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Perception of overlap in multi-modal urban transit route
choice
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Department of Transport & Planning, Faculty of Civil Engineering and Geosciences, Delft University of
Technology, Netherlands

ABSTRACT
Capturing unobserved correlation between overlapping routes is a
non-trivial problem in route choice modelling. For urban transit net-
works, research so far has been inconclusive on how this overlap
is perceived by travellers. We estimate a series of path size correc-
tion logit (PSCL) models to account for alternative specifications of
route overlap, including a new definition of overlap in terms of trans-
fer nodes is proposed for multi-leg journeys. Our estimation is per-
formedon smart card data fromAmsterdam. The results indicate that
the overlap between transit routes is valued positively when incor-
porated using either link-based, leg-based or transfer node-based
PSC individually, with the transfer node-based PSC resulting in the
bestmodel fit.Whenconsidered simultaneously, theoverlapof trans-
fer nodes is valued positively by the travellers, but the subsequent
overlap of journey legs is valued negatively, implying that travellers
prefer having multiple (distinct) travel options at common transfer
locations.
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1. Introduction

Public transport plays an important role in making cities more sustainable and liveable. To
that end, policy-makers and transit agencies are always striving tomake transitmore attrac-
tive to its users. Understanding how travellers choose between alternate transit routes is
useful when planning and designing systems. It can help improve transport models and
their predictions, and better assess interventions and network improvements, eventually
leading to an increased transit usage.

Route choice models were traditionally developed for road networks, but the last
decades have seen a rise in its applications to transit networks. Until recently, thesemodels
were mainly based on stated preference data sources, which although valuable in its own
right, suffer froma commondrawback of discrepancy between stated and actual behaviour
(Yap, Cats, and van Arem 2020). Smart card provides a rich data source for analysing route
choice by providing information on the actual choices made in the network, as well as the
observed travel times at a high spatio-temporal resolution. Yet, only a handful of studies
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have used it on a large-scalemulti-modal transit network – namely Jánošíkova et al. (2014),
Kim et al. (2019), Tan et al. (2015), and Yap, Cats, and van Arem (2020). The aim of this study
is to leverage the large revealed preference dataset provided by the smart card to improve
transit route choice modelling by investigating in-particular the perception of travellers
regarding overlap between routes.

Unless explicitly accounted for, the overlap between alternative routes results in corre-
lations between the unobserved components of routes’ utilities. For road networks, it is
widely accepted, and has been shown empirically, that this overlap is valued negatively
by travellers (Bovy, Bekhor, and Prato 2008). However, this is not necessarily true for tran-
sit networks, where the negative perception of overlapping routes may be masked by
the positive utility of having an improved level-of-service (e.g. shorter waiting time on a
shared corridor) ormore alternatives available in case of disruptions. Overlap between tran-
sit routes has been argued to add to the robustness of the trip (Anderson, Nielsen, and
Prato 2017), which is further improved when complemented with coordinated schedules
(van Oort and van Nes 2009). The research on how overlap is perceived by travellers during
transit route choice is inconclusive so far, with some studies reporting a positive valua-
tion (Hoogendoorn-Lanser andBovy 2007; Anderson, Nielsen, andPrato 2017), while others
reporting a negative valuation (Yap, Cats, and van Arem 2020; Tan et al. 2015). In this paper,
we investigate this issue further by analysing the different specifications of consideration of
overlap between transit alternatives, to identify the circumstances and underlying reasons
for its impact on passengers’ route choice.

Similar to road networks, transit routes can have a partial overlap with one or more links
being shared bymultiple routes. Moreover, for routes that involve a transfer, there could be
an overlap of entire journey leg(s). Hoogendoorn-Lanser et al. (2005) defined the overlap
in terms of number of legs overlapped, as opposed to links overlapped for road networks.
In Tan et al. (2015), the authors used link-level overlap, but proposed additional definitions
in terms of travel time of overlapped links, also incorporating the frequency of overlapped
routes. In the case of urban transit networks, it is not yet clear how each of these types of
path overlap (link and leg) is perceived by travellers. To the best of our knowledge, these
have not been compared in the literature so far.

Furthermore, research so far has defined and considered overlap exclusively in terms
of paths (or path-based overlap). In this study, we propose an additional definition of over-
lap between routes in terms of common transfer nodes (or transfer stops). From a traveller’s
perspective, each transfer node is a decision point, where he/she can choose between alter-
native transit lines. The expectation is that there are utility benefits associated with routes
that share a transfer node, because of the multiple transit options it provides to the trav-
ellers, making the overlapped routes more robust compared to independent routes. This
alternative definition of overlap is compared against the usual definition based on over-
lapped links and legs. Further, we distinguish between the valuation of overlap of paths
versus nodes by considering them separately as well as together.

Themain contributions of this paper are twofold. First, it adds to the handful of empirical
studies using large-scale revealed preference (smart card) data for estimating multi-modal
transit route choice models. In doing so, it provides RP-based valuations of mode-specific
travel time and transfer attributes, which to our knowledge are not available at such
granularity in the literature so far. Second, it undertakes a comprehensive investigation of
overlap between transit routes by defining overlap in terms of both the path (links and legs)
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and transfer nodes. We report results from our application of route choice models using
smartcard data for the urban transit network of Amsterdam, the Netherlands.

We start with a Multi Nomial Logit (MNL) model of route choice that includes mode-
specific in-vehicle and waiting times; number and type of transfers; transfer time; circuity
of routes; andmode-specific constants. The base MNLmodel is then compared against the
alternate formulations of Path SizeCorrection Logit (PSCL)models definingoverlap in terms
of links, legs, and transfer nodes. Lastly, the path-based and node-based PSCL formula-
tions are considered together to investigate the relative contribution of each of these to
the utility of overlapping routes.

