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Notation

The main shorthand and symbols that are used in this thesis are presented as follows:

Shorthand

P&R : Park and Ride facilities
B&B : Branch and Bound technique
UM : Uni-Modal
MM : Multi-Modal
OD : OD pair
RSG : Route Set Generation
CSG : Choice Set Generation
SP : Shortest Path
KSP : k Shortest Paths approach
CKSP : Constrained k Shortest Paths approach
MC : Monte Carlo approach
AMC : Accelerated Monte Carlo approach
MCL : Monte Carlo Labelling combination approach
AMCL : Accelerated Monte Carlo Labelling combination approach
MM : Main modes of a multi-modal trip
HM : Home-based modes of a multi-modal trip
AM : Activity-based modes of a multi-modal trip
MM−CSG : Multi-Modal Choice Set Generation approach

xvii
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Network and Choice set notation

N : Set of nodes
L : Set of links
M : Set of modes
G = (N,L) : Uni-modal graph with set of nodes and links
G = (N,L,M) : Multi-modal graph with set of nodes, links, and modes
o, d : Origin, destination indices
i, j, x : Node indices
a, b, �a, �b, l, z : Link indices
h, k, r, p : Route indices
c : Link cost
m : Mode index
u, v : PT stops index
r : Run index of PT line
cen : Centroid index
Gv : Service sub-graph for each PT line v
Gd : Demand sub-graph
Gae : Access / egress sub-graph
Gvr : Service sub-graph for each run r of PT line v

Q : Group of individual travellers
q : Individual traveller index
s : User class index
T : Time period such as morning or evening peak
Tw : Time window such as [9:00, 10:00]
t : Departure time instant, for example, 9:15
n : Choice situation index representing {OD, t, q}
ms, MS : Master choice set for the traveller's, researcher's perspective
OS : Objective choice set for the researcher's perspective
ss, SS : Subjective choice set for the traveller's, researcher's perspective
cs, CS : Consideration choice set for the traveller's, researcher's perspective
ca, CA : Chosen alternative for the traveller's, researcher's perspective
ssa : Actual joint subjective choice set
csa : Actual joint consideration choice set
caa : Actual chosen alternative
SSo : Observed joint subjective choice set
CSo : Observed joint consideration choice set
CAo : Observed chosen alternative
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Notation xix

Route choice and Choice set generation model notation

Ukq : Utility function of alterative k and individual q
Vkq : Systematic part of the utility function of alterative k and individual q
εkq : Random term capturing the various uncertainties
Pkq : Probability that the alterative k is chosen by individual q
Xkq(y) : Vector of y attributes of the route alterative k and the individual q
β(y) : Vector of y parameters to be estimated
y : Index of the Y attributes considered by individual q
µ : Model's scale parameter
δ : Weight coef�cient of the route overlap
τ : Path travel time
CFk : Commonality factor of path k
dkh : Length (cost) of links in common to paths k and h
dk : Overall path lengths (costs) of paths k
la : Length of link a
PSk : Path size of route k
γ0, γ1 : Positive parameters to be estimated
γ : Size assignment parameter
Γk : Set of links belonging to route k
δak : Binary variable (0/1) indicating whether link a is part of route k or not
|CS| : Cardinality of the consideration set, i.e. the total number of routes in the CS
η : Measure of similarity of routes k and h

F : Disutility measure such as time, distance, number of links
FO(x) : Shortest time or distance from origin O to node x
FD(x) : Shortest time or distance from node x to destination D
d[i, j] : Shortest connection (in distance, time, or cost) between any nodes i and j
α : Detour parameter α≥ 1
∆ : Mutual route overlap percentage between two paths 0≤ ∆≤ 1
θ1, θ2 : Route comp. thresholds 0≤ θ1 ≤ 1, 0≤ θ2 ≤ 1, and θ1 < θ2
ωmax, ωmin : Max and min route detour percentages ωmax ≥ 1, ωmin ≥ 1
S : Choice set size
C̄qk : (Stochastic) generalized cost of a route k perceived by the individual q
δma : Binary variable (0/1) indicating whether link a belongs to mode m or not
R : Total number of alternative routes in a network
κ : Number of draws from a network with R alternative routes
µ(X), µ(β) : Expectation associated with X and β
σ(X), σ(β) : Variance associated with X and β
�ε : Random error term attached to parameters β
�ε : Random error term attached to attributes X
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Chapter 1

Introduction

1.1 Context and background

Multi-modal trips, i.e. trips using two or more vehicular modes between which a trans-
fer is necessary, are a common travel phenomenon which are expected to become more
important in the future. Although multi-modal trips overall only account for less than
3% of all total passenger transport in The Netherlands, as noted in Van Nes (2002),
multi-modal transport merits attention as it occupies an important niche for longer dis-
tance inter-urban transport. For instance, over 20% of the inter-urban trips from and
to the larger Dutch cities are multi-modal trips with usually train as the main transport
mode. An increase in the market share of multi-modal transport may increase public
transport occupancy rates and improve liveability of city centres. To improve the op-
portunities and conditions for multi-modal transport, enlarged insight is required into
the possibilities for multi-modal trip making with respect to the availability of travel
modes (supply side) as well as the preferences of individual travellers (demand side).

Possible bene�ts of multi-modal transport are reductions of long distance car trips by
offering better access to long distance public transport and improving the accessibility
of city centres, for instance, by introducing transfer points to high quality public trans-
port services at the outskirts of the city. In order to achieve these potential bene�ts
of multi-modal transport it is necessary to provide facilities for multi-modal transport,
for instance, for transfers between modes. Such transfer points require stops or sta-
tions offering high quality public transport services and suf�cient parking facilities for
private cars and bicycles. It is therefore important to assess the performance of such
transfer points in advance. In order to analyse multi-modal planning problems, such
as the location and design of inter-modal transfer points, the travel demand modelling
needs to be capable of analysing and predicting the use of multi-modal trips.

Given the growing importance of chain mobility, there is an increasing number of
planning problems that require tools for analysing multi-modal travel choices, which
adequately can deal with a simultaneous choice of routes, transport services, travel

1
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modes and transfer locations. In the past thirty years, respectable progress has been
made towards quantitative modelling of transportation systems. For practical reasons,
progress has centred on uni-modal rather than multi-modal systems. To handle multi-
modal transport systems, the classical modelling approach might be generally appro-
priate, but it shows serious shortcomings when true multi-modal transport involving
different modes and services within a trip needs to be modelled.

For example, currently available toolkits to assess transport investments are based on
a rigid distinction between modes, especially cars and public transport. Slow modes
such as bicycles and walking are often not fully accounted for. Consequently, the
impact of combining modes in a trip is dif�cult to assess. A pragmatic approach is
to limit multi-modal transport to a few promising combinations of modes for speci�c
trip types, which are simulated in a uni-modal network, being either private car or
public transport. However, the analysis in Van Nes (2002) shows that multi-modal
transport covers a large variety of modal combinations with an even larger diversity of
trip characteristics. Furthermore, in a number of countries such as Denmark and The
Netherlands, bicycles play an important role in multi-modal transport. Therefore, the
pragmatic approach falls short of covering the whole range of multi-modal transport
possibilities.

Route-choice and mode-choice are the standard ingredients of classical transport mod-
els. Route-choice is usually modelled using (equilibrium) assignment, while mode-
choice is typically done separately (before the assignment step). Although the choice
of interchanges between public transport modes has been investigated in the literature,
the choice of entry-exit points of the transit network has not been modelled in a general
way so far. This can be seen as a lack of classical transport modelling techniques. This
issue has been considered in the literature in which several proposals have been pre-
sented (e.g. Fernandez et al. (1994)). However, these approaches are essentially hardly
applicable and recommendable when it comes to real-world networks and especially
multi-modal networks.

On the basis of available literature it can be concluded that the poor handling of multi-
modal trips is caused among other matters by the strict separation between mode choice
and route choice that is maintained in classical modelling approaches.

To remedy the shortcomings of current approaches, this thesis proposes a multi-modal
modelling approach that accounts for simultaneous choice of mode and route through
a multi-modal transportation network. The modelling approach is based on a repre-
sentation of the multi-modal network known as a supernetwork. In this modelling
framework, mode choice is the result of route choice in the multi-modal supernetwork.
As a result, the travel behavioural modelling focuses on route choice only, the quality
of which is now the main determinant of the quality of the model system itself, which
as a result receives much attention.

