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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 forecasting methodologies.
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?

A methodological 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 251 30% 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 projectis broader objective of improving leisure accessibility was achieved despite
shortcomings in commuter demand projections.

Four systematic deviations were identified in the forecast:

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

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

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

A Trip length distribution change: Average trip length were fundamentally underestimated, with a
higher proportion of longer-distance trips and integration into the bigger Rotterdam metro 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:

A 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.

A 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.

A Outdated demographic forecasts: Forecasts misjudged spatial patterns of population and em-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

A 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.

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

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

After applying the T12% 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.
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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:

A 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.

A 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.

A 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 are more vulnerable to external disruptions
like COVID-19.

A 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 fipredict-and-forgetd
to fipredict-and-learnt. 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,



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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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 sustainable mobility 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).
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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).
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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.
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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.
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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.



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 researchis 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.
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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-



2.2. Smart card data as a tool for ex-post evaluation 5

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:

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

A 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 N20%.

A The accuracy of forecasts has not improved over the last 30 years, despite claims that forecasting
technigues 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.
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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 OD matrix 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



2.2. Smart card data as a tool for ex-post evaluation 6

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 linefs 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 207 30% 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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FRQVWDQWYV ZLWKLQ WKHPRGHO ZKLFKDUHXVHG WRDFFRXQW IRU VKLIW
WUDQVSRUWDWLRQ PRGHYV

7KH .LO ORELOLW\5HSRUW KLIKOLJKWV WKH VWUXFWXUDO QDWXUH RI
KDYLRXU $FFRUGLQJ WR WKLV UHSRUW QHDUO\ RI IRUPHU SXEOLF W
IUHTXHQWO\WKDQ EHIRUHWKH SDQGHPLF ZKLOHRQO\ *+ H[SHFW WR XV
E\LQFUHDVHG KRPHZRUNLQJ GLJLWDO FRQIHUHQFLQJ KRPHVFKRROLQJ
RIWUDQVSRUW KDYHOHG WRDQHVWLPDWHG + GHFOLQHLQEXV WUDI
VFHQDULR VXJJHVWLQJD SHUPDQHQW UHGXFWLRQLQ GLVWDQFH WUD

$GGLWLRQDO\ WKH PRGHB QYWRDOIRWDW WK EGNMKPHXEBEIBIYWW WKDW ZKLOH 2
IURP KRPH UHGXFHV FRPPXWLQJ WULSV LQGLYLGXDOV PD\UHDOORFDWE
SXUSRVHV VXFK DV OHLVXUH DFWLYLWLHV RUHUUDQGY 7KLV FRPSHQV
VWDEOH RUHYHQ LOQFUHDVHG DPRXQW RI WUDYHO WLPHY DPRQJVW DOO
UHODWHG WUDYHO )IVKISSRIWMAMDWKLY DSSURDFK E\ KLIKOLJKWLQJ KRZ SR
FKDQJHVKDYHOHGWRVLIQLILFDQWGHFUHDVHVLQFRPPXWLQJWULSV S
7KHLUUHVHDUFK HVWLPDWHV D GHFUHDVH LQ GLVWDQFHV WUDYHOOHG E
PHWUR WR ZLWK VPDOOHU HITHFWV RQ FDU WUDYHO WR DQG
DQG F\FOLQJ GXHWR FRPSHQVDWRU\ OHLVXUH WULSV

) FMOIEHSTXMSR ERHQSHEP WYFWXMXYXMSR
7KHZLGHVSUHDG DGRSWLRQ RI HOHFWULF ELF\FOHV LVDQRWKHU VLJQLI
IRU SXEOLF WUDQVSRUW ,Q WKH 1HWKHUODQGYV RI WKH SRSXODWLR
SXUFKDVLQJ RQH DQQXDOO\ +XKOQYIAFRGB®I WUDQVSRUW GLUHFWO\ FRP S
WUDQVSRUW IRUPHGLXP GLVWDQFH WWD®\WH\DWKBIWYQH BWNBIO DUH PRVW FF
WULSV LQ WKH WR NLORPHWUHUDQJH ZLWKDYHUDJHH ELNH MRXUQH!

NLORPHWUHV IRUFRQYHQWLRQDO ELF\FOHYV

7TKHLQIOXHQFHRQ SXEOLF WUDQVSRUW ULGHUVKLS KIKWRERXQGWXB WWULRK
OHDGV WR D FOHDU GHFOLQH LQ SXEOLFWUDQVSRUW XVHDFURVV PRVW V
ODQGYV )ROORZLQJWKHDGRSWLRQRIDQH ELNH WKH SURSRUWLRQ RI W
WR RWKHU PRGHY GHFUHDVHG IURP WR IRUMRXUQH\V RI + NP D



'SRGPYWMSR

MRXUQH\V RI +* NP 6LPLODUO\ PRGDO VSOLW GDWD E\WULS SXUSRVH
OLF WUDQVSRUW XVH IRU FRPPXWLQJ IURP WR VKRSSLQJ IURP
DFWLYLWLHV IURP WR IROORZLQJ WKH DGRSWLRQ RI'H ELNHV 7K
WHQGHQF\IRUH ELNHV WR VXEVWLWXWH SXEOLF WUDQVSRUW SDUWLFX
DFWLYLWLHYV

'SRGPYWMSR

7KLV OLWHUDWXUH UHYLHZ FRQILUPV WKDW VPDUW FDUG GDWD KDV EHFR
SURYLGLQJGHWDLOHG LQVLIKWV LQWR DFWXDO SDVVHQJHU IORZV 7KH ¢
VI\VWHPDWLF YDOLGDWLRQ RI WUDQVSRUW GHPDQG IRUHFDVWYV LV SDUW
VXFK HYDOXDWLRQV +RZHYHU WKHUHYLHZHG VWXGLHV DOVR KLJKOLJK
LQFOXGLQJ SULYDF\FRQVWUDLQWY LQFRPSOHWHWUDQVDFWLRQ UHFRU
RUWUDYHOOHU GHPRJUDSKLFV