The rest of the paper is organized as follows: Section 2 describes the approach used
for quantifying and incorporating overlap in route choice models. In Section 3, the steps
followed for processing and preparing smart card data are described including the model
specifications. Section 4 presents and discusses the results of model estimation and valida-
tion, followed by the conclusions in Section 5.

2. Overlap in transit route choice

2.1. Definitions

In this study, a transit journey refers to the travel made by an individual from an origin tran-
sit stop to their destination transit stop, using a route that may involve transfer(s) within or
across different transit modes, such as bus, tram or metro. A journey may contain multiple
legs. A leg represents a part of the journey undertaken using a single transit vehicle. A trans-
fer node is defined as the transit stop where the traveller transfers betweenmultiple legs of
a journey. Each legmay consist ofmultiple linkswhich refer to the physical path connecting
two consecutive transit stops on the route.

2.2. Background

Both traffic and transit route choice typically consists of overlapping route alternatives,
resulting in correlation between unobserved characteristics of overlapping routes. In the
case of road networks, overlap between routes results in the utility of the overlapping
routes being overestimated. This is because the routes with an overlap may not be per-
ceived as being distinct from the perspective of a traveller, and are hence less likely to be
chosen compared to similar independent routes. The basic MNL formulation assumes the
unobserved characteristics of alternatives to be independent, i.e. Independence of Irrel-
evant Alternatives (IIA) property. To incorporate the overlap between alternatives, there
are two common approaches – either explicitly modelling it by making assumptions on
the correlation between error terms (such as in error component logit model), or adding a
deterministic term in the utility function to approximate the correlation (such as in C-logit
– Cascetta et al. 1996 or path-size logit [PSL] – Ben-Akiva and Bierlaire 1999). This study
follows the latter approach, which can be more directly specified and interpreted, and is
commonly adopted in practice (Frejinger and Bierlaire 2007).

Approaches such as C-logit, PSL and path-size correction logit (PSCL) aim to reduce the
utility assigned to overlapping routes, thus resulting in a lower probability compared to
completely independent routes (Prato 2009). The reduction in utility in these models is
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often proportional to the length (Cascetta et al. 1996) or cost/time (Ramming 2002) of over-
lapping links. This is intuitive in the case of road networks – the higher the proportion of the
route overlapped, the more they are expected to be considered alike by travellers. C-logit
model has been found to be generally outperformed by the PSL, because of which most
recent studies use path size-based models (Prato 2009). In terms of performance PSL and
PSCL have been found to yield similar results (Bovy, Bekhor, and Prato 2008). We choose to
use PSCL in this study owing to its stronger theoretical foundation (Bovy, Bekhor, and Prato
2008; Tan et al. 2015).

Under the PSCL model, as defined by Bovy, Bekhor, and Prato (2008), the expression for
probability of a route alternative ‘i’ is given by

Pi = exp(Vi + βPSCPSCi)∑
j∈C exp(Vj + βPSCPSCj)

(1)

where Vi = deterministic utility of route alternative i,
PSCi = path size correction term of route alternative i,
βPSC = parameter for the PSC term to be estimated, and
C = choice set of all alternative routes.

The path size correction (PSC) factor in its original form is given by,

PSCi = −
∑
a∈�i

⎛
⎝ la
Li

ln
∑
jεC

δaj

⎞
⎠ (2)

where la = length of link awithin alternative route i,
Li = total length of alternative route i,
�i = set of all links for route i,
C = set of all routes between the chosen origin-destination pair, and
δaj = link-route incidence between link a belonging to alternative route j.

The PSC term has a maximum value of 0 for completely independent routes and
decreases as the overlap between routes increases, with a theoretical lower bound of−∞.
For road networks, βPSC associated with the PSC term is typically positive, resulting in a
reduction of utility for overlapped routes (since PSC itself is negative for such routes).

While for road networks, there is a consensus on how the route overlap is defined and
perceived by travellers, in case of transit networks the answer is not as clear. Hoogendoorn-
Lanser, vanNes, and Bovy (2005)were the first to incorporate overlap in case of transit route
choice. They defined overlap in terms of number of journey legs, travel time, and distance
on those legs, and found that the overlap is valued negatively for all of these definitions
(i.e. overlapped routes are less likely to be chosen). Contrastingly, Hoogendoorn-Lanser and
Bovy (2007) found that the overlap in the train-leg of the multi-modal inter-urban journey
was valued positively by the travellers, unlike the access and egress parts which were val-
ued negatively. For urban transit networks also, there is evidence of a positive valuation of
overlap (Anderson, Nielsen, and Prato 2017). As argued by Hoogendoorn-Lanser, van Nes,
and Bovy (2005), the negative perception of overlapping routes in case of transit networks
may be compensated by their contribution to robustness of routes in case of disruptions.

One of the important questions in case of transit networks is how the overlap should
be defined and formalizedmathematically. The formulation in Equation (2) was developed
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for road networks, and is often directly adopted for transit networks by defining overlap
in terms of common physical links and their properties (for example in Anderson, Nielsen,
and Prato 2017). Tan et al. (2015) proposed a formulation based on travel time on the over-
lapping links and frequency of services, rather than the link length. Following a different
approach, Hoogendoorn-Lanser, vanNes, and Bovy (2005) defined overlap in terms of com-
mon trip legs (as opposed to links) for inter-urban multi-modal transit routes. They found
that the overlapdefined in termsof number of trip legs explained the observed choices bet-
ter, as opposed to travel times or distances on those legs. None of the studies so far have
compared the alternative ways for defining and quantifying path overlap (link and leg) in
the context of urban transit route choice.