In order to better model route choice in the supernetwork, we assume that a trav-
eller has a set of possible (multi-modal) route alternatives available to him or her for
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a speci�c trip (i.e. choice set) from which he or she chooses the alternative that is
most suited for his/her travel need (see e.g. Bovy, P.H.L. and Stern, E. (1990) and
Hoogendoorn-Lanser (2005)). Choice sets play a critical role in choice model es-
timation and demand prediction, signi�cantly in�uencing the validity of parameter
estimates and predicted demand levels. Profound research into choice set modelling
makes progress in tackling choice set misspeci�cation problems and in identifying the
variables that determine the individual's choice set formation.

Furthermore, the explicit generation of choice alternatives prior to the choice predic-
tion is preferred by assuming that a clear distinction in the modelling between a choice
set generation step and, conditional on that set, the genuine choice modelling step,
may signi�cantly improve choice analysis and prediction quality. Therefore, the route
choice modelling is split into the choice set generation and the consequent route choice
modelling.
The idea of this choice set modelling approach is based on the same assumption of the
two stages process introduced by Manski (1977), although Manski's approach differs
from our proposed approach. Manski's approach is a probabilistic approach, which
can be applied only with limited choice sets, and usually it is applied for estimation
purposes, whereas our approach is proposed to be applied in the route choice context,
with typically large choice sets, and for demand prediction purposes.

Choice set generation consists in �nding all feasible routes that a traveller might con-
sider for travelling from his origin to his destination. Choice set generation for route
choice modelling is known as a dif�cult problem compared to other choice modelling
problems such as mode choice or destination choice. It is well known that in a route
choice context, choice set composition is a critical aspect because very many routes
may be available whereas only a limited subset of those are actually perceived while
even less are actually considered by trip makers. In a multi-modal transport network,
route �nding and generation is even more dif�cult because of the multiple different
types of choices involved in a multi-modal trip. The speci�c theoretical challenge in
modelling multi-modal trips is in the multi-dimensional character of these trips encom-
passing a multitude of choices with respect to routes, travel modes, transport service
types, and interchange locations between public transport modes, access/egress loca-
tions from private to public transport modes and vice versa. This is the challenge that
is addressed as subject of study in this thesis.

The research presented in this thesis is part of a joint research project, the so-called
Hypernetwork project, carried out in the Transportation Research School TRAIL and
in collaboration with the Organization for Applied Scienti�c Research (TNO). The Hy-
pernetwork project aims to develop a practically applicable model approach to analyse
proposed multi-modal passenger transport systems analytically. The project aims to:

• Develop the analysis methodology;

• Provide its theoretical foundations;
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• Develop required travel demand prediction models;

• Establish required computational tools;

• Demonstrate the validity and practical applicability.

The developed multi-modal demand prediction model should be applicable to a much
larger group of research issues, compared with the current methods of analysis for
passenger traf�c. It should mainly be appropriate for investigating effects on chain
mobility of changes in public transport services. The model should support planning
decisions like determining the location of a multi-modal interchange, perform mar-
ket analysis of multi-modal services, and determine the level of competition between
multi-modal alternatives. It should also be able to evaluate (both �xed and demand
driven) public transport services or the in�uence of properties of the interchange facil-
ity like parking space, parking toll, transfer time, etc.

This thesis presents parts of the achievements of the multi-modal transport modelling
approach developed within the Hypernetwork project, focusing on the route choice
modelling part and more speci�cally on the choice set generation model for multi-
modal trips, that is on generating a set of realistic multi-modal routes (transport modes,
service types, transfer nodes, etc.) that a group of travellers might consider for making
a multi-modal trip.

1.2 Research objectives and related research questions

This thesis deals with choice set generation in the case of multi-modal trips exhibiting
multiple-choice dimensions (such as transport modes, transfer nodes, public transport
service types, and routes), which are represented jointly as a case of route choice in a
multi-modal network for predicting �ows in the multi-modal network.

The research objective of this thesis thus is to establish a choice set generation model
and algorithm, and demonstrate its validity and feasibility for demand prediction pur-
poses.

Note that this thesis starts from the presumption of superiority of explicit a priori choice
set generation. For prediction applications, explicit generation of route choice sets
prior to route and link �ow calculation instead of during the iterative �ow calculation
is strongly favoured for several reasons. A major advantage of a priori choice set gen-
eration for prediction purposes is that a priori given choice sets allow much more �exi-
bility and realism in behavioural assumptions in the route choice models to be adopted.
In that case, no restrictions exist on the type of choice model or utility functions speci-
�cation to be adopted. Applicability of advanced analytical approaches, easy consider-
ation of route overlap, non-linear utility functions, and route-based attributes are only
a few advantages of applying a priori generated choice sets. A priori generation in a



31

Chapter 1. Introduction 5

network context offers also implementation and computational advantages in iterative
network assignment approaches since no repeated optimal route search is necessary.
This has, for instance, been demonstrated in dynamic equilibrium modelling of a large
road network (Bliemer, M.J.C. and Versteegt, E. and Castenmiller, R., 2004).

Obviously the consequence of a priori choice set generation poses some limitations.
First of all, the generated routes need to be stored, and for large networks, the mem-
ory requirements could be huge, although with new technologies, problems related to
memory requirements are decresing. Moreover, the advantages of a priori choice set
generation are obtained at the expense of greater computational complexity related to
the large dimension of the choice sets. Second, in a priori choice set generation spe-
cial attention is required to adequately handle the impact of heavy congested situation.
Finally, a priori choice set generation approach is especially convenient for demand
prediction purposes, since large choice sets containing non-relevant routes are better
than the ones that are too small and in which relevant routes are missing.

An important working hypothesis in this thesis is that the composition of individual
choice sets is strongly determined by individual preferences for trip attributes. In fact,
several studies (see Bovy, P.H.L. and Stern, E. (1990)) have shown that in order to
obtain proper choice sets traveller's characteristics have to be taken into account. Dif-
ferent travellers may have different preferences (so-called taste variation) so that the
population consists of a mix of several segments, each with their own attribute weights,
and the determination of their choice sets depends on their preferences and the main
factors that in�uence route choice behaviour.

The speci�c central research question of this thesis focusing on choice sets is the fol-
lowing: how to generate appropriate choice sets in multi-modal networks accounting
for the variety of multi-modal travel behaviour?

The more detailed research questions derived from the central question are among
others the following:

• Which are the main characteristics of adequate route choice sets?

• What is the size and composition of an appropriate choice set?

• How to determine the quality of the generated choice sets?

• Which (model-based) methods are appropriate to generate choice sets?

• How to generate appropriate choice sets in multi-modal networks?

In order to answer all these questions in this thesis, new choice set terminology is
introduced, a new formulation of criteria for reasonable choice sets in uni-modal and
multi-modal networks is developed, choice set generation approaches are analyzed
and compared, and a new choice set generation approach for multi-modal networks is
proposed and evaluated. All these topics are dealt with in the next chapters.
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1.3 Thesis contributions

The speci�c contributions of this thesis can be grouped into the following �ve topics:

1. Multi-modal modelling approach and multi-modal transportation network repre-
sentation.

2. Choice set notions and concepts.

3. Criteria de�nitions for adequate choice sets in uni-modal and multi-modal net-
works.

4. Analysis and comparison of choice set generation approaches.

5. New choice set generation approach for multi-modal networks.

1.3.1 Multi-modal modelling approach

In this thesis, a new approach for analyzing multi-modal travelling based on the use
of a supernetwork methodology is introduced, in which the networks of all available
travel modes are combined into a single supernetwork that includes transfer possibili-
ties between modes. Multiple-choice dimensions in multi-modal trips are represented
jointly as route choice in the supernetwork while by explicitly generating the individ-
ual choice alternatives prior to the choice modelling maximum �exibility is available in
adopting the most suitable choice modelling approach. Moreover, a new multi-modal
network representation is presented that takes into account several layers of uni-modal
networks and links them via waiting and walking links.

1.3.2 Choice set notions and concepts

New choice set notations and related terminology is presented thereby explicitly ac-
counting for different stages in the travel choice process (available, known, feasible,
considered or chosen), viewpoint (travellers or researchers), number of travellers (in-
dividual traveller or group of travellers), origin (actual, observed or generated), and
applications (analysis, estimation or prediction). Furthermore, conditions that apply to
choice sets in the different stages of the decision-making process are regrouped and
new clear de�nitions are given.