7TKHVH FKDOOHQJHY GLUHFWO\LQIRUPHG WKH GDWD SURFHVVLQJ VWUDW
JXDUGY ZHUH LPSOHPHQWHG LQ UHVSRQVH LQFOXGLQJ RXWOLHU GHWH
WLYH SD\PHQW PHWKRGY DV ZHOO DV YDOLGDWLRQ XVLQJ VXSSOHPHQW
SURYLGHG D WKHRUHWLFDO EDVLV IRULGHQWLI\LQJDQG LQWHUSUHWLQ
LQFUHDVH LQ H ELNH XVDJH DQG WKH RQJRLQJ HITHFWV RI WKH SDQGHPL
PRGHO EDVHG H[SODQDWLRQV ZKHQ DQDO\WVLQJIRUHFDVW GHYLDWLRQV

7TKHPHWKRGRORJLFDO FKRLFHVLQWKHQH[WFKDSWHU EXLOGRQWKHVHL
FDUG GDWD DQG D FRQWH[WXDO XQGHUVWDQGLQJRI SRWHQWLDO GHPDQ



1IXLSHSPSK]

7KHREMHFWLYH RI WKLV WKHVLVYLVWRSUHVHQW DUHSOLFDEOH PRGXOI
LQ PXOWLPRGDO WUDQVSRUW GHPDQG IRUHFDVWY LGHQWLI\LQJ WKHLU
IXWXUH PRGHOOLQJ SUDFWLFHV IRU SXEOLF WUDQVSRUW SURMHFWYV 7
DIQRVWLFIUDPHZRUNIRUFRQGXFWLQJH[ SRVWHYDOXDWLRQV RIPXOWL
VPDUW FDUG GDWD 7KH DLP RI WKLY DSSURDFK LV WKDW LW FDQ EH DS
ZLWK FRPSDUDEOH GDWD FRQGLWLRQV 7KLV FKDSWHU SUHVHQWY WKL\
VWDJHV GHPDQG UHFRQVWUXFWLRQ DQG H[SORUDWLRQ IRUHFDVW
GLVFUHSDQFLHV DQG PRGHO LPSURYHPHQW 7KLV DSSURDFK LV DSSOL

JLIXUH )RXU VWHS PHWKRGRORJLFDO IUDPHZRUN IRUHYDOXDWLQJDQG LPSURYLQJ YV



(EXEWSYVGIW

(EXEWSYVGIW
'‘XH WR WKH KLJK VSDWLRWHPSRUDO JUDQXODULW\ VFDOH DQG REMHFW
VPDUW FDUG GDWD ZDV XVHG DV WKH HPSLULFDO EDFNERQH IRU WKLV HYI
DQRQ\PLVHG FDUG ,'V WLPHVWDPSVY ERDUGLQJDQG DOLJKWLQJORFDW

+RZHYHU VPDUW FDUG GDWD ODFN NH\DWWULEXWHY WKDW DUH FRPPRQ(
OHFWLRQ PHWKRGV VXFK DV KRXVHKROG WUDYHO VXUYH\V 6SHFLILFDOC
WUDYHOOHU GHPRJUDSKLFV HJ DJH LQFRPH RU WULS SXUSRVHV H J
VPDUW FDUG VI\VWHPV RQO\FDSWXUH WKH SXEOLFWUDQVSRUW VHIJPHQW
LQJ F\FOLQJ RU SULYDWH FDU WULSV *DSV PLJKW DOVR H[LVW LQ WKH C
WKH VA\VWHP VXFK DV SDVVHQJHUV ZLWK PLVVHG FKHFN LQV RU FKHFN R
HYDGHUV DQG SDVVHQJHUV ZKR VWLOO XVH SDSHU WLFNHWYV

7TRDFFRXQWIRUWKHVH VKRUWFRPLQJYVY WKHDQDO\VLV XVHGDGGLWLRQECL
WLRQ IDFWRUV IRUWKH XVHRIPRELOH EDQN FDUG SD\PHQWV DQG VRFLR!

JZEPYEXMSR ETTVSEGL

$ VWUXFWXUHG IRXU VWHS HYDOXDWLRQ DSSURDFK LV DSSOLHG WR DV
IRUHFDVWY DQG LGHQWLI\ WKH FDXVHV RI DQ\ GLVFUHSDQFLHV )LUVWC
DQG DQDO\VHG XVLQJ VPDUW FDUG GDWD WR HVWDEOLVK D UHOLDEOH H!
GHPDQG LV FRPSDUHG ZLWK WKH IRUHEFDVWHG ILIXUHV XVLQJ YLVXDO DQ
VSDWLDO DQG WHPSRUDO DJJUHJDWLRQV 7KLUGO\ GLVFUHSDQFLHV DU}
OLPLWDWLRQV DQG H[WHUQDO LQIOXHQFHV SURYLGLQJLQVLJKW LQWR K

7TXIT (IQERH VIGSRWXVYGXMSR ERHIN\TPSVEXMSR
(EXETVSGIWWMRK WXITW
7TKHILUVW VWHS LQYROYHG LPSRUWLQJDQG FOHDQLQJWKH GDWD 7ULSV
LQFOXGLQIJWKRVHZLWKPLVVLQJVWRS QDPHVRUFKHFN LQ RXWWLPHV C
FKHFN LQDQG FKHFN RXW VWRSV DUHLGHQWLFDO

$OWKRXIJK WKH GHWDLOHG GDWD FOHDQLQJ VWHSY RXWOLQHG EHORZ ZH
VHDUFK DV LWZDVDOUHDG\DJJUHIJDWHG XSRQGHOLYHU\ WKH\DUH LQF(
OLQH IRU FRPSDUDEOH VWXGLHV XVLQJ GLVDJJUHJDWHG VPDUW FDUG U]
DOORZV WKH VWXG\WREHUHSOLFDWHG LQ IXWXUHDQG SURYLGHV D EDV|
WLRQV RIWKHREVHUYHG GHPDQG SDWWHUQV