Further, as per Hoogendoorn-Lanser, vanNes, and Bovy (2005), apart fromphysical path,
overlap between routes can also be defined in terms of nodes, services, runs, or modes.
However, applications so far have been limited to path overlap only. We argue that in case
of transit route choice, decisionpoints arepertaining to transfer nodeswhere youmay inter-
change, as opposed to links in case of road networks, where each intersection is a decision
point. Hence, in this study, we include both path (link and leg) overlap and transfer node
(decision point) overlap.

Based on the literature reviewed, we conclude that the following two questions remain
unanswered regarding the perception of overlap in transit route choice:

• Is the overlap between alternate transit routes perceived positively or negatively by the
travellers?

• Whichway of defining overlap – link, leg or transfer node – best captures the perception
of travellers for urban multi-modal transit route choice?

In the next sub-section we describe the approach adopted in this study for addressing
the abovementioned questions.

2.3. Research approach

Wenowdiscuss thedifferentpossibilities of suchoverlap in caseof urbanmulti-modal route
choice, and our approach for addressing overlap in the form of common links, journey legs,
and/or transfer nodes.We startwith journeyswithout transfers (i.e. single leg journeys), and
subsequently extend the approach to journeys with transfers. Figure 1 shows the possible
overlaps for transit route alternatives without a transfer (single leg journeys), which could
either be a partial or complete overlap of physical paths of the transit lines. Routes A and
B/C have a partial overlap of physical paths with only two of the links overlapping, whereas
Routes B & C have a complete overlap.

In Amsterdam, where we perform our case study, a map showing physical path of tran-
sit lines is displayed at the transit stops, providing travellers with information to choose an
alternate overlapping transit line. Moreover, real-time passenger information systems are
provided at themajority of stops, showing the next arriving transit vehicle(s). Hence, in this
study, we assume that completely overlapping transit lines using the same mode are per-
ceived as being the sameby travellers. Accordingly, for such lines, the effectivewaiting time
at the origin stop is calculated based on the combined observed headway of overlapped
lines, as derived from the Automatic Vehicle Location (AVL) data. For the other case when



6 M. DIXIT ET AL.

Figure 1. Overlap between transit routes without a transfer.

Figure 2. Overlap between transit routes with one transfer.

there is a partial overlap of transit lines (Routes A and B/C), a link-based overlap is consid-
ered. In some cases, there may be a complete overlap of physical path but different modes
are used – bus and tram in our case. For such cases, a leg-based overlap (and no link-based
overlap) is considered.

Next, we consider routes with multiple legs. For such routes, in addition to link and
leg-based overlap, there could be a common (or overlapping) transfer node amongst the
alternatives. Figure 2 shows an example of leg and transfer nodeoverlap for routeswith one
transfer. Alternative E & F share overlapped leg 1, and all alternatives share an overlapped
transfer node. Note that it is possible for routes to have no overlap of path (link or legs), but
still have an overlap of transfer node(s) (alternatives D and E/F in Figure 2).

For all such possibilities of overlap, the unobserved characteristics of overlapping routes
may be correlated. Hence, the utility is modified to take into consideration such overlap.
We specify and analyse four PSC formulations for such routes – one each for link and node-
based overlap, and two for leg-based overlap:

(1) Link-basedPSC: This follows the traditional definition of PSC, as presented in Equation
(2), and is based on the length of overlapping links as a proportion of the total route
length.

(2) Leg-based PSC - number of overlapped legs: The hypothesis here is that travellers
perceive theoverlap in termsof number of overlapped legs, rather than the travel times
or distance on those legs. In Hoogendoorn-Lanser, van Nes, and Bovy (2005), a similar
definitionwas used for calculating the path size logit term for inter-urban transit travel.
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The path-size correction term in this case is given by:

PSCLi = −
∑
l∈�i

⎛
⎝ 1
Ni

ln
∑
jεC

δlj

⎞
⎠ (3)

where Ni = Number of journey legs in route i,
�i = set of all legs for route i,
C = set of all routes between the chosen origin-destination pair, and
δlj = leg-route incidence between leg l belonging to alternative route j.

(3) Leg-based PSC – travel times on overlapped legs: The PSC term in this case is cal-
culated based on the travel time on the overlapping leg as a proportion of total travel
time of the route, as proposed by Tan et al. (2015):

PSCTi = −
∑
l∈�i

⎛
⎝ tl
Ti

ln
∑
jεC

δlj

⎞
⎠ (4)

where tl = travel time for journey leg l in route i,
Ti = total travel time for route i,
�i = set of all legs for route i,
C = set of all routes between the chosen origin-destination pair, and
δlj = leg-route incidence between leg l belonging to alternative route j.
(4) Transfer Node-based PSC: This factor captures the overlap in terms of number

of decision points for multi-leg journeys, and is given by:

PSCXi = −
∑
n∈Ki

⎛
⎝ 1
Xi

ln
∑
jεC

δnj

⎞
⎠ (5)

where Xi = Number of transfer nodes in route i,
Ki = set of all nodes for route i,
C = set of all routes between the chosen origin-destination pair, and
δnj = node-route incidence between node n belonging to alternative route j.
The models incorporating the above PSC factors are tested against the MNL model

to establishhow the additionof eachPSC impacts themodel fit. Table 1 summarizes the
different possibilities of path and node overlap in our data, and the PSC formulations
applied in each case.

3. Data preparation

We perform our analysis on the urban transit network in Amsterdam, consisting of bus,
tram, and metro modes. The time period of analysis is 28 May–29 June 2018, during which
41 bus lines, 15 tram lines, and 4 metro lines were operational in the network. Figure 3
shows a map of the transit network during our analysis period. The metro network forms a
part-ring structure around the city centre,with twoof the linesprovidingdirect connections
from the south-eastern and southernperipheries of the city to the city centre. The tram lines
have a dense network in the city centre, while also serving as feeders to themetro network.
The bus network mainly serves the outskirts of the city with relatively lower density areas,
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Figure 3. Amsterdam transit network.

but provides some important connections, especially from the areas in the North to the city
centre.