1.3.3 Criteria for adequate choice sets

An important topic dealt with in this thesis is the formulation of the main characteristics
that adequate choice sets and appropriate generation processes should satisfy in uni-
modal and multi-modal networks. The requirements for adequate route choice sets for
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prediction of route and link �ows in uni-modal transport networks are introduced in
this thesis. The new criteria concern requirements for a reasonable route, for adequate
choice sets at individual level and at group level, and appropriate choice set generation
for prediction purposes.
The new criteria established for the uni-modal case are extended to the multi-modal
case, focusing on the differences between uni-modal and multi-modal networks, such
as, combination of several continuous-type and discontinuous-type transport service
systems; the transfer between transport modes; the sequence of modes within a multi-
modal trip networks, the route overlap problem which is highly different from the
overlap problem in uni-modal continuous networks.

1.3.4 Analysis and comparison of choice set generation approaches

Another important contribution of this thesis is the evaluation of the choice set gener-
ation approaches for uni-modal networks to be applied for prediction purposes.
A generic choice set generation procedure is speci�ed for the purpose of characteris-
ing current route set generation procedures. Based on the generic generation scheme, a
classi�cation of the choice set generation methods known from literature is provided,
after which each of the generation methods is described in a structured comparable
way as a basis for our evaluation of their adequacy for our purposes, on the basis of
which recommendations are given for the best approach to be adopted. Due to the gen-
erated choice sets size and compositions (many overlapping routes might be generated)
a �lter process in which some of the de�ned criteria are applied after the generation
step is proposed in order to obtain more adequate choice sets.

1.3.5 Choice set generation approach for multi-modal networks

As the main contribution of this thesis, we present a newly developed route choice
set generation algorithm, the so-called doubly stochastic approach, applicable to uni-
modal and multi-modal networks, thereby taking into account travellers' origin and
destinations, vehicle availability, and travellers groups. The basic hypothesis of this ap-
proach is that traveller's preferences with respect to route attributes highly determines
the size and composition of the choice set considered in his choice decision. From this
hypothesis we state that a traveller's trip utility function can be used as the basis for a
generating function with which attractive alternatives can be generated through opti-
mal path search in the given network by stochastically varying network attributes and
attribute preferences. While the adopted variances in network attribute values (travel
time, waiting time, travel cost, etc.) re�ect, among other matters, the variation in per-
ception of the attributes among the travellers and their differences in knowledge about
the network, the adopted variances in the related parameter values re�ect the variation
in the preferences for these attributes within the population of travellers.
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1.4 Outline of the thesis

This thesis can roughly be divided into three parts:

1. Multi-modal modelling approaches and uni-modal and multi-modal transporta-
tion network representations (Chapters 2 and 3).

2. Conceptual framework for choice set concepts and route choice modelling (Chap-
ters 4 and 5).

3. Choice set generation approaches for uni-modal and multi-modal networks (Chap-
ters 6 and 7).

Chapter 2 introduces the main characteristics and de�nitions of multi-modal trans-
portation and modelling approaches for analysing multi-modal travel choices. The
architecture for proposed new multi-modal demand prediction system is presented in
Chapter 2, the noticeable characteristics of which are that a modal split module is
absent and a route set generation module prior to the route choice is speci�ed. Chap-
ter 3 focuses on the network modelling concepts for uni-modal and multi-modal trip
analysis of which the supernetwork concept will receive ample attention. This network
concept has to facilitate the proposed approach in route set generation and route choice
analysis. In Chapter 4 a start will be made with the route set generation subject by in-
troducing the necessary choice set concepts. This chapter outlines a theoretical frame-
work with conceptual notions about choice sets, distinguishing between traveller's and
researcher's perspective, individual travellers and group of travellers, and actual, ob-
served, generated behaviour. Chapter 5 then gives an overview of route choice mod-
elling, constituting the behavioural context for the route set generation modelling in
Chapters 6 and 7. In Chapter 6, we �rst deal with the route set generation for uni-
modal networks. After formulating quality requirements for reasonable routes, ade-
quate choice sets at individual level and at group level; available route set generation
procedures will be presented and systematically assessed. Chapter 7 is devoted specif-
ically to the multi-modal case. The speci�c quality requirements in the multi-modal
case are elaborated. Current route set generation approaches for multi-modal networks
are reviewed and assessed, after which a new doubly-stochastic generation approach is
presented. The validity and effectiveness of this approach will be tested with observa-
tions. The �ndings and conclusions of this thesis and its prospects for future work are
summarized in the �nal Chapter 8.
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Chapter 2

Key issues in multi-modal
transportation planning

2.1 Introduction

Having introduced the topic of this thesis, we �rst elaborate somewhat on the objectives
of multi-modal transportation planning being the context of the new developments for
multi-modal travel demand modelling dealt with in this thesis. Within this context,
a presentation of the main characteristics and de�nitions of multi-modal transport is
given answering the question what is meant by multi-modal transport. Subsequently,
this chapter focuses on modelling approaches for analysing multi-modal travel choices
in a planning context. Starting from a description of the current approaches for multi-
modal transportation modelling, we present a new, more appropriate modelling ap-
proach speci�cally addressing the modelling of multi-modal trips.

Section 2.2 deals with the main planning problems typical for multi-modal transporta-
tion. The characteristics of current multi-modal mobility are introduced in Section
2.3 using the empirical analysis carried out by Van Nes (2002). It is shown that al-
though multi-modal transport is a niche market in transportation at large, this class of
trips nevertheless plays a substantial role in satisfying travel demand for speci�c trip
types. Subsequently, a set of related notions is introduced and de�nitions of multi-
modal transport and trip making are given that will be used in this thesis based on the
terminology introduced by Van Nes (2002).

Current practice in static transportation modelling is shown in Section 2.4 including
an overview of current approaches to handle multi-modal transportation modelling in
Section 2.4.3. Three of these approaches of current practice are discussed in more
detail, namely the joint uni-modal transportation modelling, the extended classical ap-
proaches, and the supernetwork approach. The main contribution of this chapter is
the presentation of a new multi-modal transportation modelling approach, presented in
Section 2.5, based on the supernetwork concept integrating the various uni-modal sub

9
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networks into a consistent single network. This approach allows treating the various
travel choices such as modes, access/egress nodes, uni-modal routes, etc. as chosing a
single route in a supernetwork. Essential part of the proposed approach is the a priori
route choice set generation in the supernetwork being the main subject of this thesis.

2.2 The transportation planning context

In contrast to the earlier, now obsolete approaches of separate transportation planning
procedures for private (car, bicycle) and public transport modes, modern transporta-
tion planning is characterized by a multi-modal approach in which the various modes
are considered as co-operating elements to jointly provide the best possible ef�cient
transport services to the public (see e.g. Cascetta (2001)). Multi-modal transportation
planning is an effort to combine the strengths of the different modes and avoid their
weaknesses as far as possible in order to optimise the use of resources and to improve
travel services to the public in terms of travel time, cost, reliability, etc.. Speci�c ob-
jectives in multi-modal transport planning include strengthening the functions of cities
by improving their accessibility and strengthening the public transport system by im-
proving their access with private modes (see e.g. Bovy, P.H.L. (2003)). By offering
better multi-modal transport services, planners' objectives are among other matters to
reduce or alleviate road traf�c congestion and increase the use of public transport. Typ-
ical instruments used in multi-modal transportation planning are the establishment of
physical linkages between different modes such as Park & Ride facilities, inter-modal
transfer stations, carpool points, and adapted public transport services, co-ordination of
service schedules, multi-modal travel information systems, and the like. Park & Ride
facilities are created mainly for transfers from private car to train or metro. Carpool lo-
cations might be de�ned as locations where transfers are made between car driver and
car passenger transport modes. Van Nes (2002), for example, describes the following
possibilities for speci�c transfer locations between private and public transport:

1. Transfer nodes in city centres offering access to higher-level inter-city public
transport networks, combined with access modes walking, cycling, and local
public transport;

2. Transfer nodes in local centres that provide access to medium distance public
transport, accessible by bicycle and private car;

3. Transfer nodes at the edge of cities providing access to the city centre using
high quality urban public transport, combined with access by private car, and
preferably directly connected to higher-level road networks.