7R FOHDQ WKH GDWD RI WKHVHDQRPDOLHY DWZR VWHS RXWOLHU GHWHI
FDQ EHDSSOLHG 7KLV 2' VSHFLILFDSSURDFK LY GHVLIQHG WR SUHVHUY
ILOWHULQJRXWLPSODXVLEOH MRXUQH\V

$ PRUHFRPPRQ PHWKRG XVHG WR FOHDQ VPDUW FDUG GDWD RIDQRPDOLH
, 45 % RWKWKHWZR VWDIJHPHWKRG GHVFULEHGDERYHDQG WKH ,45PHW
RIVPDUW FDUG GDWD ZLWK PHWUR WULSVLQ5RWWHUGDP RQRQHGD\LQ)
VLPLODU GHVFULSWLYH VWDWLVWLFV DIWHU WKHILOWHUYV KRZHYHU WK
FDQWO\ODUJHU SRUWLRQ RI WKH GDWDVHW FRPSDUHG WR RQO\

WKH VPDOO UHODWLYH GLITHUHQFH LQ WKH UHVXOWLQJ GLVWULEXWLRQ'
UHPRYH YDOLG EXW XQFRPPRQ WULSVY WKHPRUHFRQVHUYDWLYH WZR VYV

7TKHWZR VWDJH PHWKRG LV DSSOLHG OLNH WKLV

$6WHS 'XUDWLRQ EDWHEMBEUILM\ILY IODIJIJHG DV D SRWHQWLDO RXW:
H[FHHGY D FRQWH[W VSHFLILF WKUHVKROG D)RION [DWEXO H V'K RION HRW \J ]
WKH 2' VSHFLILF PHGLDQ MRXUQH\ SOXV DQ DGGLWLRQDO PLQXWHYV
FOHDUO\DW\SLFDO FRPSDUHG WR RWKHUV RQ WKH VDPH 2' URXWH

F6WHS 2YHUODS YHUDFKADWILIRHG WULSLVWKHQDVVHVVHGIRUWKH SU
WULSVY PDGH E\RWKHU SDVVHQJHUV RQ WKH VDPH 2'SDLU ,I DQRWKHL
ZLWKLQ WKHWLPHZLQGRZRIWKHORQJIJWULSDQG WKHLU FKHFN RXW \
WKHFKHFN RXWRIWKHIODJIJHG WULS WKHIODJIJHG WULS LV FRQILUF



JZEPYEXMSR ETTVSEGL

PLOXWH WKUHVKROG LV EDVHG RQ WKH WA\SLFDO KHDGZD\ RI PHWUR
DFFRUGLQJO\

6LOFH QRWDOO SXEOLFWUDQVSRUW WULSVY DUHFDSWXUHGLQ VPDUW FD
FRUUHFWIRUXQGHUUHSRUWHG WULSV VXFKDVWKRVHPDGHZLWK SDSHU
XQUHFRUGHG GXHWRIDUHHYDVLRQ 7KHVHIDFWRUV FDQ EHEDVHG RQD
RUH[WHUQDO FRXQWYV

JROORZLQJFOHDQLQJDQG FRUUHFWLRQ WKHVPDUWFDUG GDWD VKRXOG
IRUFRPSDULVRQ ZLWK WKH IRUHFDVW RXWSXWV 7KH VSHFLILFIRUP RI D
RI WKHIRUHFDVWYVY WKDW DUHEHLQJ HYDOXDWHG :KHUH SRVVLEOH DJJI
WHPSRUDO UHVROXWLRQ RI WKHRULJLQDO IRUHFDVWY LQ RUGHU WR EH I
PHQWLRQHG HDUOLHU WKH GDWD IRU WKLV UHVHDUFK ZDV DOUHDG\ DJJ
IROORZLQJDJJUHIJDWLRQ VKRXOG EH FRQVLGHUHG

t,IIRUHFDVWY DUH SURYLGHG DW WKH VWDWLRQ OHYHO H J DYHUDJ
DJJUHJDWHG E\VWRS DQG GD\ W\SH

¥ 1IRUHFDVWV LQFOXGH 2' PDWULFHYV VPDUW FDUGV WULSV DUH DJJU!
XVLQJLQIHUUHG WUDQVIHUYV

f,l VHIPHQW OHYHO RU YHKLFOH ORDG SURILOHVY DUH IRUHFDVWHG VF
HVWLPDWH RQERDUG RFFXSDQF\DFURVYV OLQNVDQG WLPH SHULRGV

¥ IIRUHFDVWVDUHH[SUHVVHGLQ SDVVHQJHU NLORPHWUHYV 2'IORZV D
WR FRPSXWH FRPSDUDEOH WRWDOV

(IQERHTEXXIVR EREP]WMW

,Q WKLY SKDVH GHVFULSWLYH VWDWLVWLFV GLVWULEXWLRQ SORWYV DQ
VLIKWYV GHWHFW DQRPDOLHV DQG XQGHUVWDQG WHPSRUDO XVDJH SDW
W\SRORJLHV DQG DVVHVV WKH FRPSOHWHQHVY DQG XVDELOLW\ RI WKH C
FXUUHQW GHPDQG OHYHOV E\

fWHPSRUDO XVDJH SDWWHUQ LGHQWLILFDWLRQ KRXUO\ GDLO\ VHDVF
IVWDWLRQ KLHUDUFK\DQG W\SRORJ\GHYHORSPHQW EDVHG RQ XVDJH |
tDVVHVVPHQW RI GDWD TXDOLW\DQG FRPSOHWHQHVV

fVSHFLDOHYHQW DQDO\VLVY SDUWLFXODUO\ZHDWKHU GHSHQGHQW U}

7XIT *SVIGEWX GSQTEVMWSR
2QFH REVHUYHG GHPDQG KDV EHHQ HVWDEOLVKHG LW ZDV FRPSDUHG Z
FRPELQDWLRQ RI' YLVXDO DQG VWDWLVWLFDO WHFKQLTXHYV VWUXFWXUH
IRUHFDVWY 'HSHQGLQJ RQ WKH DYDLODEOH DJJUHIJDWLRQ OHYHO DYDL
ZDV GRQH RQ VWDWLRQ VHIJPHQW RU2" SDLUOHYHO DQG DFURVYVY GLIIHI
DOLVDWLRQV ZHUH XVHG WR HYDOXDWH GDLO\DQG VHDVRQDO WUHQGV L

