecasts frequently suffer from systematic inaccuracies, particularly in rail projects. Large-
scale studies such as those by Flyvbjerg et al. (2005) indicate that rail is demand is often overestimated,
with an average overestimation of 106%, leading to substantial financial and operational consequences.
Similarly, research on Dutch projects like RandstadRail and the Noord/Zuidlijn has found that forecast
models often rely on unrealistic socio-economic assumptions, contributing to deviations between pro-
jected and actual ridership (Bojada, 2014; Brands et al., 2020). These inaccuracies persist despite
advancements in forecasting methodologies, highlighting a need for more systematic validation.

A major limitation in forecasting research is the scarcity of systematic ex-post evaluations - assess-
ments that compare forecasted ridership with actual usage after project implementation. While some
retrospective studies exist, they rely heavily on manual passenger counts or survey data, which are
often expensive, time-consuming, and limited in scope (Brands et al., 2020; Hussain et al., 2021).

One of the most promising but underutilised resources for ex-post validation is smart card data, which
provides a continuous, large-scale record of real-world passenger movements (Dixit et al., 2024; Pel-
letier et al., 2011; Van Oort et al., 2015a). While smart card data has already been widely used for
OD estimation, route choice analysis, and operational planning, its application in long-term transport
forecasting validation remains largely unexplored (Dixit et al., 2024; Tempert et al., 2010). Additionally,
data accessibility issues, privacy concerns, and incomplete check-in/check-out data pose methodolog-
ical challenges that limit its full potential (Bakker, 2019; Vignetti et al., 2020).

Another significant limitation in forecasting accuracy stems from the difficulty of incorporating external
influences into demand models. Traditional models assume stable travel behaviour based on socio-
economic projections, yet real-world ridership is shaped by policy interventions, urban planning deci-
sions, and technological advancements. Research has shown that policies such as parking restrictions,
cycling infrastructure improvements, and congestion pricing can significantly impact public transport de-
mand, yet these effects are often not systematically accounted for in forecasting models (Kolkowski &
de Boer, 2023).

1



1.2. Research objectives 2

The COVID-19 pandemic further exposed the rigidity of conventional models, as long-term shifts in
commuting patterns, remote work adoption, and modal preferences led to significant forecasting errors
(Gkiotsalitis & Cats, 2021). While some studies have explored post-pandemic mobility trends, there
is still limited research on how such disruptive events should be integrated into long-term forecasting
methodologies.

While forecasting inaccuracies have been documented in research, there is a lack of systematic, data-
driven ex-post evaluations that quantify and explain deviations between projected and actual ridership
using empirical smart card data.

To address the research gap as outlined in the previous section, this study aims to assess the accuracy
of past transport forecasts and identify factors contributing to deviations between projected and actual
ridership. Therefore, the primary objectives of this research are:

1. Evaluate the effectiveness of smart card data for ex-post validation.
2. Assess the forecast accuracy of existing the transport demand forecasts.
3. Investigate the causes of forecasting discrepancies.
4. Propose improvements for future multimodal forecasting methodologies.

To address the research objectives that are outlined above, this study uses the conversion of the Hoekse
Lijn as relevant case study to explore this gap in research, providing an opportunity to analyse how past
projections compare with observed passenger behaviour and to assess how external factors may have
influenced demand. Using OV-chipkaart smart card data, this research aims to bridge the gap by
introducing a systematic approach to validating forecast accuracy, distinguishing between model error
and external influences, and proposing improvements for future multimodal forecasting methodologies.

To support the decision to convert the Hoekse Lijn from a railway connection to part of the Rotterdam
metro network, transport demand forecasts were conducted in 2006, 2011, and 2015 (Goudappel Cof-
feng, 2011, 2015). Now that the metro has been operational for several years, it presents an opportunity
to assess how well these projections align with actual ridership levels. Studies on comparable projects,
such as RandstadRail, have revealed significant discrepancies between forecasted and observed de-
mand, raising the question whether similar deviations exist for the Hoekse Lijn. Indentifying these
discrepancies and understanding their causes can provide valuable insights for improving forecasting
models and supporting better-informed transport planning decisions.

To reach the objectives of this research to systematically analyse the deviations in transport demand
models and propose improvements to forecasting methods, using the Hoekse Lijn as a case study, the
following research question will be answered:

How can multimodal transport models be improved to enhance the accuracy of future public transport
demand forecasts?

To answer the main research question, the following sub-questions are composed:

1. How can OV-chipkaart smart card data be used to evaluate the transport demand for the Hoekse
Lijn, and what are its limitations?