In the context of strategic transportation planning, the location of inter-modal transfer
facilities is one of the questions of primordial importance.
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As a means to assess the effectiveness of long-term multi-modal policies, current travel
demand prediction methodologies do not provide the appropriate capabilities in deal-
ing with the typical characteristics of multi-modal trip making, in particular they fail to
capture the rich variety in modal composition of multi-modal trips such as the mix of
private and public modes. Given the growing importance of multi-modal transporta-
tion, there is a need for new demand modelling methodologies that can suf�ciently
handle the typical multidimensional travel decision making of travellers in the case
of multi-modal trips. These travel choice dimensions include among other matters:
choices of transport services and vehicular modes for different parts of the trip, choices
of transfer points where to switch modes, choices of routes in the modal networks be-
tween transfer points, etc. The new demand modelling methodology to be developed
should facilitate not only the estimation of the use of planned multi-modal facilities (in
order to assess their cost-effectiveness) but should equally well enable the estimation of
the costs and bene�ts of travelling via the various singular and combined modes avail-
able. This thesis will contribute to the establishment of such a new demand estimation
methodology for application in strategic multi-modal transportation planning. Its con-
tribution �rst involves the establishment of a modelling architecture (see Section 2.5)
that appropriately can deal with the complex and �exible structures of multi-modal
trips. Basic to this architecture is the establishment of a so-called supernetwork being
an integration of the various uni-modal sub networks such that it facilitates modelling
the various mode choices, service choices, and transfer location choices involved in
multi-modal trip making as a single route choice in the supernetwork. Part of this
architecture is a separate new step in the demand modelling process, namely the gen-
eration of route choice sets in the supernetwork in advance of the choice modelling and
network assignment steps. It is this generation step being the main topic of this thesis.

2.3 Multi-modal travelling

2.3.1 Characteristics of multi-modal trips

Main characteristic of a multi-modal transport is that more than one mechanized trans-
port mode is used for a trip from origin to destination. One or more transfers between
transport modes are thus an essential element of multi-modal transport. According to
Van Nes (2002), based on mobility data from the Dutch National Travel Survey, the
current share of multi-modal transport in The Netherlands is only about 3% if viewed
nationwide. However, the share of multi-modal trips is more than 20% for inter-urban
trips to and from the main Dutch cities. Of all the multi-modal trips, the largest share
(75%) is with public transport as main mode (train and bus), while car accounts for
15%. Train alone accounts for nearly 60%. Of all train trips, more than 80% are multi-
modal. The statistical analyses carried out by Van Nes (2002) show that the main
factors determining multi-modal trip making are:
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• Trip length: multi-modal transport is more used for longer trips;

• Destination area type: multi-modal trips are predominantly oriented to the main
cities and their centres;

• Trip purpose: more than 50% of the multi-modal trips are for work or education
purposes.

Thus, for trips in which these factors are combined the share of multi-modal transport
appears to be substantially.

These �gures from The Netherlands are similar for other Western European countries
such as Germany or Switzerland. However, in some Eastern Asian countries (Singa-
pore, Hong Kong) the share of multi-modal trips is much higher, attaining even 60%
in Singapore (Lam, 2002). In USA multi-modal transport is suited only for very long
distance trips, using air transport, or car-train and Park & Ride transfer locations. Usu-
ally there are few transfers from inter-urban to urban public transport (see Cirillo, C.
and Axhausen, K.W. (2002)).

Origin DestinationCar/Train/Pedestrian Links

Transfer Links

Board/Alight Links

Car Network

Pedestrian Network

Train Network

Figure 2.1: Representation of a multi-modal trip using two vehicular transport
modes (car and train).

2.3.2 De�nitions of multi-modal trips

In this thesis we use the same notions and terminology of multi-modal transport as de-
�ned in Van Nes (2002). According to those de�nitions, multi-modal trips are trips in
which two or more different vehicular modes or transport services (excluding walking)
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are used for a single trip from origin to destination, between which at least one transfer
is necessary. Figure 2.1 shows an example of a multi-modal trip in which a car is used
to access the railway system; the dashed link represents the transfer from car to train.
A uni-modal trip is a trip in which only a single vehicular mode or walking-only is
used. Since the term mode might have different meanings, its de�nition needs to be
more speci�c.

A travel mode might refer to service type, to transport function, or to vehicle type, or
a combination of these. A distinction can be made between service modes, namely
private and public transport modes, and vehicle modes, such as private car and bicycle
(private vehicles) and bus, tram, metro and train (public vehicles). Since multi-modal
transport is strongly related to transport services, the term mode in this thesis is usually
related to service modes. Vehicle modes are thus of secondary importance.

Travel
Modes

Private Public

Car Bicycle Tram Metro Bus Train

Urban Regional National

Service type

Function type

Vehicle type

Figure 2.2: Distinction of different types of travel modes.

Furthermore, it should be noted that in the case of public transport services, different
types of transport services can be distinguished having different characteristics with
respect to accessibility, speed, frequency, fares and vehicle types used. These char-
acteristics are often strongly related to functionally different network levels, that is
urban, regional, national public transport networks. Multi-modal transport thus con-
cerns transfers between private transport modes, between private and public transport
services, and between functionally different types of public transport services. This
distinction in mode types is illustrated in Figure 2.2. Please note that for public trans-
port services the vehicle mode might be ambiguous: bus, for example, might be a
vehicle mode for urban public transport services as well as for regional and national
public transport services.
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The part of a trip where a single mode is used without transferring is called a leg.
Apart from the walking legs, multi-modal trips consist of multiple vehicular legs by
de�nition, whereas uni-modal trips consist of a single mechanised mode leg that might
also contain one or more walking legs.

Transfers are essential parts of a multi-modal trip. In order to use two or more trans-
port modes travellers have to change mode at transfer nodes. Since transfers may also
occur in uni-modal public transport networks, for example changing from one bus line
to another, the de�nition of transfers needs to be more speci�c. Two types of transfers
may be distinguished namely the inter-modal transfers, which are transfers where trav-
ellers change transport service network or modes, and the intra-modal transfer, which
is a transfer within a transport service network, between urban buses for instance. A
typical example of inter-modal transfer in a multi-modal trip is the transfer from an
urban bus to a regional bus (see Figure 2.3). In this thesis, the term transfer is used
for inter-modal as well as intra-modal transfers. Given these transfer de�nitions, a trip
consisting of at least two mechanized modes between which at least one transfer is
required, is then de�ned as a multi-modal trip.

Figure 2.3 shows a few examples of uni-modal and multi-modal trips. In the case of
uni-modal trips, the same vehicle mode or transport service with the same function
type (e.g. urban) is used. In the case of multi-modal trips, there are transfers between
private and public transport services (car and train), and between functionally different
types of public transport services (urban and regional bus services, or bus and train
services).

Uni-modal trips Multi-modal trips

Intra-modal transfer

Inter-modal transfers

Walk Walk

Walk WalkCar

Walk WalkBus Service

(BS)

Walk WalkTrain Service

(TS)

Urban

BS

Urban

BS

Walk

BS TS

Walk

Walk Urban

BS

Regional

BS

Walk

Walk

Car TS

Walk

Walk WalkBicycle

Figure 2.3: Examples of uni-modal and multi-modal trips.
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As shown in Figure 2.3, walking is considered to be always part of a trip. While this is
obvious in the case travellers have to walk to and from the stops of the public transport
system, using car or bike also requires some walking to and from the parking place,
although these distances might be short. In addition, transferring between modes in
most cases also involves some walking between alighting and boarding the vehicles.
Walking can thus be considered as a universal component of any trip, and is therefore
not considered as a separate mode in the de�nition of a multi-modal trip. Despite this,
walking can constitute a substantial part of a trip, in terms of distance and time, e.g. for
accessing urban public transport stops, railway stations or at transfer points. Therefore,
in analysing multi-modal travel behaviour the walking legs of trips cannot be neglected
(see Hoogendoorn-Lanser (2005)).

The de�nition of multi-modal transport should ideally be based on tours and not on
single trips. A tour is a series of trips that starts and ends at the traveller's home base
or other activity base (e.g. work place). Tours can be either uni-modal, in which a
single mode is used (the same mode for each trip of the entire tour), or multi-modal, in
which two or more different transport modes are used in a single trip of the tour. How-
ever, a multi-modal tour does not necessarily contain a multi-modal trip. For example,
a traveller taking a bus to go to work and being brought home as a car passenger by a
colleague, is an example of a simple multi-modal tour (bus and car are the two used
modes) consisting of two uni-modal trips. This example also illustrates that tours be-
come essential in describing traveller's behaviour. It is not very logical, in this example
that the traveller drives his own car for the return trip. The use of transport modes in
earlier trips in the tour determines the availability and use of transport mode in later
trips in the tour. For trips starting at home there may be various vehicle modes available
than for trips starting at other locations. Furthermore, it must be taken into account that
a private mode used for the trip of the tour should be returned to the home address. A
typical example is that a traveller who used a car as an access mode for train, should
return at the end of his tour to the railway station where the car was parked.

Ideally, in travel choice modelling, tours should be the basic unit instead of single
trips (as is the case in the Dutch National Modelling System). However, data on travel
choices in tours are neither always available nor of suf�cient detail for modelling multi-
modal travel behaviour; therefore, travel research in most cases has to rely on single
trips instead of tours. Also in this thesis, given available data we have to con�ne our
analyses on multi-modal trips instead of tours, leaving research on the tour level for
the future.