TR TXDQWLIVGHYLDWLRQV VWDQGDUG HUURU PHWULFV ZHUH DSSOLHG
tOHDQ $EVROXWH (UURU 0$( IRUDEVROXWH GLVFUHSDQF\

1 X .
08(= ) i)
i=1

ZKHYHMV WKHREVHWYHGWRI® 2RHHGLFWHE WXKODXWRIV@® QXPEHU RIREVH
ftOHDQ $EVROXWH 3HUFHQWDJH (UURU 0$3( IRUUHODWLYHDFFXUDF\

100%X vy ¢
n

0$3(=
iz Y

7KLV PHWULF H[SUHVVHV WKH HUURU DV D SHUFHQWDJH RI WKH REVHU



JZEPYEXMSR ETTVSEGL

$+3HUFHQWDJH (UURU WR DVVHVV GLUHFWLRQ DQG VFDOH RI GHYLDWLR

3HUFHQWQJ:HyJiryU@RtUOO%
i

SRVLWLYHYDOXHV LQGLFDWHRYHUHVWLPDWLRQ QHJDWLYH YDOXHYV

7KH VHOHFWLRQ RI ZKLFK PHWULF WR XVH GHSHQGY RQ LWV LQWHQGHG >
SOLFDWLRQV DV LW H[SUHVVHV WKH DYHUDJH IRUHFDVW HUURU LQ DFW
SODQQLQJ 2Q WKHRWKHUKDQG 0$3(SURYLGHV DVFDOH LQGHSHQGHQW
WLYH HUURUV DFURVV VWDWLRQV RU VHIJPHQWY ZLWK YDU\LQJ GHPDQG O
DFWXDO YDOXHV DUH QHDU JHUR .LP .LP

,QWKH+RHNVH/LMQDQDO\VLYVY :HLIKWHG OHDQ $EVROXWH 3HUFHQWDJH (
ZKHUH ORZ YROXPH VWDWLRQV FRXOG GLVSURSRUWLRQDWHO\LQIOXHQF
HUURUVDFFRUGLQIJWRDFWXDOULGHUVKLS YROXPHV :0$3(SURYLGHV D |
FDVW SHUIRUPDQFH IRU WKH FOXVWHU EDVHG HYDOXDWLRQ

7TXIT (MEKRSWXMG EREPI]WMW SIHMWGVITERGMIW
7KHWKLUG VWHS LQYROYHV LGHQWLI\LQJDQG H[SODLQLQJWKH FDXVHV
FDVWHG DQG DFWXDO WUDQVSRUW GHPDQG 7KHVH GHYLDWLRQV PD\ UF
IRUHFDVWLQJ PRGHO RU IURP HIWHUQDO XQIRUHVHHQ LQIOXHQFHV 7K
H[SORUDWRU\WHFKQLTXHV DQG OLWHUDWXUHUHYLHZWRILQG SODXVLE

OMXIVEXYVI MRJSVQIH EXXVMFYXMSR

/ILWHUDWXUH ZDV XVHG WR FRQWH[WXDOLVH GHYLDWLRQV E\ FRPSDULQ.
LQJLVVXHV LQ FRPSDUDEOH SURMHFWLRQV )RU H[DPSOH VWXGLHV KD
RYHUHVWLPDWH FRPPXWLQJIORZV GXH WR LGHDOLVHG DVVXPSWLRQV R/
XQGHUHVWLPDWLQJOHLVXUH UHODWHG RULQGXFEG'GMPLNQ G WIDKFWYV %
$GGLWLRQDOO\ WKH OLWHUDWXUH ZDV XVHG WR FRQVWUXFW LQIRUPHG
DQG KDQGOLQJRIGDWD OLPLWDWLRQV )RUH[DPSOH LW JURXQGHG WKH
SHQVDWH IRU VWUXFWXUDO HITHFWV RI WKH SDQGHPLF DQG KHOSHG E\ FR
HELNHGHPDQGLQ WKH1IHWKHUODQGV

'PYWXIV EREPIWMW

&OXVWHULQIWHFKQLTXHVDUHDSSOLHG WRJURXS VWDWLRQV EDVHG RQ
GHULYHGIURP VPDUWFDUG GDWD WRLGHQWLI\V\VWHPDWLF SDWWHUQV L
WASRORJLHV 7KHFOXVWHULQJ YDULDEOHV DUHGHILQHG DVIROORZYV

3HDN KRXU XVDRIH UWMWIBRRSRUWLRQRIGDLOI RRBYGURQY G WIMWQDEHREY SH
DQG FDOFRGEWHG DRHBLE; UHSUHVHQWY ERDUGLQJV G
SHDN KRXB¥ap QGHSUHVHQWY WRWDO GDLO\ERDUGLQJV

6HDVRQDOLW\ 5QGAID WRHWIILFLHQW RI YDULDWLRQ RI PRQWKO\ DYHUDJH
VWDWLR Q FDOFX(S;D:\/\I—'E&:J%—DVZKHLA]J,-,hh;i LV WKH VWDQGDUG fanldiY LWWLRQ DQ