We use (anonymized) smart card data for our analysis, which captures (nearly) all jour-
neys made in the network. On an average day during our study period, over 675,000 smart
card transactions were recorded in the network. We restrict our analysis to weekday AM
peak period (7 am to 10 am), in order to maximize the proportion of commuters and reg-
ular travellers in the data, who are expected to be more familiar with the route options,
therebymaking an informed route choice decision. The following subsections describe the
steps undertaken to convert the raw smart card data to the required format for route choice
analysis.

3.1. Trips to journeys

The Dutch smart card system provides information on both boarding and alighting tran-
sit stops and times (for an overview of the Dutch smart card system see van Oort, Brands,
and de Romph 2015). Each transaction in the raw smart card data represents a check-in and
check-out made by a passenger. For the route choice analysis, it is required to trace the
entire journey of the travellers from their origin transit stop until their destination transit
stop. For this, we combine individual smart card transactions to form passenger journeys
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Table 1. Types of overlap considered.

Journey type Type of overlap Example Link-based PSC Leg-based PSC Transfer node-based PSC

No transfer (single leg) Complete overlap of path using the
same mode

Assumed to beperceived as
the same alternative

Complete overlap of path using
different modes

– � –

Partial overlap of path using same or
different modes

� – –

(continued).
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Table 1. Continued.

Journey type Type of overlap Example Link-based PSC Leg-based PSC Transfer node-based PSC

With transfer (multi-leg) Complete overlap of one or more legs
using same or different modes

– � �

Partial overlap of one or more legs
using same or different modes

� – –

Different transfer nodes but using the
same route

� – –

Same transfer node but dif-
ferent/partially overlapped
routes

if applicable – �
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by identifying transfers. For Amsterdam, amaximum time threshold of 35min is applied by
the operator to classify consecutive trips by an individual as transfers. However, we apply
additional criteria to ensure that trip-generating activities conductedwithin the 35-min cri-
teria are not wrongly classified as transfers. We do this by fusing the smart card data with
AVL data, and applying the transfer inference algorithm as proposed in Gordon et al. (2013)
and Yap et al. (2017). For more details on how the algorithm is applied to our case study
network, the readers are referred to Dixit et al. (2019). The transfers made within the metro
network are not directly available from the smart card data, since the travellers do not need
to check-in and out within themetro system. Hence, we have inferred the number of trans-
fers using a shortest path (time-wise) approach for such journeys. The Amsterdam metro
network consists of only four lines with no loops, and all origin-destination pairs within the
network can be reachedwith amaximumof one transfer. In case of origin-destination pairs
where more than one transfer stop is possible (due to parallel lines), we have assigned the
transfer stop corresponding to the shortest travel time (calculated as the sum of in-vehicle
and expected transfer waiting times).

After performing transfer inference, the journeys were filtered to remove those with any
missing route attribute (such as observed headway from the AVL data). Further, in Amster-
dam’s network, almost all origin-destination pairs can be reached with a maximum of two
transfers. Hence, for our analysis, we have excluded journeys with more than two transfers
(< 0.01%of all journeys), tominimize irrational traveller behaviour inourdata. This resulted
in a dataset of 2.9 million journeys for the whole study period (weekday AM peak) after
applying all the filters.

3.2. Aggregating transit stops

Smart card data does not provide any information on where passengers actually began
or ended their journey – only the origin and destination transit stops are known. Further,
the smart card data used for this study is anonymized, and the users cannot be tracked
across multiple days. Hence, no information is available from the smart card data on which
transit stops were considered by the traveller while making their route choice decision. A
simplistic assumption is to restrict a traveller’s route choice set to all the route alternatives
available at his/her boarding stop and alighting stop only. However, such an assumption
greatly reduces the number, and diversity of alternatives considered in the choice set. More
importantly, it is an unrealistic assumption for a city like Amsterdam, where the median
walking feeder distance for bus stops is more than 300m (Brand et al. 2017), while the dis-
tance between neighbouring transit stops may be as low as 100m in transit dense areas.
Therefore, assumptions are needed regarding passenger’s access/egress stop choice set.
For example, Kim et al. (2019) aggregated all transit stops at an intersection into a node.We
follow a similar approach of clustering neighbouring stops together, by means of agglom-
erative hierarchical clustering. In this method, starting with each transit stop forming its
own cluster, the closest clusters are merged until a maximum distance threshold of 500m
between any two stops within a cluster is achieved. The 500mdistance threshold is chosen
to achieve compact clusters, asmeasured by the silhouette score. 651 transit stops resulted
in 279 stop clusters. The resulting clusters are shown in Figure 4 where each dot corre-
sponds to a transit stop and the transit stops belonging to the same cluster are shown in the
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Figure 4. Clustering of transit stops in Amsterdam.

same colour. Once the transit stops are aggregated, all the routes connecting the traveller’s
origin and destination stop clusters can be included in his/her choice set.

3.3. Route definition and choice set preparation

A route between an origin and destination stop cluster (further on referred to as O-D) is
defined as a combination of the physical path(s) followed by the transit line(s), and the
transfer stop cluster(s) used for each leg of the journey. The choice set in this study is based
on the observed routes taken by the travellers in the data. This eliminates the need for
assumption on the feasibility of non-observed routes. Further, it allows us to calculate the
route attributes (such as in-vehicle and transfer times) purely based on the observations
from the smart card data.