The composition of a multi-modal trip might be quite complex as it may consist of a
series of several different travel modes connected by walking legs. Within a trip we
may in principle distinguish three different trip parts, namely the main part, the access
part, and the egress part. The main trip part is that part performed over the largest
distance with the highest possible speeds compared to the access and egress trip parts.
Typical main trip modes are car and train, sometimes also bus instead of train. The
main trip part is in-between two end nodes that connect the access and egress trip
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Access part Main part Egress part

Bus leg Train leg Metro legWalk leg Walk leg

Transfer Transfer

O D

Figure 2.4: Multi-modal trip components and legs (O=origin, D=destination).

parts to the trip origin and trip destination respectively (see Figure 2.4). If the trip
origin or the trip destination is the traveller's home address, the corresponding access
and egress trip parts are called the home-end part of the trip, else these are called the
activity-end part of the trip. With each of the three distinguished trip parts (access,
main, egress) we may associate corresponding travel modes. In principle, all modes
may ful�l the role of an access, an egress, or a main mode. For example, walking is
the main mode in a walking-only uni-modal trip, while the bike maybe the main mode
in a walk-bike-walk uni-modal trip. In the practice of interregional trips, typical main
modes in multi-modal trips are car, train or regional bus, whereas typical access and
egress modes are walking, bike, bus, tram, metro, etc. In principle, car may also play
a role as an access-egress mode, such as in car-train-walk trips or walk-train-taxi trips.

Each of the three trip parts (main, access, egress) may consist of one or more legs (see
example in Figure 2.4).

Table 2.1 gives a summary of the de�nitions of the introduced concepts with respect to
multi-modal travelling, used in the sequel of this thesis.

For an empirical analysis of the composition of multi-modal trips in general, see
Van Nes (2002), and for multi-modal train trips in particular, see Hoogendoorn-Lanser
(2005) and Ministrie van Verkeer en Waterstaat (2002).
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Table 2.1: Summary of concept de�nitions introduced on multi-modal travelling
(adapted from Hoogendoorn-Lanser, 2005).
Concept De�nition
Transport service De�ned by a function type (urban, regional or national) and a vehicle
network type (car, bike, tram, metro, bus or train) used for travelling.
Tour Trip or series of trips starting and ending at the traveller's base

address (usually the traveller's home address).
Single tour Single trip starting and ending at the traveller's base address without

intermediate stops at other locations.
Simple tour Sequence of two trips, i.e. an outbound trip from the traveller's base

address to another location for performing an activity, and a return
trip from that location back to the traveller's base address.

Trip Sequence of travel modes and transfer nodes used in connecting
a given OD pair.

Travel alternative Uni-modal or multi-modal trip with corresponding departure time.
Mode Means of transport de�ned by a service type (private or public),

a function type (urban, regional or national), and a vehicle type
(car, bike, tram, bus or train) used for travelling.

Main trip part Part of multi-modal trip performed with main modes over the largest
distance with the highest possible speeds and consisting of one
or more legs.

Access part Part of multi-modal trip with access modes connecting the trip's
origin to the start node of the main trip part (often a transfer point)
and consisting of one or more legs.

Egress part Part of multi-modal trip with egress modes connecting the end node
of main trip part (often a transfer point) to the trip's destination
and consisting of one or more legs.

Leg Part of a multi-modal trip for which a single mode is used without
intermediate transfers.

Uni-modal trip Trip with a single mechanised mode leg that might also contain one
or more walking legs.

Multi-modal trip A trip type consisting of at least two mechanized modes (apart from
walking) between which at least one transfer is required.

Transfer Change of transport vehicle within or between transport service
networks.

Transfer point Node in a mechanized transport service network where a change to
another vehicular mode is possible.

Inter-modal Transfer type where travellers change transport service networks
transfer of different modes.
Intra-modal Transfer type within a transport service network (e.g. within an
transfer urban bus network or train network) where travellers change vehicle

of the same mode.
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2.4 Modelling multi-modal travel demand

2.4.1 Modelling requirements

In modelling inter-urban trips, or for example, in evaluating locations for Park & Ride
facilities, transport models must be able to deal with multi-modal trips appropriately.
The speci�c theoretical challenge with modelling multi-modal trips is in the multi-
dimensional character of these trips. Multi-modal travelling involves complex alterna-
tives consisting of several different legs, the planning of which by the traveller involves
complex travel decision making choosing from a variety of transport services, vehicu-
lar modes, boarding and alighting stations, routes and the like.

Multi-modal passenger travel modelling needs to deal with a wide range of mode com-
binations: various vehicular modes might be used in the access and egress parts of a
multi-modal trip, such as car, bicycle, bus, tram, and metro. If we combine these possi-
ble access/egress travel modes with the possible main modes, such as train, this results
in a huge number of multi-modal alternatives. This variety in multi-modal trip com-
position is further enlarged by the various possibilities of transfer points for boarding,
alighting, and switching main modes.

In order to model multi-modal trips it is necessary to have a tool that is able to pro-
cess such complex combinations of travel modes. Traditional transportation modelling
approaches based on the segmentation between car and public transport trips are not
able to model correctly such variety of mode combinations within a trip. Actually, in
the classical transportation model, the analysis of such a multi-modal trip is simply
ignored. The justi�cation of this classical approach might be based on the observation
(see Van Nes (2002)) that currently on average the percentage of multi-modal trips
is only about 3%. However, of the inter-urban trips from and to the major cities in
The Netherlands over 20% are multi-modal. In the light of this percentage, there ap-
pear to be non-negligible niches of travel demand for which advances in multi-modal
transportation modelling are needed. The remainder of this section will address the
issue of adapting the classical uni-modal travel demand modelling procedure towards
a multi-modal travel demand modelling approach. To that end, we �rst will summa-
rize from the literature a few attempts in practical modelling to include some forms
of multi-modality. This will then be followed in next Section 2.5 by an elaboration
of our proposed supernetwork approach for dealing with multi-modal travel demand
modelling.

2.4.2 Current practice in transport demand modelling

Current practice in transport demand modelling centres around the four-step procedure,
in which each of the stages: production and attraction, distribution, modal split, and
traf�c assignment, are modelled separately (see Figure 2.5).
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Cycle 1

Cycle 2

Cycle 3

Zonal 
data

Trip Production
Trip Attraction
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(destination choice)
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Transport 
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Modal Split 
(mode choice)

OD trip matrix
for each mode
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resistances

Final 
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Figure 2.5: Classical four-stage travel demand model system.
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The complete model consists of a concatenation of these sub-models. The exogenous
input data of each sub-model are shown in the right part of the �gure, whereas the
endogenous demand prediction data produced by each sub-model are shown in the left
part of the �gure. Travel resistances or disutilities consisting of travel times, costs,
distances play an important role in nearly all travel choices. These resistances depend
on the level of usage of the network elements: the higher the network loads, the higher
the travel resistances. Since the level of usage is only known at the very end of the
calculation cycle (after the network assignment step) an iterative calculation procedure
is required in order to achieve consistent �nal results. Mostly travel resistances result-
ing from the assignment are assumed to in�uence the route choice (feedback loop 1),
the mode choice (feedback loop 2) and the destination choice (feedback loop 3) steps.
Ideally, these iterative processes should be performed several times for each distinct
analysis case in order to achieve a satisfactory consistency between the demand pre-
diction results at the various stages. In practice, feedback loops 2 and 3 are seldom
performed, whereas feedback loop 1 is often but not always included and processed
within the assignment step. (Most recently, departure time is added to this system
to allow a more adequate dynamic modelling, which however is not yet state of the
practice.)

In most application cases, the assignment cycle is restricted to the car network, imply-
ing that travel resistances in the other networks (public transport, bicycle) are fully de-
termined by the input assumptions of these networks and are independent of the �ows
in these networks. There are however some interdependencies between the predicted
demand levels in the various modes: predicted �ow levels in the car network deter-
mine the resistances in the car network which in turn in�uence via the mode choice
mechanism the �ow levels in the other modal networks. In this classical demand mod-
elling approach the various modal networks are completely separated such that only
uni-modal trips can be predicted while multi-modal trips are neglected.

An advanced example of the classical approach is described by Cohn et al. (1996) with
a model to predict and analyse mode competition between rail and other modes where
access and egress level of service directly affect the attractiveness of the main modes;
the network assignments however are completely uni-modal. This current practice
could be characterized by 'joint uni-modal' transportation demand modelling.

The next subsections will give a short review of recent proposals for adapting the clas-
sical approach to account for multi-modal trips, going from the simplest to the most
complicated approaches proposed to multi-modal transport modelling (see Table 2.2).