2. How does the actual transport demand on the Hoekse Lijn compare to the forecasted values from
2011 and 2015, and what systematic deviations can be identified?

3. To what extent do discrepancies between forecasted and observed demand stem from biases or
structural limitations within the transport models?

4. What external factors, such as socioeconomic developments, policy changes, and the COVID-19
pandemic, contributed to deviations between forecasted and actual transport demand?
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This study will use a variety of methods to evaluate the accuracy of transport demand forecasts for the
Hoekse Lijn and determine the causes of any discrepancies. The methodology will integrate a literature
review, data-driven analysis and expert consultation in order to evaluate discrepancies in the forecasts.

First, a review of forecasting accuracy studies and best practices in smart card data analysis will es-
tablish the theoretical context. Exploratory data analysis (EDA) will then be conducted to assess data
quality and identify patterns or inconsistencies. Time-series visualisation and error metrics will then be
used to compare forecasted and observed ridership, highlighting any systematic biases.

Next, observed demand will be systematically compared to original forecasts using visual and statistical
techniques, with cluster analysis being applied to assess accuracy across different station typologies.
Any deviations will be explained through an analysis of the assumptions underlying the model, distin-
guishing between model limitations and external factors. This will be supported by a literature review
and expert consultation.

This research starts with a literature review on forecast accuracy evaluation, smart card applications
and external factors influencing transport demand in chapter 2. Chapter 3 describes the methodol-
ogy that is used to evaluate the forecast accuracy. Next, chapter 4 provides the empirical context of
the Hoekse Lijn and analyses observed ridership patterns, while chapter 5 presents the comparative
analysis of forecasted and observed demand and explores the causes of discrepancies. Chapter 6
concludes with a synthesis of findings, discussion and recommendations for improving transport fore-
casting practices.



2
Literature Review

This literature review examines the current state of knowledge regarding the accuracy of transport
demand forecasting, focusing particularly on the use of smart card data for systematic forecast evalua-
tion and on external factors that influence forecasting performance. It addresses three research areas
that are essential for improving transport forecasting practices: (1) Existing approaches to evaluating
forecast accuracy in transport models, including methodological frameworks and systematic biases
identified in previous studies; (2) the emerging role of smart card data as a tool for ex-post evaluation.
This section highlights the advantages of smart card data over traditional data collection methods, as
well as the methodological challenges it presents; and (3) the influence of external factors on public
transport demand, with particular attention to the COVID-19 pandemic and the emerging adoption of
electronic bicycles.

These three topics are included as they directly align with the researchôs aim and research questions:
(1) defines how forecasts accuracy will be judged and where systematic bias typically arises; (2) as-
sesses the suitability of smart card data as the basis for ex-post evaluation and outlines the necessary
processing steps; and (3) identifies the external factors that could explain some of the difference be-
tween forecasts and actual outcomes, enabling the analysis to distinguish between errors in the model
and external effects.

For the literature research, Google Scholar, ScienceDirect, and the TU Delft Repository were used
to identify studies on transport demand forecasting accuracy, ex-post evaluations, smart card data
applications, and external effects. The following keywords were used in various combinations: smart
card/OV-chipkaart data, ex-post evaluation, transport/traffic forecast accuracy/reliability, RandstadRail,
OD matrix, effects COVID-19.

Despite their widespread use, transport demand forecasts are rarely subject to ex post evaluation,
making their actual accuracy often uncertain (Tempert et al., 2010). However, large-scale studies,
such as those by Flyvbjerg et al. (2005), have shown systematic overestimations, especially in rail
transport forecasts. Unlike weather forecasts, which can be quickly tested against real-world data,
transport forecasts often project demand 15 years or more in the future, making direct validation a long-
term challenge. This limitation means that the applicability and reliability of transport models are often
assumed rather than subjected to strict verification.

Statistical validation methods are used to quantify forecast accuracy. Common metrics include Mean
Absolute Percentage Error (MAPE) and Percent Root Mean Squared Error (PRMSE) to summarise
deviations between predicted and observed values. These range from simple ratio-based calculations,
such as computing the actual observed value as a proportion of the forecasted value and subtracting
one, to more complex statistical measures, each providing different insights into forecast deviations
between predicted and observed values (Macfarlane, 2024).