Tomakea realistic representationof the available route choices,we split the studyperiod
(weekday AMpeak) into six half-hour time slices and calculated the expected value of route
attributes during each time slice. For example, a traveller starting their journey anytime
between 7:00 and 7:30 am is assumed to have in their choice set the route alternatives
that were used between that time window only. Accordingly, the expected value of route
attributes is calculated by taking themedian over all observations using the O-D route dur-
ing the chosen time slice. Although seemingly large, the half-hour time slice is intended to
maximize the number of observed journeys to have reliable estimates of route attributes.
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Figure 5. Number of unique O-D pairs in the data by type of overlap.

For that, only those routes with a minimum of 20 journeys in the time slice (over all days)
were used for the analysis. Further, only those O-D pairs with aminimumof two route alter-
natives were included. Majority (91%) of O-D pairs had only two route alternatives, with a
maximum of four alternatives for any O-D pair. Overall, the busiest time period within the
morning peak was between 08:00 and 08:30 am, capturing 25% of all journeys. Figure 5
shows the number of distinct OD pairs used in the data for each time slice, and of those
how many include an overlap in at least of the alternative routes. The proportion of OD
pairs with at least some type of overlap varies between 56% and 67% for each time slice.
Of these, majority have an overlap of link (only), which ranges between 42% and 49% of all
O-D pairs for each time slice.

3.4. Route attributes andmodel specification

The way travel time is measured is different for bus and tram versus metro in Amsterdam.
For buses and trams, the smart card is tapped in/out inside the vehicle, whereas for metro,
this happens at the station. Because of that, the in-vehicle travel time for metro journeys is
not directly available from smart card data. Hence, for this study, we derive the in-vehicle,
waiting, and transfer times (if applicable) for metro journeys based on the AVL data. While
the average in-vehicle timebetween all O-Dpairs is directly available from theAVL data, the
effective waiting and transfer times are derived based on the observed headway at each
origin and transfer stations.

The following route attributes are populated for each O-D route and time-slice combi-
nation, which are subsequently used in our choice model specification:

• In-vehicle time by bus and tram (IVTbus and IVTtram): These correspond to the total in-
vehicle time by bus and trammodes summed over all legs in a journey.

• Expected waiting time for bus and trams (WTbt): This is calculated for the first leg of the
journeys that start with bus or tram. For common lines, this is calculated based on their
combined headway.
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• Metro time (TTmetro): This includes in-vehicle time, andeffectivewaiting timeat theorigin
metro station.

• Number and type of transfers (Transbt , Transbtm and Transm): Transfers made are dis-
tinguished as being within bus/tram network (which includes bus-bus, tram-tram and
bus-tram transfers); transfers between metro and bus/tram; and transfers within the
metro network.

• Transfer time (TrT): This includes the transfer time for all types of transfers.
• Circuity (Circ): This quantifies the detoursmade in the route, and is calculated as the ratio

of network to Euclidean distance of the route. It ranges from a minimum of 1 (for very
short routes) to approximately 4 in our dataset.

• Mode-specific constants for bus, tram, andmetro (MSCbus,MSCtram andMSCmetro): These
incorporate the preference for a particularmode that is not capturedby any of the above
attributes.

A total of six route choice models are estimated. We start with an MNL model, the sys-
tematic utility of which is specified in Equation (6). All β represent the coefficients of the
attributes which are estimated.

VMNL = βivtbus∗IVTbus + βivttram∗IVTtram + βwaitbt∗WTbt + βttmetro∗TTmetro

+ βtransbt∗Transbt + βtransbt∗Transbtm + βtransm∗Transm + βTrT∗TrT
+βCirc∗Circ + MSCBus + MSCTram + MSCMetro

(6)

Taking the above utility function as a basis, we add the PSC term to the utility func-
tion (as shown in Equation (1) earlier) and estimate five PSCL models. PSCL Models 1–4
define the overlap based on the link (Equation (2)), number of legs (Equation (3)), travel
time on legs (Equation (4)), and number of transfer nodes (Equation (5)), respectively.
Lastly, we combine the leg-based and node-based models to account for the contribu-
tion of each of those elements to the perception of route overlap. Different combina-
tions of such model specifications were tried, and the best one is presented as PSCL
Model 5.

4. Results and discussion

4.1. MNLmodel without overlap

The five PSCL models along with the MNLmodel as described in the previous section were
estimatedusing the BIOGEMEestimationpackage (Bierlaire 2020). Table 2 shows the results
of the estimation. For all models, we present the final log-likelihood, rho-square-bar, and
likelihood ratio statistic (LRS) with respect to MNL for comparison.

All parameters are found tobe significant atp < 0.01 level, and the signs are as expected.
All observed travel attributes being the same, there is a preference amongst travellers for
using routes with metro over tram and bus. This is expected owing to the higher reliability
the metro lines provide. Additionally, the simplicity of the metro network, weather protec-
tion at the stations, and a more comfortable waiting environment could be some other
factors contributing to this preference. After metro, tram is found to be preferred by trav-
ellers over bus. Moreover, the in-vehicle time of bus is valued more negatively compared
to tram, in line with findings from other studies reporting a ‘tram bonus’ in the Netherlands
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Table 2. Model estimation results.