2.4.3 Multi-modal transport demand modelling approaches

Modelling multi-modal trips centres on the issue of how to model (and represent) trav-
eller's route and mode choice decisions. According to Fernandez et al. (1994) there
are three ways of doing this:
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Table 2.2: Characteristics of multi-modal demand prediction methodologies.
Features Approaches

Separate Joint Multi-modal Intermodal Intermodal
uni-modal uni-modal (Extended �xed free (Super-
(Classic) (Classic) Classic) network)

Modal Separated Separated Separated Coupled Integrated
networks
Mode choice Independent Joint Joint Joint Absent
modelling
Mode/route Sequential Sequential Sequential Sequential Simulta-
choice before before before neous

assignment assignment assignment
Combined No No Yes, �xed Yes, �xed Yes, free
modes?
Mixed No No No Yes Possible
modal �ows?
Equilibrium? Only in car In car network, In car net., Simulta- Simulta-

network dependent on dependent neous neous
PT-shares on PT-shares

Sources Ortuzar and Cascetta (2001) Fernandez Florian Shef� (1985)
Willumsen et al. et al. (2000)
(1994) (1994) De Cea This

et al. (2003) dissertation

1. All relevant combined-mode alternatives are seen as distinct (and arti�cial) modes
(here called the extended classical approach);

2. All transfer nodes are modelled as a mode alternative (extended classical ap-
proach with explicit modelling of transfer nodes and stops);

3. All choice decisions emerge from route choice in an integrated multi-modal net-
work (here called the supernetwork approach).

Along these lines, below we will consider a few signi�cant attempts to develop exten-
sions to the classical approach to handle multi-modal transportation modelling more
appropriately. Each proposed approach can be categorized according to the degree of
consideration of the interdependencies of travel modes at various levels:

• the modal transport networks (e.g. public transport and car networks) are treated
separately or are integrated;

• the modal split is performed before the assignment (mode and route choice are
modelled separately);
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• the combination of modes, such as car and train, within a trip, are explicitly
accounted for;

• the interactions between vehicular modes within the same infrastructure, such
as e.g. bus and car on the roads, is explicitly accounted for.

These types of approaches together with the uni-modal classical approach are summa-
rized in Table 2.2.

The separate uni-modal approach is the classical approach of the last four decades
exhibiting complete separation of the modal networks; only pure uni-modal trips are
considered which are modelled independently; there is no feedback from the public
transport �ows to the mode choice (see Figure 2.6 without arrows from the PT network
loads to the mode choice). In the more recent so-called joint uni-modal approach, there
is interdependency between the modes via the joint consideration of �ow-dependent
modal resistances in the mode choice mechanism; however, only pure uni-modal trips
are considered (see Figure 2.6). The extended classical approach introduces new ar-
ti�cial separate modes by pre-specifying �xed modal combinations (combined-mode
trip alternatives) being combinations of the given main modes. In all other aspects, the
modelling follows exactly the same lines as the classical joint uni-modal approach. A
further extension of this is the so-called intermodal-�xed approach which, apart from
speci�cation of �xed arti�cial combined modes, adopts a high level of interdependency
among the modes in trying to achieve a simultaneous equilibrium among all involved
modes. Finally, the most advanced category adopts a supernetwork approach de�ned
such that OD-routes in this network may represent arbitrary ('free') uni-modal and
multi-modal trips (no �xed modal combinations) where the route choice and network
assignment automatically includes modal choices. In this approach the modal sub net-
works are completely integrated, the combined modes and the interactions among the
vehicular modes on the roads might be explicitly taken into account. Below we will
discuss in more detail the extended classical and the supernetwork approaches.

2.4.4 The classical approach: joint uni-modal

The classical approach typically uses a mode choice model at origin/destination level,
splitting the OD-trip matrix into mode-speci�c OD-matrices, followed by a network
assignment procedure in which often a user-equilibrium is sought. Trips are always
uni-modal, meaning that they can only have a single main mode (such as car or train
or bike); access or egress modes are not explicitly distinguished.

The advantages of the classical approach are familiarity and simplicity; the disadvan-
tage is a limited ability to investigate the entire spectrum of available modes.

Figure 2.6 shows a scheme of the joint uni-modal approach (omitting some of the non-
relevant boxes and feedback cycle 3 from the basic scheme of Figure 2.5) in which
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Figure 2.6: Classical travel demand model system: the joint uni-modal approach.

the mode and route choices are modelled separately and sequentially; the assignment
and the modal networks are completely uni-modal. This approach is not able to model
the choice of combined mode options such as a car and train within a trip, nor the
choice of transfer nodes such as Park & Ride facilities. In those classical approaches
the feedback in the assignment (cycle 1) is almost always performed, whereas the
feedback into the mode choice (cycle 2) and destination choice (cycle 3) can be an
option. The dashed line from the car to the public transport assignment box represents
the modal �ows dependencies.

2.4.5 The extended classical approach

In practice, the classical modelling approach may be extended to handle multi-modal
travel by introducing speci�c pre-speci�ed multi-modal alternatives as arti�cial modes
as shown in Figure 2.7, in which as an example the Park & Ride option is speci�ed as
a new separate modal alternative additional to the standard main modes. Although the
added combined mode trip alternatives consist of two or more main modes, they are
considered as an additional main mode, without specifying access or egress submodes.

By introducing an additional arti�cial mode for each modal combination to be studied,
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Classical uni-modal approach

Car

Train

Bus

Bicycle

Metro

Park & Ride

Figure 2.7: Classical uni-modal way to handle multi-modal trips.

the problem can be recast (from a purely formal point of view at least) as a formula-
tion that standard transportation modelling toolkits can handle. This means that the
mode choice model now is applied to a wider set of modal options, and the OD trip-
matrix now is split up into several mode-speci�c OD-matrices including matrices for
the new arti�cial modes (see Figure 2.8). The advantages of extending the classical
approach to handle multi-modal trips in this way are obvious: practitioners can con-
tinue to leverage their standard toolkits, datasets, and skills. The disadvantages emerge
upon consideration of the implementation consequences. The mode choice alternatives
now include arti�cial modes that represent multi-modal options. For example, an inter-
modal transfer can be modelled quite arti�cially by introducing a new mode consisting
of two travel modes and a transfer at a prede�ned transfer node in the network. It
will be obvious that such an approach might be suitable when only one or two transfer
nodes are considered, but that in the case of multiple multi-modal combinations and
multiple transfer nodes the number of alternatives will explode. In addition, this has to
be done for all relevant OD-pairs in the area.

Florian et al. (2000) report a large-scale application of a multi-class multi-mode traf-
�c equilibrium model in Santiago. The model computes a joint equilibrium between
travel demand, mode choice and route choice, where interaction between modes such
as e.g. bus and cars is explicitly accounted for. In this advanced model system the
model addresses a �xed set of possible modes, some of which have two main modes,
such as car-subway. Examples of software packages that can handle the modelling
approaches previously described (the classical joint uni-modal and the extended clas-
sical approach) are Emme/2, VISUM, and the Transims microsimulation package (Los
Angeles National Laboratory, 2001).
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Figure 2.8: Classical travel choice model system: the extended classical approach.

The approaches described above have in common that all available main transport
modes (uni-modal and multi-modal) considered in the analysis must be prede�ned for
each OD-pair. Mode choices result from a dedicated mode choice model at origin and
destination level, based on a network skim for each of the prede�ned modes. Route
choices result from traf�c assignment (equilibrium or otherwise) being completely sep-
arate from the mode choice model (see Figure 2.8).
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2.4.6 The supernetwork approach

A supernetwork as de�ned in Shef� (1985) combines several uni-modal networks into
a single integrated multi-modal network (see Figure 2.9). At appropriate places, the
uni-modal networks are interconnected through transfer links representing the possible
transfers between modes. The attributes of these transfer links include times and costs
(including those for parking vehicles) on the basis of which transfer disutilities can be
derived.

}Car

Bicycle

Bus

Train

SupernetworkMultiple uni-modal networks

Figure 2.9: Building a supernetwork from single uni-modal subnetworks.