WKH PHDQ RI PRQWKO\ ERDUGLQJV

'‘DLO\ YDULDELOLW)\ LRQIGHFRWRUFLHQW RI YDULDWLRQ RI KRRUDQ ERDUGIL
DYHUDJH ZHHNGD\LQ )HEUXDUD; = %ﬁDOE}(EQCWiHGVDWKH VWDQGDUG GHYLEC

DQGori LVWKHPHDQ RI KRXUO\ERDUGLQJV

7KHVH WKUHH YDULDEOHYV F WHD[W }5 DJ]HIRW XHWDHF K N FMIBDIEROQ. Q J WKH LG HQW
FDWLRQ RI VWDWLRQV ZLWK VLPLODU WHPSRUDO XVDJH SDWWHUQV VHD\
WLRQV

JRUWKLYVY UHVHDUFK B PHDQV FOXVWHULQJ LK X X\GWHR) § EEV W IL QVLLARLQ VDK H
ZLWKLQ FOXVWHU \mxnP R{VIQ{CPjMiHijZ ZKHOHUHSUHVHQWWRGXMWWHU

WKH FHOQWURLG RKEOW XQWKESHUYLVHG DOJRULWKP LV SDUWLFXODUO\ HIIH
VSDWLDO DQG WHPSRUDO SDWWHUQV LQ VPDUW FDUG GDWD DQG GLVWLC
XVDJH SURILOHVY DV GHPRQVWUDWHG LQ VHYHUDO SXEOLF WUDQVSRUW \



JZEPYEXMSR ETTVSEGL

.LHX HW DO 7KHDOJRULWKP LWHUDWLYHO\DVVLJQVY HDFK VWDWLRQ
FHOWURLGDQG XSGDWHV FHQWURLGY XQWLO FRQYHUJHQFH HQDEOLQJV
EHKDYLRXUDO FKDUDFWHULVWLFV IRUWDUJHWHG IRUHFDVW DFFXUDF\ D

7XIT I1SHIP MQTVSZIQIRX
7KHILQDO VWHS RI WKH DSSURDFK IRFXVVHV RQ WUDQVODWLQJWKHILQG
VXJIJHVWLRQV IRULPSURYLQJIXWXUHIRUHFDVWLQJ SUDFWLFHV 7KLV LC
\WLV DQG H[SHUW FRQVXOWDWLRQ

1SHIP MRTYX EREPIWMW

$ VIVWHPDWLFHYDOXDWLRQRIWKHRULIJLQDOPRGHOLQSXWV ZDV FRQGXI
RXWFRPHY DQG LGHQWLI\ SRWHQWLDO VRXUFHV RI IRUHFDVW GHYLDWLF
ILQGLQJVIURPWKHHDUOLHUPHWKRGRORJ\VWHSY ZKHUH V\VWHPDWLF R
LGHQWLILHG

,Q WKLV FDVH LW WXUQHG RXW QRW WR EH IHDVLEOH WR UH UXQ WKH R
+RZHYHU IRU PRGHOV WKDW FDQ EH DFFHVVHG DQG XSGDWHG UH UXQQ
SURYLGH LQVLJKWYV LQWR SRVVLEOH VA\VWHPDWLF ELDVHV RU PLVHVWLF
LV OLPLWHG D TXDOLWDWLYH DVVHVVPHQW RI RULJLQDO DVVXPSWLRQV
IRFXVHG RQ WKUHH PDLQ DUHDYV

Ff7UDQVSRUW QHWZRUN FRQILIJXUDWLRQ (YDOXDWLQJ ZKHWKHU WKH F
VHUYLFHIUHTXHQFLHY QHWZRUNWRSRORJ\ DQGWUDQVIHU FRQQHF)
SRVW LPSOHPHQWDWLRQ

f%HKDYLRXUDO SDUDPHWHUV DQG SROLF\ VHWWLQJY 3DUDPHWHUV W
ZLWKLQ WKH PRGHO VXFK DV FDU RZQHUVKLS PRQHWDU\ FRVW FRH
FHLYHG SHQDOWLHYV VXFKDV WUDQVIHU UHVLVWDQFHDQG SDUNLQJ FI
DYDLODEOH GDWD

t6RFLRHFRQRPLF IRUHFDVWY 3URMHFWHG VRFLRHFRQRPLF GDWD ZL\
LQKDELWDQWY HPSOR\PHQW ILIJXUHV QXPEHU RI VWXGHQWY DQG Ut
WULS SURGXFWLRQ DWWUDFWLRQ EHWZHHQ GLITHUHQW JRQHV DUH U
VRXUFHV

7KH JRDO RI WKLV LQSXWHYDOXDWLRQ PHWKRG ZDV WR XQGHUVWDQG KR
PD\ KDYH DIIHFWHG IRUHFDVW RXWFRPHY DQG LGHQWLI\ ZKLFK SDUDPH\
RQ WKHDFFXUDF\ RI SURMHFWLRQV 8VLQJ WKLV VA\VWHPDWLF DVVHVVP
HYLGHQFH DUHDV ZKHUHLPSURYHG SDUDPHWHU HVWLPDWLRQ RUFDOLE
FDVWLQJUHOLDELOLW\ZHUH KLIJIKOLJKWHG

JIW\TIVX'SRWYPXEXMSR

7R FRPSOHPHQW WKH WHFKQLFDO DVVHVVPHQW IURP WKH PRGHO LQSXW
GLVFXVVHG ZLWK WZR H[SHUWV LQ WKH ILHOG RI WUDQVSRUW PRGHOOL¢
ZHUH GHVLIJQHG DV VHPL VWUXFWXUHGLQWHUYLHZVEXWHYROYHGLQWR
H[SORUDWLRQ RI WKHLGHQWLILHG GHYLDWLRQV DQG WKHLU SUDFWLFDO