One of the most consistent findings in the evaluation of transport forecasts is the tendency to overes-
timate demand, particularly for new infrastructure projects. Tempert et al. (2010) analysed forecasts
made in the 1990s and found that, on average, transport models overestimated traffic intensities, with
discrepancies being much larger for inner-city roads than for main roads. The main cause of these in-
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accuracies was found to be overly ambitious socioeconomic development assumptions, such as over-
estimated new housing projects and employment growth.

Research by Flyvbjerg et al. (2005) provides a broader statistical analysis of the accuracy of transport
demand forecasts. Using a dataset of 210 major transport projects across 14 countries, the study
found:

Å Rail forecasts are particularly prone to overestimation: in 90% of rail projects passenger demand
was overestimated, with an average overestimation of 106%.

Å Road forecasts show a more balanced distribution of discrepancies, with similar rates of over-
and underestimation. However, for 50% of all road projects, the difference between forecasted
and actual traffic was more than Ñ20%.

Å The accuracy of forecasts has not improved over the last 30 years, despite claims that forecasting
techniques have advanced.

These findings suggest that forecasting inaccuracies are not just the result of technical limitations, but
may also be the consequence of political and strategic biases. Many projects face political pressure
to justify investments, leading to systematically inflated demand estimates. This effect is especially
apparent in rail projects, where strong political or ideological motivations, such as encouraging a modal
shift from cars to public transport, can lead to deliberate overestimation of demand (Flyvbjerg et al.,
2005).

A KiM (Kennisinstituut voor Mobiliteitsbeleid) study strengthens this argument by analysing four ma-
jor Dutch urban transport projects, including RandstadRail and the Noord/Zuidlijn. The results show
that forecasting discrepancies did not consistently lead to over- or underestimations, but rather varied
depending on changes in project scope, economic conditions and model assumptions (Kolkowski &
de Boer, 2023). Interestingly, the study also highlights that while spatial development assumptions
were often too optimistic, other factors such as parking restrictions, improved cycling infrastructure and
policies to discourage car use played a larger than expected role in shaping actual ridership. This
suggests that transport models may not fully capture behavioural responses to urban policy changes,
leading to deviations between forecasts and reality.

In response to these systematic issues, several academics and practitioners advocate the use of band-
widths and scenario-based forecasting rather than single-point estimates. Both Tempert et al. (2010)
and Bojada and Clerx (2014) emphasise the importance of providing realistic ranges of high and low
demand to account for uncertainty in future developments. Furthermore, risk management approaches,
as suggested by Bojada and Clerx (2014), could improve the robustness of transport models by explic-
itly incorporating uncertainties related to spatial and economic development.

Ex-post evaluations of transport forecasts are instrumental in assessing the accuracy of forecasting
models and improving their reliability for future transport planning. In recent years, smart card data,
such as the OV-chipkaart system in the Netherlands, has emerged as a valuable resource for conduct-
ing these evaluations, providing insights into travel behaviour that traditional survey-based methods
cannot match. Unlike manual passenger counts or surveys, smart card data enables large-scale vali-
dation by providing real-world passenger movements and multimodal travel patterns (Dixit et al., 2024;
Pelletier et al., 2011; Van Oort et al., 2015b). However, despite these advantages, the use of smart
card data in forecasting validation faces challenges related to data accessibility, trip interference, and
behavioural assumptions (Bakker, 2019; Vignetti et al., 2020).

One of the uses of smart card data is origin-destination (OD) matrix estimation. Hussain et al. (2021)
discusses recent advances and future challenges in ODmatrix estimation, emphasising the importance
of data cleansing and transfer detection in ensuring accurate trip reconstruction. Data cleansing is
critical to correct for discrepancies caused by equipment failure and human error, which can affect up
to 2% of transactions (Translink, 2016). Besides filtering out missing or faulty records, setting upper
and lower limits for travel time and distance helps identify discrepancies caused by factors such as
unrealistic trip durations, fare evasion, or incorrect tap-ins (Hussain et al., 2021). The paper goes on
to describe the necessity of transfer detection in public transport systems where passengers tap in for
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each boarding, as it helps distinguish between single trips and multi-trip journeys. Effective transfer
detection algorithms distinguish between true intermodal transfers and activities that may indicate trip-
end locations.

Expanding on this, Fu and Gu (2018) illustrate how OD matrix estimation can also be used to as-
sess travel time changes following the introduction of a new metro line. Their study of the Nanjing
metro system shows how smart card data can be used to quantify the redistribution of passenger flows
across multiple stations and whether the new line has successfully reduced congestion on previously
congested corridors.