Such a network has the interesting property that mode choice now is part of route
choice, thus providing a natural uni�cation of the two. In addition, this multi-modal
route choice naturally includes the choice of transfer locations, boarding/alighting
stops, and possibly the choice of train type (intercity, express, local). So, in a supernet-
work, the multidimensional travel choice situation travellers are faced with in reality,
is transformed into a one-dimensional choice situation of alternative routes in the su-
pernetwork. In this thesis, we propose and develop this supernetwork approach as a
powerful methodology for valid and effective multi-modal travel demand modelling.
For illustration, Figure 2.10 presents a simpli�ed example of a choice situation where
travellers between an origin and a destination have the main-mode options train-only or
car-only and several train-car combinations for their line haul trip part. There are two
Park & Ride facilities where a switch from car and train is possible. For their access
and egress transportation, several submodes are open. In addition, several boarding
and alighting stations may be used, we neglect for the time being the possibility of
several train service types calling at different stations. All these options combined re-
sult into a choice set of more than ten route alternatives between O and D through the
supernetwork including one car-only route, eight different train-only routes, two Park
& Ride routes.
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In reality, choice situations maybe even more complex due to availability of bus, tram,
and metro as access and egress modes, of bus as main mode, of multiple routes for the
car mode, etc.

Although concatenation of modal subnetworks seems straightforward, the notion of a
supernetwork is not. The main reason is the combination of networks with continuous
�ow properties (such as car and bicycle) and networks with discontinuous �ow proper-
ties such as the public transport service networks characterized by regular or irregular
service intervals. These crucial differences need to be bridged somehow by an appro-
priate structuring of the supernetwork and by the speci�cation of appropriate attributes
of the constituting network elements among which the transfer links (see Chapter 3).

The biggest advantage of the supernetwork approach is that there is no need to pre-
specify the available multi-modal options. These emerge in a natural way by searching
in the supernetwork for attractive trip opportunities from origin to destination (design-
ing this searching process is central topic of this thesis). Additionally, there is no limit
required to the number of trip options (size of choice set). Another advantage of the
proposed supernetwork approach is that the rigid separation between mode choice and
route choice disappears including the question of their right sequence.

The supernetwork approach thus is an elegant and generic way to model a wide variety
of mode-combinations, and allows one to explicitly model transfers as transfer links,
and waiting times as waiting links. This is a substantial advantage over the use of
separate mode choice models where the choice sets with respect to modes have to be
de�ned rigidly in advance for each OD pair.

Walk +
Parking fee

Origin Destination

BicycleWalk Walk

Parking

Train stop

Origin / Destination

Choice of 
boarding stop

Choice of
alighting 
stop

Car

Train

Choice of 
Park & Ride 
facility

Figure 2.10: Examples of multi-modal routes that consist of route and mode com-
ponents.
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In order to ful�l the requirements of multi-modal transportation planning, that is suf-
�cient consideration of multi-modal trip alternatives in terms of numbers, variety and
quality, the route choice modelling applied to the supernetwork should be able to han-
dle this richness and variety appropriately.
This requires �rst of all a multiple route choice modelling approach that can handle
mixed private-public combined-mode route alternatives and the complex composition
of choice sets. A pre-condition for that is a separate choice set generation module that
generates feasible choice sets from the supernetwork given the attributes of its consti-
tuting elements.
A priori and explicit enumeration in a network context not only offers a number of
theoretical advantages, such as the application of �exible route choice modelling, non-
linear cost functions and route-based attributes; it also offers implementation and com-
putational advantages in iterative network assignment approaches since no repeated
optimal route search is necessary.

In the next section, an architecture is proposed for modelling multi-modal travel de-
mand using the supernetwork approach as its basis.

2.5 The proposed multi-modal travel demand predic-
tion procedure

The purpose of the new model system is to analyze and predict travel demand in a
multi-modal transport system environment. Although the choice of interchanges be-
tween public transport modes has been investigated in the literature, the choice of
entry-exit points of the transit network has not been modelled in a general way so far.
This can be seen as a lack of classical transport modeling techniques, as suggested in
Fernandez et al. (1994). An approach to handle this is essentially to hard-code all pos-
sible entry-exit points of public transport as separate modes. As argued in Catalano et
al. (2001), this is an ad-hoc approach which is hardly recommendable when it comes
to real-world networks. In addition it lacks a systematic and coherent theoretical basis,
whereas an elegant uni�ed theoretical basis already exists in the form of supernetwork
modeling see Shef� (1985) and especially Nagurney and Dong (2002).

Therefore, basic elements of the proposed system are the concept of the supernetwork
as an integrated description of the multi-modal transport system, a priori choice set
generation step, and a route-based travel choice modelling approach, which assumes
that a traveller has a set of possible route alternatives available for a speci�c trip in the
multi-modal network (i.e. choice set) from which (s)he chooses the alternative that is
perceived as most suited.

Compared to the classical travel demand modelling procedures, the development of
this model system poses three speci�c problems to be solved:

1. How to specify and build a supernetwork including transfer possibilities?
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2. How to generate a realistic set of alternative routes in this multi-modal network?

3. How to assign the OD trip demands to these routes?

The assignment of trips in a multi-modal network context has been subject of a parallel
thesis project (Hoogendoorn-Lanser, 2005). It requires a route choice model that can
handle the prediction of choice probabilities of using routes, and thus also modes,
given a multi-modal composition of the choice set. Chapter 5 will discuss the state of
the art in route choice modelling as a precursor to the route generation step discussed
in the sequel.

The question of how to generate realistic choice sets of routes that account for all re-
alistic combinations of modes among routes and within a route is more complicated in
a supernetwork setting than in uni-modal networks because of all kinds of constraints
that should be satis�ed. This question is the main focus of this thesis (Chapters 6 and
7).

The speci�cation and construction procedure of the supernetwork is the subject of
another separate but related research project carried out by the Netherlands Organisa-
tion of Applied Scienti�c Research (TNO) (Carlier, Fiorenzo-Catalano, Schrijver, &
Van Nes, 2005). Since the supernetwork speci�cation directly affects the choice set
generation step, Chapter 3 will elaborate on this subject in more detail. The develop-
ment and implementation of the whole multi-modal modelling system (currently called
TRANSFER) is a joint development project of TU Delft and TNO (see Carlier et al.
(2005)) of which this thesis develops one of the essential building blocks, that is the
multi-modal route choice set generation model.

The next subsection describes the architecture of the proposed model system in more
detail.

2.5.1 Model system architecture

In this section we will brie�y present the system architecture for multi-modal trans-
portation demand modelling in which the choice set generation module to be devel-
oped in this thesis constitutes an essential part.
The proposed model architecture circumvents and solves problems of multi-modal
travel modelling apparent in the previously presented classical modelling approaches.
The proposed architecture is shown in Figure 2.11, which only partly resembles that
of classical systems. The main differences are the construction and use of supernet-
works, and the a priori multi-modal choice set generation step. A separate modal
choice/modal-split step is not needed since this follows from the route choice/assignment
step. The new modelling system includes all the elements within the dotted box lines,
while the elements outside these lines, such as establishing the trip demand OD matrix,
do not differ from the classical approaches. The system is characterized by a number of
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Figure 2.11: Proposed model system architecture for multi-modal transport de-
mand prediction.
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possible feedback cycles needed for the correct equilibration of the loaded �ow pattern
and the resulting trip cost pattern.

Shown on the top are the inputs of the model system. This input consists of network
data (top left) and non-network data (top right). Basic inputs are the network descrip-
tions of all available submodes in the multi-modal transport systems including walk,
bicycle, car, public transport modes such as bus, tram, metro and train. These network
descriptions may come from separate data bases or may already be synthesized in an
overall network data base.
The internals of the model system are shown inside the dotted box of which the main
components are shown in ovals. The model system consists of four separate models
to be applied consecutively, namely the supernetwork builder, the choice set generator,
the route choice model and �nally the network assignment model. The output (shown
bottom left) consists of network loads, travel times and travel costs in the multi-modal
supernetwork that easily can be split up by link type and mode, so that the modal split
can be derived from the assignment.

The multi-modal supernetwork is constructed out of uni-modal networks and addi-
tional network-related data by a pre-processor module �Supernetwork builder�. The
additional network-related data consists of items that must be present in the multi-
modal supernetwork (e.g. transfer walking links, transfer penalties, waiting time dur-
ing transfer, parking cost, etc.), but are not part of any of the uni-modal networks. The
network builder produces an integrated multi-modal supernetwork with all required
transfer links and travel cost attributes. This network is the essential input for each of
the three following models, being route generation, route choice and network assign-
ment.

The non-network data consist of the population characteristics and the travel demand
(e.g. in the form of an origin-destination trip matrix per population segment). The
travel demand matrix shows between which OD pairs there is any demand including for
which trip purposes and population groups. The travel demand is assumed exogenous
to the model system although consistent prediction of this matrix may require travel
resistance input from the assignment outcomes.