Link-based Leg-based Node-based Combined

Description MNL Model
PSCL Model 1 –

links
PSCL Model 2 –
number of legs

PSCL Model 3 –
travel time

PSCL Model 4 –
transfer node

PSCL Model 5 – travel
time+ transfer node

Number of observations 382,295 382,295 382,295 382,295 382,295 382,295
Estimated parameters 11 12 12 12 12 13
Final log likelihood −233,892 −233,767 −233,714 −233,764 −233,513 −233,473
Rho-square-bar 0.178 0.178 0.178 0.178 0.179 0.179
Likelihood Ratio Statistic (compared to MNL) – 249.6 355.6 256.2 759.0 838.6

Parameter estimates∗
Mode-specific constant for bus (fixed) 0.00 0.00 0.00 0.00 0.00 0.00
Mode-specific constant for tram 0.49 0.48 0.50 0.50 0.51 0.50
Mode-specific constant for metro 0.84 0.84 0.86 0.88 0.90 0.90
Bus in-vehicle time (min) −0.11 −0.11 −0.10 −0.11 −0.11 −0.11
Tram in-vehicle time (min) −0.09 −0.09 −0.09 −0.09 −0.09 −0.09
Effective wait time bus/trams (min) −0.19 −0.19 −0.19 −0.19 −0.19 −0.19
Metro timea (min) −0.09 −0.09 −0.09 −0.09 −0.10 −0.10
Number of transfers between bus and tramb −1.24 −1.24 −1.18 −1.26 −1.37 −1.41
Number of transfers between metro and bus/tram −2.38 −2.40 −2.42 −2.47 −2.62 −2.65
Number of transfers within metro −1.50 −1.50 −1.42 −1.44 −1.47 −1.51
Transfer time (min) −0.25 −0.25 −0.25 −0.24 −0.23 −0.23
Circuity −0.43 −0.41 −0.43 −0.42 −0.39 −0.39
Path size correction – link – −0.53 – – – –
Path size correction – leg – – −0.90 −0.63 – 0.52
Path size correction – transfer nodes – – – – −1.02 −1.39

∗p < 0.01 for all estimates.
aIncludes in-vehicle time and origin waiting times.
bIncludes bus-bus, tram-tram and bus-tram transfers.
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(Bunschoten, Molin, and van Nes 2013). For buses and trams, one minute of waiting time
at the origin stop is valued as much as 1.8min of bus in-vehicle time, which is comparable
with the values reported by Yap, Cats, and van Arem (2020) for The Hague, the Netherlands
(1.5–1.6min).

The pure transfer penalty between bus/tram modes, which is valued at 11.5
(−1.24/−0.11) minutes of bus in-vehicle time in the MNL model, is found to be much
higher than the one reported by Yap, Cats, and van Arem (2020) for the buses and trams
for The Hague (3.8–5.2min), perhaps owing to Amsterdam’s larger network with relatively
longer transfer distances. Amsterdam also has a higher share of tourists that may prefer
direct routes. Although on the higher end, our transfer penalties are found to be compara-
ble to other values reported in the literature, such as those observed by Garcia-Martinez
et al. (2018) for the multi-modal transit network of Madrid, Spain (15.2–17.7min), or by
Anderson, Nielsen, and Prato (2017) for the regionalmulti-modal transit network of Greater
Copenhagen Area (14.1–17.9min). Between the different types of transfers made in the
network, the ones between metro and bus/tram are the least preferred. This is expected,
since in case of Amsterdam, transferring tometro from bus/tram typically involves walking
a longer distance and climbing (deep) stairs. In comparison, the transfers within the metro
network are more convenient as metro stations are relatively small and transfers are often
cross-platform and do not involve long passageways or multiple level changes. The trans-
fer waiting times are also more reliable in case of metro, because many of these transfers
are synchronized during operation. However, the most preferred transfers are within the
bus/tram network which is usually at the same level.

In addition to the pure transfer penalty, travellers also have a strong dis-preference for
transfer time compared to the corresponding in-vehicle time. Detour of a route, as mea-
sured by the circuity, is also found to play a role in explaining the route choice of travellers,
with a trade-off of 4min of bus in-vehicle travel time for 1 unit change of circuity. The
part-ring structure of the metro network results in some O-D pairs having high circuity.
Moreover, having a distance-based fare system implies that higher circuity also results in
higher fares being paid. Despite that, our parameter value for circuity is found to be much
lower than that reported by Kim et al. (2019) for the transit network of Seoul, which to our
knowledge is the only other study that includes circuity inmulti-modal transit route choice.
They report a value of about 22min of IVT for 1 unit change of circuity, possibly due to the
larger scale of the network.

4.2. Incorporating overlap

Next, we examine how travellers perceive different aspects of overlap between alternate
transit routes, lookingat each typeofoverlap individually (PSCLModels 1–4). Firstly, all PSCL
models offer an improvement of model fit compared to the MNL model, as demonstrated
by the LRS = 249.6 for the worst performing PSCL model (PSCL Model 1), exceeding the
critical χ2 value of 6.6 at 1% significance level (df = 1).

Secondly, the sign of the PSC parameter for all models considering overlap individ-
ually (PSCL models 1–4) is significant (at p < 0.01 level) and negative, implying that
the overlap between transit routes is perceived positively by the travellers in general,
and the utility of overlapping routes is underestimated by the MNL model. This means
that the travellers prefer routes having an overlap between alternatives, over completely
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distinct transit routes – be it an overlap of links, legs, or transfer nodes. This result contra-
dicts with the findings from analysis of route overlap in road networks (such as in Bovy,
Bekhor, and Prato 2008), as mentioned earlier in Section 2.2. However, it is in line with
some studies for transit route choice (Anderson, Nielsen, and Prato 2017; Hoogendoorn-
Lanser and Bovy 2007), and is perhaps explained by the claim of Anderson, Nielsen, and
Prato (2017) that the PSC ‘can be seen as a measure of robustness of the trip by the
traveller’.