Other ex-post studies have demonstrated the value of smart card data in validating route choice models
and travel behaviour assumptions, particularly in assessing the impacts of service frequency changes
and network modifications through empirical scenario testing. For example, Van Oort et al. (2015a)
applied smart card data in The Hague to refine demand modelling and evaluate service adjustments,
demonstrating how data-driven simulations can support decision-making in public transport planning.
Similarly, Dixit et al. (2024) evaluated the predictive performance of a multimodal route choice model
in Amsterdam before and after the introduction of the Noord/Zuidlijn metro line. Their findings illustrate
the challenges of applying existing models to new conditions, showing that while smart card data can
validate general demand trends, deviations at the individual route level remain difficult to predict. This
suggests that ex-post validation should not only focus on aggregate demand levels but also assess
how travellers adapt their routes and transfer behaviour in response to new infrastructure, as existing
models may not fully account for these behavioural adjustments. By incorporating these individual-level
adaptations, model accuracy and applicability to future scenarios can be improved.

Building on these insights, Brands et al. (2020) contribute to the discussion by demonstrating how
smart card data can be used for ex-post evaluations of public transport network changes. Their study
on the introduction of the Noord/Zuidlijn in Amsterdam highlights how automated data sources enable
the quantification of ridership changes, modal shifts, and variations in travel times across the network.
By comparing smart card transactions before and after the metro lineôs introduction, they reveal a 4%
increase in network-wide ridership, largely driven by shifts from tram and bus to metro. Moreover,
their findings underscore that besides a reduction in travel times and improved reliability for some
passengers, others were confronted with increased tranfers times or longer journeys due to network
restructuring. This is in line with Dixit et al. (2024), who found that while smart card data effectively cap-
tures aggregate demand trends, individual route choices remain difficult to predict due to behavioural
adaptations. The evaluation of the Hoekse Lijn can follow a similar approach, using smart card data to
assess whether expected demand shifts occur, how travel behaviour adapts, and how network-wide ef-
fects like induced demand or transfer penalties play out. Additionally, assessing changes in travel time
reliability, as seen with the Noord/Zuidlijn, is key to understanding the broader service quality impacts.

Fu and Gu (2018) further highlight the importance of travel time reliability as a metric in evaluating new
metro lines. Their study shows that, besides ridership fluctuations, the introduction of new infrastructure
can change the consistency of travel times across the network. Using smart card data, they quantified
how the opening of Line 4 of the Nanjing Metro reduced travel times for certain OD pairs, while increas-
ing variability for others. This could particularly be attributed to shifts in transfer locations and station
congestion. Such findings underscore the importance of assessing not only travel time variability but
also broader service quality factors that influence passenger behaviour.

In addition to travel time reliability, smart card data enables the ex-post analysis of service quality
impacts on the number of passengers. Van Oort et al. (2015b) examines how comfort and capacity
constraints affect travel behaviour, highlighting that traditional transport models often overlook comfort
effects, despite their influence on passenger choices. Their analysis shows that frequency increases
not only reduce waiting times, but also improve comfort, leading to 20ï30% higher predicted passen-
ger growth than models without comfort effects predict. This suggests that fluctuations in travel time
consistency, as observed by Fu and Gu (2018), may be linked to broader service quality improvements
that shape passenger preferences and overall network demand. These findings emphasise the value
of smart card data in capturing both behavioural responses to service changes and deviations from
forecast demand estimates.

Furthermore, smart card data can also be used in assessment of the impact of policies. Wang et
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�S�O�L�F�D�W�L�R�Q�V�� �D�V �L�W �H�[�S�U�H�V�V�H�V �W�K�H �D�Y�H�U�D�J�H �I�R�U�H�F�D�V�W �H�U�U�R�U �L�Q �D�F�W�X�D�O �X�Q�L�W�V�� �P�D�N�L�Q�J �L�W �L�Q�W�X�L�W�L�Y�H �I�R�U �U�H�V�R�X�U�F�H
�S�O�D�Q�Q�L�Q�J�� �2�Q �W�K�H �R�W�K�H�U �K�D�Q�G�� �0�$�3�( �S�U�R�Y�L�G�H�V �D �V�F�D�O�H���L�Q�G�H�S�H�Q�G�H�Q�W �P�H�D�V�X�U�H�� �X�V�H�I�X�O �I�R�U �F�R�P�S�D�U�L�Q�J �U�H�O�D��
�W�L�Y�H �H�U�U�R�U�V �D�F�U�R�V�V �V�W�D�W�L�R�Q�V �R�U �V�H�J�P�H�Q�W�V �Z�L�W�K �Y�D�U�\�L�Q�J �G�H�P�D�Q�G �O�H�Y�H�O�V�� �E�X�W �P�D�\ �E�H�F�R�P�H �X�Q�U�H�O�L�D�E�O�H �Z�K�H�Q
�D�F�W�X�D�O �Y�D�O�X�H�V �D�U�H �Q�H�D�U �]�H�U�R ���.�L�P �	 �.�L�P���������� ����

�,�Q �W�K�H �+�R�H�N�V�H �/�L�M�Q �D�Q�D�O�\�V�L�V�� �:�H�L�J�K�W�H�G �0�H�D�Q �$�E�V�R�O�X�W�H �3�H�U�F�H�Q�W�D�J�H �(�U�U�R�U ���:�0�$�3�(�� �D�G�G�U�H�V�V�H�V �W�K�H �L�V�V�X�H
�Z�K�H�U�H �O�R�Z���Y�R�O�X�P�H �V�W�D�W�L�R�Q�V �F�R�X�O�G �G�L�V�S�U�R�S�R�U�W�L�R�Q�D�W�H�O�\ �L�Q�I�O�X�H�Q�F�H �R�Y�H�U�D�O�O �D�F�F�X�U�D�F�\ �P�H�W�U�L�F�V�� �%�\ �Z�H�L�J�K�W�L�Q�J
�H�U�U�R�U�V �D�F�F�R�U�G�L�Q�J �W�R �D�F�W�X�D�O �U�L�G�H�U�V�K�L�S �Y�R�O�X�P�H�V�� �:�0�$�3�( �S�U�R�Y�L�G�H�V �D �P�R�U�H �P�H�D�Q�L�Q�J�I�X�O �D�V�V�H�V�V�P�H�Q�W �R�I �I�R�U�H��
�F�D�V�W �S�H�U�I�R�U�P�D�Q�F�H �I�R�U �W�K�H �F�O�X�V�W�H�U���E�D�V�H�G �H�Y�D�O�X�D�W�L�R�Q��

�������������7�X�I�T ���� �(�M�E�K�R�S�W�X�M�G �E�R�E�P�]�W�M�W �S�J �H�M�W�G�V�I�T�E�R�G�M�I�W
�7�K�H �W�K�L�U�G �V�W�H�S �L�Q�Y�R�O�Y�H�V �L�G�H�Q�W�L�I�\�L�Q�J �D�Q�G �H�[�S�O�D�L�Q�L�Q�J �W�K�H �F�D�X�V�H�V �R�I �R�E�V�H�U�Y�H�G �G�L�V�F�U�H�S�D�Q�F�L�H�V �E�H�W�Z�H�H�Q �I�R�U�H��
�F�D�V�W�H�G �D�Q�G �D�F�W�X�D�O �W�U�D�Q�V�S�R�U�W �G�H�P�D�Q�G�� �7�K�H�V�H �G�H�Y�L�D�W�L�R�Q�V �P�D�\ �U�H�V�X�O�W �I�U�R�P �V�W�U�X�F�W�X�U�D�O �O�L�P�L�W�D�W�L�R�Q�V �L�Q �W�K�H
�I�R�U�H�F�D�V�W�L�Q�J �P�R�G�H�O �R�U �I�U�R�P �H�[�W�H�U�Q�D�O�� �X�Q�I�R�U�H�V�H�H�Q �L�Q�I�O�X�H�Q�F�H�V�� �7�K�L�V �S�K�D�V�H �L�Q�W�H�J�U�D�W�H�V �D �F�R�P�E�L�Q�D�W�L�R�Q �R�I
�H�[�S�O�R�U�D�W�R�U�\ �W�H�F�K�Q�L�T�X�H�V �D�Q�G �O�L�W�H�U�D�W�X�U�H �U�H�Y�L�H�Z �W�R �I�L�Q�G �S�O�D�X�V�L�E�O�H �F�D�X�V�H�V �R�I �W�K�H �L�G�H�Q�W�L�I�L�H�G �G�H�Y�L�D�W�L�R�Q�V��

�0�M�X�I�V�E�X�Y�V�I���M�R�J�S�V�Q�I�H �E�X�X�V�M�F�Y�X�M�S�R
�/�L�W�H�U�D�W�X�U�H �Z�D�V �X�V�H�G �W�R �F�R�Q�W�H�[�W�X�D�O�L�V�H �G�H�Y�L�D�W�L�R�Q�V �E�\ �F�R�P�S�D�U�L�Q�J �W�K�H�P �Z�L�W�K �N�Q�R�Z�Q �V�\�V�W�H�P�D�W�L�F �I�R�U�H�F�D�V�W��
�L�Q�J �L�V�V�X�H�V �L�Q �F�R�P�S�D�U�D�E�O�H �S�U�R�M�H�F�W�L�R�Q�V�� �)�R�U �H�[�D�P�S�O�H�� �V�W�X�G�L�H�V �K�D�Y�H �V�K�R�Z�Q �W�K�D�W �G�H�P�D�Q�G �P�R�G�H�O�V �R�I�W�H�Q
�R�Y�H�U�H�V�W�L�P�D�W�H �F�R�P�P�X�W�L�Q�J �I�O�R�Z�V �G�X�H �W�R �L�G�H�D�O�L�V�H�G �D�V�V�X�P�S�W�L�R�Q�V �R�Q �V�R�F�L�R���H�F�R�Q�R�P�L�F �G�H�Y�H�O�R�S�P�H�Q�W�� �Z�K�L�O�H
�X�Q�G�H�U�H�V�W�L�P�D�W�L�Q�J �O�H�L�V�X�U�H���U�H�O�D�W�H�G �R�U �L�Q�G�X�F�H�G �G�H�P�D�Q�G �H�I�I�H�F�W�V ���%�U�D�Q�G�V �H�W �D�O������������ �� �)�O�\�Y�E�M�H�U�J �H�W �D�O������������ ����
�$�G�G�L�W�L�R�Q�D�O�O�\�� �W�K�H �O�L�W�H�U�D�W�X�U�H �Z�D�V �X�V�H�G �W�R �F�R�Q�V�W�U�X�F�W �L�Q�I�R�U�P�H�G �P�H�W�K�R�G�V �I�R�U �T�X�D�Q�W�L�I�\�L�Q�J �H�[�W�H�U�Q�D�O �L�Q�I�O�X�H�Q�F�H�V
�D�Q�G �K�D�Q�G�O�L�Q�J �R�I �G�D�W�D �O�L�P�L�W�D�W�L�R�Q�V�� �)�R�U �H�[�D�P�S�O�H�� �L�W �J�U�R�X�Q�G�H�G �W�K�H �F�R�U�U�H�F�W�L�R�Q �I�D�F�W�R�U �W�K�D�W �Z�D�V �X�V�H�G �W�R �F�R�P��
�S�H�Q�V�D�W�H �I�R�U �V�W�U�X�F�W�X�U�D�O �H�I�I�H�F�W�V �R�I �W�K�H �S�D�Q�G�H�P�L�F �D�Q�G �K�H�O�S�H�G �E�\ �F�R�Q�W�H�[�W�X�D�O�L�V�L�Q�J �P�R�G�D�O �V�K�L�I�W�V �G�X�H �W�R �U�L�V�L�Q�J
�H���E�L�N�H �G�H�P�D�Q�G �L�Q �W�K�H �1�H�W�K�H�U�O�D�Q�G�V��

�'�P�Y�W�X�I�V �E�R�E�P�]�W�M�W
�&�O�X�V�W�H�U�L�Q�J �W�H�F�K�Q�L�T�X�H�V �D�U�H �D�S�S�O�L�H�G �W�R �J�U�R�X�S �V�W�D�W�L�R�Q�V �E�D�V�H�G �R�Q �W�K�U�H�H �V�S�H�F�L�I�L�F �E�H�K�D�Y�L�R�X�U�D�O �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V
�G�H�U�L�Y�H�G �I�U�R�P �V�P�D�U�W �F�D�U�G �G�D�W�D �W�R �L�G�H�Q�W�L�I�\ �V�\�V�W�H�P�D�W�L�F �S�D�W�W�H�U�Q�V �L�Q �I�R�U�H�F�D�V�W �D�F�F�X�U�D�F�\ �D�F�U�R�V�V �G�L�I�I�H�U�H�Q�W �V�W�D�W�L�R�Q
�W�\�S�R�O�R�J�L�H�V�� �7�K�H �F�O�X�V�W�H�U�L�Q�J �Y�D�U�L�D�E�O�H�V �D�U�H �G�H�I�L�Q�H�G �D�V �I�R�O�O�R�Z�V��

�3�H�D�N���K�R�X�U �X�V�D�J�H �U�D�W�L�R ��Pi �����7�K�H �S�U�R�S�R�U�W�L�R�Q �R�I �G�D�L�O�\ �E�R�D�U�G�L�Q�J�V �D�W �V�W�D�W�L�R�Qi �R�F�F�X�U�U�L�Q�J �G�X�U�L�Q�J �S�H�D�N �S�H�U�L�R�G�V
������������������������ �D�Q�G �������������������������� �F�D�O�F�X�O�D�W�H�G �D�VPi = B peak;i

B total;i
�� �Z�K�H�U�HBpeak;i �U�H�S�U�H�V�H�Q�W�V �E�R�D�U�G�L�Q�J�V �G�X�U�L�Q�J

�S�H�D�N �K�R�X�U�V �D�Q�GB total;i �U�H�S�U�H�V�H�Q�W�V �W�R�W�D�O �G�D�L�O�\ �E�R�D�U�G�L�Q�J�V��

�6�H�D�V�R�Q�D�O�L�W�\ �L�Q�G�L�F�D�W�R�U ��Si ���� �7�K�H �F�R�H�I�I�L�F�L�H�Q�W �R�I �Y�D�U�L�D�W�L�R�Q �R�I �P�R�Q�W�K�O�\ �D�Y�H�U�D�J�H �Z�H�H�N�G�D�\ �E�R�D�U�G�L�Q�J�V �I�R�U
�V�W�D�W�L�R�Qi �L�Q ���������� �F�D�O�F�X�O�D�W�H�G �D�VSi = � month;i

� month;i
�� �Z�K�H�U�H� month;i �L�V �W�K�H �V�W�D�Q�G�D�U�G �G�H�Y�L�D�W�L�R�Q �D�Q�G� month;i �L�V

�W�K�H �P�H�D�Q �R�I �P�R�Q�W�K�O�\ �E�R�D�U�G�L�Q�J�V��

�'�D�L�O�\ �Y�D�U�L�D�E�L�O�L�W�\ �L�Q�G�L�F�D�W�R�U ��D i ���� �7�K�H �F�R�H�I�I�L�F�L�H�Q�W �R�I �Y�D�U�L�D�W�L�R�Q �R�I �K�R�X�U�O�\ �E�R�D�U�G�L�Q�J�V �D�W �V�W�D�W�L�R�Qi �R�Q �D�Q
�D�Y�H�U�D�J�H �Z�H�H�N�G�D�\ �L�Q �)�H�E�U�X�D�U�\ ���������� �F�D�O�F�X�O�D�W�H�G �D�VD i = � hour;i

� hour;i
�� �Z�K�H�U�H� hour;i �L�V �W�K�H �V�W�D�Q�G�D�U�G �G�H�Y�L�D�W�L�R�Q

�D�Q�G� hour;i �L�V �W�K�H �P�H�D�Q �R�I �K�R�X�U�O�\ �E�R�D�U�G�L�Q�J�V��

�7�K�H�V�H �W�K�U�H�H �Y�D�U�L�D�E�O�H�V �F�U�H�D�W�H �D �I�H�D�W�X�U�H �Y�H�F�W�R�Ux i = [ Pi ; Si ; D i ] �I�R�U �H�D�F�K �V�W�D�W�L�R�Qi �� �H�Q�D�E�O�L�Q�J �W�K�H �L�G�H�Q�W�L�I�L��
�F�D�W�L�R�Q �R�I �V�W�D�W�L�R�Q�V �Z�L�W�K �V�L�P�L�O�D�U �W�H�P�S�R�U�D�O �X�V�D�J�H �S�D�W�W�H�U�Q�V�� �V�H�D�V�R�Q�D�O �Y�D�U�L�D�W�L�R�Q�V�� �D�Q�G �G�D�L�O�\ �G�H�P�D�Q�G �G�L�V�W�U�L�E�X��
�W�L�R�Q�V��

�)�R�U �W�K�L�V �U�H�V�H�D�U�F�K�� �N���P�H�D�Q�V �F�O�X�V�W�H�U�L�Q�J �L�V �X�V�H�G �W�R �S�D�U�W�L�W�L�R�Q �W�K�H �V�W�D�W�L�R�Q�V �L�Q�W�Rk �F�O�X�V�W�H�U�V �E�\ �P�L�Q�L�P�L�]�L�Q�J �W�K�H
�Z�L�W�K�L�Q���F�O�X�V�W�H�U �V�X�P �R�I �V�T�X�D�U�H�V��min