7KHJRDO RI WKHVH H[SHUW FRQVXOWDWLRQV ZDV SULPDULO\WR YDOLGD
\VLV 7KH H[SHUWYV ZHUH DEOH WR FRQWH[WXDOLVH WKHREVHUYHG GHYL
WKHLQGXVWU\ KLIKOLJKWLQJKRZIDFWRUV VXFKDV VHUYLFH FKDQJHV
VKRFNY OLNH WKH &29,' SDQGHPLF KDYH LQIOXHQFHG IRUHFDVW DFFX!
WLYHVY KHOSHG LGHQWLI\ IXUWKHU FRQVLGHUDWLRQV VXFK DV WKH LPS
LPSRUWDQFH RI UREXVW VFHQDULR SODQQLQJ HQULFKLQJ WKH RYHUDO
WKH VWXG\

7KHIROORZLQJH[SHUWYV ZHUH LQWHUYLHZHG 7KH WUDQVFULSWY RI WKH

([SHUWHURHQ +HQVWUD 5(7
5RORSHUDWLRQV DQG 30DQQLQJ 5RWWHUGDP SXEOLF WUDQVSRUW RSHL



%TTPMGEXMSR XS XLI ,SIOWIOMNR GEWI WXYH]

([SHUWRSHUDWLRQDO H[SHULHQFH ZLWK WKH +RHNVH /LMQ FRQYHUVLRQ
VKLS SDWWHUQV
JREXVSHUDWLRQDO YDOLGDWLRQRIILQGLQIJVDQG QHWZRUN VSHFLILF L

([SHUWU LU $ - $GDP 3HO 78 'HOIW

5ROBFDGHPLF UHVHDUFKHU LQ WUDQVSRUW PRGHOOLQJ
([SHUWZXHRUHWLFDO IRXQGDWLRQV RIWUDQVSRUW GHPDQG PRGHOOLQ.
JRFXWWHWKRGRORJLFDO YDOLGDWLRQ DQG EURDGHU LPSOLFDWLRQV IRU"

TTPMGEXMSR XS XLI,SIOWIOMNR GEWI WXYH]

7KLY PHWKRGRORJLFDO IUDPHZRUN LV DSSOLHG WR WKH +RHNVH /LMQ FL
WUDQVSRUWGHPDQG IRUHFDVWYV PDGHLQ IRUWKHWUDLQ WR PHWUR
VPDUW FDUG GDWD IURP WKHIRXU VWHS HYDOXDWLRQ DSSURDFK \
GHPDQG SDWWHUQV ZLWK WKH RULJLQDO 590. PRGHO SURMHFWLRQV D
FOXGLQJ &29," LPSDFWVDQGHYROYLQJWUDYHO EHKDYLRXU 7KHIROOF
DSSOLFDWLRQ RI WKLY PHWKRGRORJ\ &KDSWHU HVWDEOLVKHV WKH FD\
ULGHUVKLS SDWWHUQV ZKLOH &KDSWHU SUHVHQWYVY WKH FRPSDUDWLYF
PDQG DQG H[SORUHV WKH VA\VWHPDWLF FDXVHV RILGHQWLILHG GLVFUHSEL



JQTMVMGEP GSRXI\X YRHI
HIQERH SR XLI ,SIOWIC

7KLV FKDSWHU HVWDEOLVKHV WKHHPSLULFDO EDVLVIRUDVVHVVLQJ WKF
IRUWKH +RHNVH /LMQ ZKLFKVHUYHV DVDFDVHVWXG\WRILQGDQDQVZH
FDQ EHLPSURYHG )LUVW LWRXWOLQHV WKHVWUDWHILF REMHFWLYHV !
UHJLRQDO UDLOZD\WR D PHWUR VHUYLFH 7KHQ LW SURYLGHV DQRYHUY
5RWWHUGDP SXEOLF WUDQVSRUW QHWZRUN 8VLQJVPDUW FDUG GDWD V
SDWWHUQVLQVSDWLDODQGWHPSRUDO GHWDLO 7KLVRIIHUVLQLWLDOL
LQGLFDWHVWR ZKDWH[WHQW LWDOLJQV ZLWK SROLF\JRDOV 7KHVHLQVL
DQDO\WLV LQ WKH QH[W FKDSWHU

I XVEXIKMG SENIGXMZIW SJ XLI,SIOWIOMNR 'SRZI

7KH GHFLVLRQ WR FRQYHUW WKH +RHNVH /LMQ IURP D UHJLRQDO UDLO OL
VWUDWHILF REMHFWLYHV LQFOXGLQJLPSURYLQJUHIJLRQDO DFFHVVLEL
LOQOWHIJUDWLRQ RI WKH OLQH ZLWKLQ WKH 5SRWWHUGDP PHWURSRDLWDQ |
VRPHRI WKHVHW REMHFWLYHVY DUH EURDG LQ VFRSH VHYHUDO RI WKHP =
HISHFWDWLRQV WKDW ZLOO EHHYDOXDWHG LQ WKLV FDVH VWXG\

2QH RI WKH PDLQ REMHFWLYHV RI WKH FRQYHUVLRQ ZDV WR LQFUHDVH S’
DPRUHIUHTXHQW DQG UHOLDEOH VHUYLFH WKDW ZRXOG VHDPOHVVO\LQ
IRUHFDVWY HVWLPDWHG D LQFUHDVH LQ DYHUDJH ERDUGLQJV RQ WK
+ROODQG 6WUDQG VHFWLRQ DQG D LOQFUHDVH LQ WRWDO SDVVHQJHU
ZKHUH WKH H[LVWLQJ UDLO VHUYLFH LV FRQWLQXHG 7KHVH ILIXUHV G&F
590. PRGHO *RXGDSSHO &RALKD@QIVHUYH DV WKH PRVW LPSRUWDQW LQGL
WKH VXFFHVV RI WKH SURMHFWDQG LWV IRUHFDVWYV