From the three path-based PSCL models (PSCL Models 1–3), using a PSCL based on
number of journey legs (PSCL Model 2) explains the travellers’ route choice better than
the link-based or travel time-based ones, as demonstrated by the final log-likelihood and
LRS (with the same number of parameters in the three models). However, out of the four
proposed PSC formulations, the one based on transfer nodes (PSCL Model 4) is found to
have the highest final log-likelihood, meaning that it best explains the observed data, sig-
nificantly better than any of the path-based PSCL models. As with the path-based PSC
parameters, travellers are more likely to choose a route that includes a transfer stop that
is shared by other routes for the OD pairs, implying more options of travelling to their
destination stop, which could also be considered to be more robust. It is also noted that
once the node-based overlap is added, the transfer penalty is found to increase steeply for
transfers within bus/tram and from bus/tram tometro. This implies that when such overlap
is ignored, the positive utility derived for routes with a transfer node overlap is captured
by the transfer penalty instead, leading to an underestimation of the disutility induced by
the number of transfers. Simultaneously, the transfer time parameter is found to decrease
marginally, further implying that travellers dislike transferring irrespective of the transfer
time.

4.3. Combining path and node-based overlaps

As shown in Table 1, the notions of overlap in terms of transfer nodes and in terms of jour-
ney legs are distinctive, i.e. there can be routes where there is an overlap of transfer nodes,
butnooverlapof journey legs andvice-versa.Notwithstanding, often theoverlapof transfer
nodes and legs occurs simultaneously, leading to a high correlation between them (correla-
tion ∼0.7 in our case). In that case, omitting one of these factorsmay result in endogeniety.
To understand and isolate the valuation of overlap of transfer nodes versus overlap of jour-
ney legs in more depth, we include them simultaneously. Different combinations of model
formulations were estimated, and the best combination of parameters is presented (PSCL
Model 5).

Estimating a model that includes both the leg-based and node-based PSC results in a
slightly better model fit compared to the model with node-based PSC alone. In the com-
bined model, the PSC parameters for overlap of transfer node are found to follow similar
signs as in the individual model. However, surprisingly, the results indicate that once the
overlap of transfer nodes is accounted for, a subsequent overlap of journey legs is valued
negatively. This means that travellers ideally prefer routes which have an overlap of trans-
fer nodes, i.e. decision points, rather than of journey legs per se. The latter is perceived
negatively once overlap in transfer nodes is accounted for. The main argument explaining
the positive perception of route overlap for transit networks is the availability of alternate
travel options in caseof disruptions. From that perspective, having a common transfer point
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but distinct journey legs between routes meets the objective. On the other hand, having
the overlap in journey legs, i.e. the same travel option before or after transfer for the two
overlapping routes, does not help in case of disruptions, and is hence found to reduce the
attractiveness of overlapped routes, compared to completely distinct routes. This could also
be interpretedas the routeswith a completeoverlapof legsbeing considered similar (rather
than as two distinct routes).

Conversely, the partial overlap of journey legs (in the form of links), is found to be valued
positively implying that routes with partial overlap, i.e. some but not all common links, are
preferred over completely independent journey legs. This is expected as routes with some
common links could provide more options for at least a part of the journey leg(s) in case
of disruptions. Moreover, the routes with partial overlap are more likely to be situated in
transit-dense city centre areas as opposed to outskirts. This could contribute to the pref-
erence towards them, everything else being the same, due to feelings of familiarity to the
route, safety, preferred surroundings (especially for tourists in the case of Amsterdam), and
perhaps a better level of service. The overall impact of route overlap depends thus on the
relative values of link, leg and node overlap.

4.4. Cross-validation and sensitivity analysis

We undertook out-of-sample validation for each of our models using a cross-validation
approach. Each model was re-estimated on (randomly selected) 80% of the data (305,836
observations), and the remaining 20% of the data (76,459 observations) was used as a vali-
dationdataset. This processwas repeated five times (with replacement) for eachmodel, and
the average probability of chosen routes across all validation runs is presented in Table 3. In
terms of prediction performance also, the node-based overlap model is found to perform
better than the link or leg-based models for our data. The best performance of all is found
to be for the combined node and leg-basedmodel, marginally better than the node-based
model.

Next, we perform a sensitivity analysis of our results to the choice set size. In this
study, we use the ‘observed’ choice set as opposed to a synthetic choice set generation
method. To ensure reliable estimates of travel attributes, only those routes with a mini-
mum of 20 journeys in the half-hour time slice (over all days) were used for the analysis.
However, this results in many less frequently used routes being excluded from our anal-
ysis, reducing our choice set size. In case of choice models, it is well known that choice
set size and composition may greatly impact results (Prato and Bekhor 2007). For mod-
els that include route overlap (such as the PSCL), including IIA has been found to bias
the results, hence it is advised to include the attractive routes only in the choice sets
(Bliemer and Bovy 2008; Bovy, Bekhor, and Prato 2008). However, one could argue that
routes with less than 20 observed journeys in the time period of our analysis (specially in
the outskirts of the city) could still be considered ‘relevant’. Hence, we test the sensitiv-
ity of our conclusions to choice set size by reducing the threshold of minimum journeys
needed to include a route in our analysis. As we lower the threshold on the number of
journeys, more ‘less preferred’ routes are included in the data set. In general, these ‘less
preferred’ routes have more overlap between them – with 74% of OD pairs having some
type of overlap with a threshold of 5 journeys, as compared to 63% for a threshold of 20
journeys.
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Table 3. Cross-validation results.

Link-based Leg-based Node-based Combined

Description MNL Model PSCL Model 1 – links
PSCL Model 2 –
number of legs

PSCL Model 3 –
travel time

PSCL Model 4 –
transfer node

PSCL Model 5 – travel
time+ transfer node

Average log-likelihood of validation data −46,778 −46,753 −46,743 −46,753 −46,703 −46,695
Average probability of chosen route for validation data 58.89% 58.91% 58.92% 58.91% 58.96% 58.97%
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Table 4. Model sensitivity to choice set size.