P k
j =1

P
x i 2 C j

jx i � � j j2�� �Z�K�H�U�HCj �U�H�S�U�H�V�H�Q�W�V �F�O�X�V�W�H�Uj �D�Q�G� j �L�V
�W�K�H �F�H�Q�W�U�R�L�G �R�I �F�O�X�V�W�H�Uj �� �7�K�L�V �X�Q�V�X�S�H�U�Y�L�V�H�G �D�O�J�R�U�L�W�K�P �L�V �S�D�U�W�L�F�X�O�D�U�O�\ �H�I�I�H�F�W�L�Y�H �I�R�U �L�G�H�Q�W�L�I�\�L�Q�J �U�H�S�H�D�W�H�G
�V�S�D�W�L�D�O �D�Q�G �W�H�P�S�R�U�D�O �S�D�W�W�H�U�Q�V �L�Q �V�P�D�U�W �F�D�U�G �G�D�W�D �D�Q�G �G�L�V�W�L�Q�J�X�L�V�K�L�Q�J �E�H�W�Z�H�H�Q �I�U�H�T�X�H�Q�W �D�Q�G �L�Q�I�U�H�T�X�H�Q�W
�X�V�D�J�H �S�U�R�I�L�O�H�V�� �D�V �G�H�P�R�Q�V�W�U�D�W�H�G �L�Q �V�H�Y�H�U�D�O �S�X�E�O�L�F �W�U�D�Q�V�S�R�U�W �V�W�X�G�L�H�V �X�V�L�Q�J �V�P�D�U�W �F�D�U�G �G�D�W�D���$�J�D�U�G �H�W �D�O����



�������� �)�Z�E�P�Y�E�X�M�S�R �E�T�T�V�S�E�G�L ����

�������� �� �.�L�H�X �H�W �D�O������������ ���� �7�K�H �D�O�J�R�U�L�W�K�P �L�W�H�U�D�W�L�Y�H�O�\ �D�V�V�L�J�Q�V �H�D�F�K �V�W�D�W�L�R�Q �W�R �W�K�H �F�O�X�V�W�H�U �Z�L�W�K �W�K�H �Q�H�D�U�H�V�W
�F�H�Q�W�U�R�L�G �D�Q�G �X�S�G�D�W�H�V �F�H�Q�W�U�R�L�G�V �X�Q�W�L�O �F�R�Q�Y�H�U�J�H�Q�F�H�� �H�Q�D�E�O�L�Q�J �V�\�V�W�H�P�D�W�L�F �J�U�R�X�S�L�Q�J �R�I �V�W�D�W�L�R�Q�V �Z�L�W�K �V�L�P�L�O�D�U
�E�H�K�D�Y�L�R�X�U�D�O �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V �I�R�U �W�D�U�J�H�W�H�G �I�R�U�H�F�D�V�W �D�F�F�X�U�D�F�\ �D�Q�D�O�\�V�L�V��

�������������7�X�I�T ���� �1�S�H�I�P �M�Q�T�V�S�Z�I�Q�I�R�X
�7�K�H �I�L�Q�D�O �V�W�H�S �R�I �W�K�H �D�S�S�U�R�D�F�K �I�R�F�X�V�V�H�V �R�Q �W�U�D�Q�V�O�D�W�L�Q�J �W�K�H �I�L�Q�G�L�Q�J�V �I�U�R�P �W�K�H �H�D�U�O�L�H�U �V�W�H�S�V �L�Q�W�R �F�R�Q�F�U�H�W�H
�V�X�J�J�H�V�W�L�R�Q�V �I�R�U �L�P�S�U�R�Y�L�Q�J �I�X�W�X�U�H �I�R�U�H�F�D�V�W�L�Q�J �S�U�D�F�W�L�F�H�V�� �7�K�L�V �L�Q�F�O�X�G�H�V �W�K�H �L�Q�W�H�J�U�D�W�L�R�Q �R�I �V�H�Q�V�L�W�L�Y�L�W�\ �D�Q�D�O��
�\�V�L�V �D�Q�G �H�[�S�H�U�W �F�R�Q�V�X�O�W�D�W�L�R�Q��

�1�S�H�I�P �M�R�T�Y�X �E�R�E�P�]�W�M�W
�$ �V�\�V�W�H�P�D�W�L�F �H�Y�D�O�X�D�W�L�R�Q �R�I �W�K�H �R�U�L�J�L�Q�D�O �P�R�G�H�O �L�Q�S�X�W�V �Z�D�V �F�R�Q�G�X�F�W�H�G �W�R �D�V�V�H�V�V �W�K�H�L�U �L�Q�I�O�X�H�Q�F�H �R�Q �G�H�P�D�Q�G
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