$ VHFRQG REMHFWLYH ZDV WR RSWLPLVH WKH XVH RI WKH OLQH WKURXJKR
LQJ WKH VWURQJ SHDN RIl SHDN LPEDODQFH DQG GLUHFWLRQDO DV\PPH
VHUYLFH *HPHHQWH 5RWMWHRGBMWKH FRQYHUVLRQ SDVVHQJHU IORZV ZK
WKHPRUQLQJWRZDUGV 5RWWHUGDPDQGLQWKHHYHQLQJLQ WKHRSSRVL
OLQHVDZ RQO\OLPLWHG XVDJH %\FRQYHUWLQJWKH +RHNH/LMQ LQWR C
DQG GLUHFW LQWHJUDWLRQ LQWR WKH 5(7 QHWZRUN LW ZDV H[SHFWHG \
WLYH IRUD ZLGHU UDQJH RI MRXUQH\V 7KLV EURDGHU XVH ZDV LQWHQGH
FDSDFLW\DQG LPSURYH LWV ILQDQFLDO SHUIRUPDQFH :KLOH EURDGHU
SXUVXHG E\ WKH DGGLWLRQ RI 0ODDVVOXLY 6WHHQGLMNSROGHU WKH SUL
H[LVWLQJWUDYHO IORZV LPSURYLQJWKH T TXDOLW\DQG VDIHW\RIVWDWL
PDNH WKH VHUYLFH PRUHDSSHDOLQJWKURXJKRXW WKH GD\

$QRWKHU REMHFWLYH ZDV WR LPSURYHDFFHVV WR +RHN YDQ +tROODQG 6\
QHZ VWDWLRQ ORFDWLRQ GLUHFWO\DW WKH EHDFK ,Q WKHROG VLWXDW
LQODQG PHDQLQJ SDVVHQJHUV KDG WR ZDON WKH ODVW SDUW WR UHDF
UHGXFH WKHWRWDO WUDYHO WLPHIURP WKHFHQWUHRI5S5RWWHUGDP E\

EHDFK DV D UHFUHDWLRQDO GHVWLQDWLREFFREEHQWWF RWWHU GR MHF



*SVIGEWXMRK LMWXSV]

WKLV LPSURYHPHQW RIDFFHVVLELOLW\ ZDV H[SHFWHG WR OHDG WR D

E\SXEOLF WUDQVSRUW *RXGDSSHO®RVIHRYY WKH HIWHQVLRQ ZDV LQWHC
WR WKH ORQJ WHUP GHYHORSPHQW RI +RHN YDQ +ROODQG DV D IRXU VHEL
ORFDO HFRQRPLFDFWLYLW\ DQG KRXVLQJGHYHORSPHQW *HPHHQWH 5R

7KLV FDVH VWXG\DVVHVVHVY WKHVHREMHFWLYHV WKRXJKDQH[ SRVW DQI
VPDUW FDUG GDWD 7KHHYDOXDWLRQ IRFXVHV RQ WKUHHLQGLFDWRUV W
*RXGDSSHO &RIITHQJ

t2FFXSDQF\DW DUULYDO $VVHVVLQJIRUHFDVWHG YHUVXV DFWXDO OF
SDVVHQJHU GLVWULEXWLRQ ZDV DFFXUDWHO\ SUHGLFWHG

F%RDUGLQJ SDVVHQJHUV ,GHQWLI\LQJ GHYLDWLRQV LQ H[SHFWHG Yt
VWDWLRQDQG DQDO\WLQJ GHPDQG VKLIWV RYHU WLPH

f7RWDO SDVVHQJHU NLORPHWUHYV &RPSDULQJ SURMHFWHG DQG REVH
HYDOXDWH QHWZRUN ZLGH GHPDQG DFFXUDF\

%\FRPSDULQJWKHVHLQGLFDWRUVWRWKHRULIJLQDOIRUHFDVWYV WKLV L
RI'WKHGHJUHH WR ZKLFK WKH SROLF\REMHFWLYHVY ZHUH DFKLHYHG DQG }
WKHIRUHFDVWLQJ PRGHOV

*SVIGEWXMRK LMWXSV]

%HIRUH WKH FRQYHUVLRQ RI WKH +RHNVH /LMQ WR D PHWUR VHUYLFH PX
SODQQLQJDQG LQYHVWPHQW GHFLVLRQV 7KHLQWLDO IRUHFDVWYV ZHUH

DQG *RXGDSSHO &RIITHQJ7KH XSGDWHIRUPHGWREDVLVIRUWKHHYI
RI'WKHSURMHFWDQG LVHYDOXDWHG LQ WKLV VWXG\
7KH SURMHFWLRQ XVHG WKH 590. PRGHO ZKLFK VLPXODWHG PXOWL

WHUGDP UHJLRQ 7KLV PRGHO HVWLPDWHG WUDQVSRUW GHPDQG EDVHG
PHQWY LQFOXGLQJ SRSXODWLRQJURZWK HPSOR\PHQW OHYHOV DQG HC
DQG DWWUDFWLRQ JRQHVY FRPELQHG ZLWK DVVXPSWLRQV DERXW WKH DY
WUDQVSRUW PRGHYV

6HYHUDODOWHUQDWLYHVFHQDULRVZHUHHYDOXDWHG ZLWKWKHPRGHO

+t%DVH\HDU 7KLV VFHQDULR GHSLFWV WKH +RHNVH/LMQDVDQ 16 WUDL
HILVWLQJVSDWLDODQGWUDQVSRUWLQIUDVWUXFWXUHWKDW ZDV LQ
\HDU WR DOLJK WKH PRGHO ZLWK REVHUYHG WUDIILF FRXQWV DQG PHELC

f5HIHUHQFH VFHQDUDKIRY VFHQDULR SURMHFWV ULGHUVKLS LI QRWKLQJ |
/ILMQ DVVXPLQJWKDWLWFRQWLQXHVDVDUHJLRQDO WUDLQ VHUYLFEL
HYHU LW GRHV WDNHLQWRDFFRXQW EURDGHU UHIJLRQDO GHYHORSPI