Description
Minimum 20
journeys

Minimum 10
journeys

Minimum 5
journeys

Number of observations 382,295 538,696 756,467
Maximum number of alternatives 4 6 7
Estimated parameters 13 13 13
Likelihood Ratio Test (compared to respective MNL) 838.6 987.2 988.6
Rho-square-bar 0.179 0.227 0.304
Parameter estimates∗
PSC – travel time 0.52 0.48 0.16
PSC – transfer nodes −1.39 −1.10 −0.61

∗p < 0.01 for all estimates.

Table 4 shows themodel estimation statistics and path size factors for our best perform-
ingmodel (PSCLModel 5) for different journey thresholds. As expected, themodel fit statis-
tics improve as the number of observations increase. The PSC parameters are still found
to be significant and with the same signs irrespective of the sample size, although their
magnitudes decrease with reducing threshold. Amongst other parameters, the transfer-
related parameters and circuitywere found to be sensitive to the composition of choice set,
whereas the in-vehicle and waiting times were observed to be relatively stable. Similar to
Ton et al. (2018), this study has undertaken a data-driven choice-set generation approach.
The impact of choice-set sizewhen using this approach onmodel estimates remains a topic
for further research.

4.5. Discussion

Our findingshighlight the importanceof transfer hubs forpassenger route choicedecisions.
The perception of overlap is found to refer to decision points such as interchange locations.
Having routes with common transfer locations that offer distinctive travel options to and
from transfer locations is ideal from the perspective of travellers. Network topology analysis
has demonstrated that havingmultiple (back-up) links increases the robustness of a transit
network in case of disruptions (Jenelius and Cats 2015). Our findings imply that this also
translates into increased attractiveness of overlapping routes compared to independent
routes due to their contribution to journey-level robustness.

The analysis performed in this study can be extended to access stop choice. The models
used in this study attempt to capture the value of robustness of routes with overlapping
links or transfer nodes. More generally, this preference for more robust routes may also be
reflected in case of transit travellers’ access stop choice. However, in most existing models
of route or access stop choice, this impact is not considered. The dataset used in this study
does not provide information on door-to-door journeys, hence it is not possible to observe
the preferences of travellers on their choice of origin transit stop. However, it is an inter-
esting research direction to check for this using a data set (such as travel diary) which will
allow for such an examination.

Lastly, our results show that depending on the types ofmodes betweenwhich the trans-
fers are occurring, some transfers are preferred over others, in line with the findings from
Garcia-Martinez et al. (2018) for intermodal transfers. Transfer penalty is expected to be a
function of the transfer environment, such as level difference, number of crossings, shelters,
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availability of information, etc. In the case of Amsterdam, as with many other transit net-
works, many bus and tram lines are intended to serve as access/egressmodes for themetro
which is limited to major corridors. However, the higher transfer penalty for such transfers
(as opposed to transferswithin the bus/tramnetwork) indicates thatmore attention should
be given to making such intermodal transfers seamless, thereby reducing the associated
transfer penalty and making such journeys more attractive.

Finally, our study is subject to three main limitations. First, crowding was not included
as an attribute in any of our models. Even though the Amsterdam transit network is not
very crowded, in some contexts crowdingmay have an impact on other attributes. Second,
while the PSCL models used in this study allowed for capturing the correlation between
alternatives, they do not capture the heterogeneity amongst travellers or the correlation
due to the panel characteristic of the data. While the former could be explored using other
model structures such as themixed-logit, the latter is not possible given the characteristics
of the dataset which does not contain panel information. Lastly, this study compared the
alternate specifications of route overlap, including thenewnode-basedoverlap, usingPSCL
model only. It might be interesting to explore how these alternate definitions of overlap
perform under othermodel structures used to incorporate overlap, such as the C-Logit, the
PSL, or more complex ones like the Paired Combinatorial Logit or Cross Nested Logit.

5. Conclusion

The main contribution of this study is that for the first time, we provide insight into how
travellers perceive different types of overlap between routes while making route choice
decisions in the context of multi-modal urban transit networks. An empirical analysis by
means of choice modelling was conducted for the transit network of Amsterdam using
smart card data. We defined route overlap in terms of overlapping links, journey legs, and
transfer nodes. Overall, incorporating route overlap resulted in a significant improvement
in model fit compared to the MNL model.

Our findings support the argument of Anderson, Nielsen, and Prato (2017) and
Hoogendoorn-Lanser and Bovy (2007) that having multiple options of travel enhances the
attractiveness of routes that have an overlap. On the one hand, our results show that the
partial overlap of routes with some links overlapping is found to be preferred by travellers,
presumably because it provides more options for travel in case of disruptions. Further,
travellers ideally prefer routes that have common transfer locations, but not completely
overlapping journey legs. This is intuitive, as having multiple (distinct) travel options at a
transfer location adds to the robustness of their route choice decision. On the other hand,
completely overlapping journey legs does not add any value in terms of robustness, and is
hence found to reduce the attractiveness of overlapped routes, compared to distinct ones.

The majority of studies in the literature that consider transit route overlap measure it
in terms of path only. In this study, not considering the overlap in terms of transfer nodes
led to the contrasting conclusion of a positive valuation of overlapping legs by travellers.
Hence, a key take-away from our results is that for transit route choice, it is important to
define overlap in terms of both path and transfer nodes.

Overall, this study contributed to advancing the understanding of travellers’ perception
of overlap during transit route choice. It also added to the limited studies that empirically
analyse route choice behaviour for large-scale multi-modal transit networks using smart
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card data. The results show differences in perceptions of travel times and transfer penalties
by mode(s) used. The trade-off values between different route attributes obtained in this
study also provide behavioural insights to transit planners and policy-makers. Moreover,
the methodology proposed to incorporate route overlap could be adopted for other tran-
sit networks to improve the performance and accuracy of route choice models, leading to
better predictions.
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