$+&RQYHUVLRQ VFHQD@MWXKLY DOWHUQDWLYH WKH WUDLQ VHUYLFEH LV U
WKDW FRQQHFWV +RHN YDQ +ROODQG 6WUDQG DQG 1HVVHODQG /LQH
LQWHJUDWLRQ LQWR WKH 5(7 QHWZRUN 7+H H[LVWLQJ/LQH $ LV H[WFH
$ QHZ VWDWLRQ ODDVVOXLVY 6WHHQGLMNSROGHU LVDOVRDGGHG

$+&RQYHUVLRQ H[WHQVLRQ VFHLQDILQR O DOWHUQDWLYH LQFOXGHV D(
SUHYLRXV PHWUR FRQYHUVLRQ VFHQDULR SOXV DQ DGGLWLRQDO ZH
UHORFDWLRQ RI+RHN YDQ +ROODQG 6WUDQG QH[W WR WKH EHDFK

7KH PRGHOfV LQSXWDVVXPSWLRQV LQFOXGHG

f6HUYLFH OHHMWHIOR' OLQH % ZRXOG UXQ WKUHH WLPHV SHU KRXU DQG GXL
PHWUR OLQH $ ZRXOG VHUYH 90DDUGLQJHQ :HVW VL[ WLPHV SHU KRXU

$ORGDO VBIOHWRGHO SUHGLFWHG D VKLIW IURP FDUDQG ELF\FOH WR PH
DQG 90DDUGLQJHQ ZLWK D LQFUHDVH LQ SXEOLF WUDQVSRUW XV

ft6HDVRQDO GHHFQG DWLRQDO WUDYHO WR +RHN YDQ +ROODQG 6WUD(
PRGHO GXHWR LWV LUUHIJXODUDQG ZHDWKHU GHSHQGHQW QDWXUH
WKLV GHPDQG LV H[SODLQHG LQ VHFWLRQ



"EWIWXYH] FEGOKVSYRH XLI,SIOWIOMNR GSVVMHSV

7KHPRGHO LV GHVFULEHG LQ PRWKEBHW WKHIHVHFWREBGIO LQSXW DQG DV\
FRPSDUHG DQG HYDOXDWHG

'EWI WXYH] FEGOKVSYRH XLI,SIOWIOMNR GSVVN\

6SXXIVHEQ ERHMXWTYFPMG XVERWTSVX RIX[SVO
5RWWHUGDP DQG WKH VXUURXQGLQJ DUHDV DUH VHUYHG E\ D SXEOLF W
EXV OLQHV RSHUDWHG E\ WKH 5(7 7KLV QHWZRUN FRYHUV 5RWWHUGDP D(
&DSHOOHDDQ GHQ ,-VHO 6FKLHGDP 90DDUGLQJHQ HWF ,Q WRWDO 5(7
DQG DURXQG EXV OLQHV 7KHPHWUR V\VWHP DORQH KDV VWDWLRQV D

5(7TRSHUDWHV XQGHU FRQFHVVLRQV WKDWDUHJUDQWHG E\WKH5RWWHU
DXWKRHWURSRROUHIJLR 5 RWWHUGDRRMPEDDIWRBEUYUH DUH WZR WUDQVLW
"5DLO 5RWWHUGDP” ZKLFK HQFRPSDVVHVY WKH PHWUR DQG WUDP VHUYLF
FRPSDVVHV WKH EXV VHUYLFHVY ERWK FXUUHQWO\ KHOG E\ 5(7 7KH 5(7 L
5RWWHUGDP DQG WKH 05"+

JLIXUH 2YHUYLHZ RI WKH5RWWHUGDP PHWUR QHWZRUN

7TKH5(7 IROORZV WXHRKXKD\S NVNeRDOUW FDUG VA\VWHP ZKLFK XVHV D VWRUHG YD
DOOWUDQVLW 6LQFH SDVVHQJHU FDQ DOVR XVH WKHLU EDQN FDUGV"
7KH IDUH LY FRPSRVHG RI D EDVH ERDUGLQJ WDULII SOXV D GLVWDQFH EC
SDVVHQJHUV WUDQVIHU WR DQRWKHU WUDP EXV RUPHWUR RSHUDWHG E
RXW QRQHZEDVHIHHLY FKDUJHG 5(7DOVRRIIHUV GD\SDVVHV DQG KRX
RQDQ29 FKLSNDDUW RUERXJKW LQ WKH5(7DSS

7KH OD\RXW RI WKH5RWWHUGDP PHWUR QHWZRUN LV FKDUDFWHULVHG E\
WKURXJK WKH FLW\ FHQWUH LQ HDVW ZHVW RU QRUWK VRXWK GLUHFWLR
WR XUEDQ DUHDV VXUURXQGLQJ WKAH{(WDYEHWIDIXMMHLO FRQQHFWYV 5RW
WKH FLW\ RI 7KH +DJXH 7KH QHWZRUN LV LQWHJUDWHG ZLWK WUDP EXV I
WKH SULPDU\UDSLG WUDQVLW EDFNERQH RIWKH PHWURSROLWDQ UHJLR(

(IWGVMTXMSR SJ XLI ,SIOWIOMNR GSVVMHSV
7KH +RHNVH /LMQ LV DIRUPHU KHDY\UDLOZD\OLQH WKDW KDV EHHQ WUD (
VLRQ RI WKH 5RWWHUGDP PHWUR V\VWHP ZKLFK RSHQHG VHUYLFH LQ
6FKLHGDP WR WKH 1RUWK 6HD FRDVW DW +RHN YDQ +ROODQG DQG ZDV R
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