Given the supernetwork and the non-zero OD travel demands, the second step is the
generation of route choice sets. This model produces for each non-zero OD pair a
limited number of different routes through the supernetwork that are considered real-
istic options for travellers. This route set contains uni-modal as well as multi-modal
routes. Since the requirements for route options may differ between trip purposes and
travellers groups, the generation model should be designed such that it can produce
purpose and group speci�c route choice sets per OD pair. These sets are the input to
the route choice model step.

The route choice step involves calculation of choice probabilities for each of the routes
contained in the given route set for each OD pair. This is done separately for trip pur-
poses and user groups as contained in the trip demand matrix. Each of these categories
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may have its own predicted choice sets from the former step as well as its own choice
model (utility function). In contrast to most current applications, because of the a pri-
ori determined route set, the route choice modelling is fully route based which allows
nearly unlimited freedom in the type of choice attributes and the type of choice models
to be applied. This is especially advantageous in a multi-modal context with heteroge-
neously composed multi-modal routes.
Important input to the choice model are various kinds of travel resistances. These are
derived from link attributes in the supernetwork, of which the �ow-dependent resis-
tances maybe iteratively updated through a feedback cycle from the network assign-
ment step (feedback cycle 1&2).

The calculated choice probabilities combined with the demand levels from the OD trip
matrix produce a set of route �ows through the multi-modal supernetwork consistent
with the route costs. These route �ows feed into the multi-modal traf�c assignment
model. The feedback from the assignment, which might be optional (cycle 1&2), indi-
cates the computation of adapted multi-modal route choice probabilities in the super-
network based on the modi�ed network �ows. The issue is to �nd a set of multi-modal
route �ows and resultant multi-modal network loads that are mutually consistent, i.e.
resultant route costs satisfy the Wardrop equilibrium conditions.

The �nal step is calculating the network loads by assigning the predicted OD route
�ows onto the multi-modal network. These loads have a function in their own right
in the planning process, but they are also required in calculating �ow-dependent resis-
tances such as travel times by car that are input to the choice modelling. In contrast to
classical approaches the modal split is one of the results of this assignment step instead
of an input by summarizing the loads by link type.
The assignment procedure is simpler than with classical approaches since no iterative
optimal route search is needed; this route search has already been performed in the
choice set generation step before in a single stroke. The model user is free in adopting
a static or a dynamic assignment approach. A dynamic approach leads to better predic-
tions of �ows and costs in congested conditions, however at the cost of an additional
�ow propagation module and more computation time (see for an application Bliemer,
M.J.C. and Versteegt, E. and Castenmiller, R. (2004)).

This new way of multi-modal demand modelling offers a number of paramount advan-
tages:

• No explicit speci�cation of multi-modal alternatives is needed; these alternatives
emerge automatically from the generation and choice steps;

• The explicit generation of variable sets of feasible alternative routes dependent
on OD-pair, population group, and trip purpose enables better route choice mod-
elling and easier trip assignment to the network;

• A wider scope for route choice modelling, enabling the use of route based at-
tributes and great freedom in type of choice models to be applied;
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• Simpler network assignment without (repeated) route search, facilitating multi-
user class and dynamic �ow prediction and analysis;

• Less computation time, because route search need to be performed only once (in
the generation step).

Please note that in speci�c situation the proposed multi-modal demand modelling ap-
proach may pose some limitations. For example, in case of heavy congested situation
(that are not taken into account in this thesis) adequate checks of the route sets must
be applied. Moreover, in case of reliability study, or uncertainty, a different approach
for choice sets must be applied.
Finally, the proposed multi-modal demand modelling approach is equally applicable to
the static and the dynamic case, which means dynamic in the supply and demand side,
i.e. in �ow propagation, in departure time choice, and PT time tables. However, since
the main focus of this thesis is the generation of choice sets for demand prediction
purposes, in which the dynamic aspects are less relevant, in the rest of this thesis we
will consider only the static case.

The main topic of this thesis is con�ned to the choice set generation step, in particular
the generation of choice sets in multi-modal networks for prediction purposes in a
strategic planning context (Chapters 6 and 7).
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Table 2.3: Multi-modal routes in Rotterdam-Dordrecht corridor [Source: Ben-
jamins (2002)] (W is total waiting time in minutes, D total travel distance in km,
T total travel time in minutes).

Nr. Modes Total
Access1 Access2 Main Egress1 Egress2 W D T

1 Car 26 35
2 Car 25 38
3 Car 26 35
4 Car Metro Walk 2 27 42
5 Bike Train Bike 6 27 59
6 Bike Train Bike 6 27 58
7 Bike Train Bike 6 27 58
8 Bike Train Bike 6 27 58
9 Bike Train Bike 6 27 58

10 Bike Train Bike 6 27 58
11 Bike Train Bike 6 27 58
12 Bike Train Bike 8 26 59
13 Bike Train Bike 8 26 59
14 Bike Train Tram Walk 11 26 61
15 Bike Train Tram Walk 10 27 61
16 Bike Train Tram Walk 10 27 61
17 Bike Train Metro Walk 9 25 62
18 Bike Train Metro Walk 9 25 66
19 Walk Train Metro Walk 17 25 64
20 Walk Train Tram Walk 11 26 66
21 Walk Bus Train Tram Walk 12 27 59
22 Walk Bus Train Metro Walk 12 25 61
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2.5.2 Implementation of supernetwork approach in practice

A precursor experimental implementation to test the feasibility of the proposed super-
network approach has been successfully carried out by Benjamins for the Rotterdam-
Dordrecht multi-modal corridor in The Netherlands (see Benjamins (2001), and Ben-
jamins et al. (2002)). This precursor implementation involved the �rst three of the
four steps of the model system. The transportation system for interregional trips in
this corridor consists of car and train as main modes, Park & Ride facilities for car
and bicycle, and walk, bike, bus, tram, metro as access modes to railway stations and
Park & Ride facilities. Implementation of the supernetwork builder has been based on
the general purpose network management software package NETTER (for details see
Chapter 3).
The implemented choice set generation model has been based on a stochastic opti-
mal route search approach based on a link-additive travel cost function of several link
attributes such as distance, time, and cost. Different routes are generated by stochas-
tically perturbing the link attribute values in the network. The parameters of the route
cost functions (such as value-of-time) differ per user group. The feasibility of route
alternatives differs for user groups dependent on their vehicle availability (for details
see Chapter 7).

As a route choice model the so-called Paired Combinatorial Logit (PCL) Model has
been implemented because of its analytical simplicity in dealing with the complexity
of mutually overlapping routes in the choice set (for details see Chapter 5). The ex-
perimental implementation by Benjamins used parameters for the route set generation
and route choice models taken from literature, without a local calibration. Application
of this implementation for the interregional travel in the Rotterdam-Dordrecht corridor
proved to be computationally feasible and showed reasonable mode usage outcomes
compared to available statistics from the National Travel Survey data.

Table 2.4 gives an example of the route choice prediction outcomes for multi-modal
trips (shown in Table 2.3) from Dordrecht-Southeast area to Rotterdam-Northwest area
(about 30 km trip distance) achieved with the new model system (source: Benjamins
(2001)). The model has been applied to six user groups (see columns 1 to 6). In
total, 22 uni-modal and multi-modal route alternatives (including different boarding
or alighting railway stations) were generated (see rows 1 to 22) combined over all 6
user groups. Car-only trips appear to be by far the most attractive having the shortest
travel times (see column T in Table 2.3). Columns numbered from 1 to 6 show that the
generated choice sets differ by user group, showing for example that user groups 5 and
6 do not have car available, while user groups 2 and 6 don't have a bicycle available.
The numbers in columns numbered from 1 to 6 indicate the predicted shares of using
the respective alternatives available per user group.
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Table 2.4: Example results of multi-modal assignment of trips by user groups in
% [Source: Benjamins et al(2002)].

Nr. Modes User groups
Access1 Access2 Main Egress1 Egress2 1 2 3 4 5 6

1 Car 23 50 10 10
2 Car 24 10 14 18
3 Car 19 40 8 8
4 Car Metro Walk 8 10 10
5 Bike Train Bike 2 2 7
6 Bike Train Bike 3 4 13
7 Bike Train Bike 4 4 14
8 Bike Train Bike 3 3 11
9 Bike Train Bike 3 3 12

10 Bike Train Bike 3 3 11
11 Bike Train Bike 3 3 12
12 Bike Train Bike 1 2 4
13 Bike Train Bike 1 2 4
14 Bike Train Tram Walk 4 4 1
15 Bike Train Tram Walk 4 7 2
16 Bike Train Tram Walk 1 8 11 3
17 Bike Train Metro Walk 2 14 28 6
18 Bike Train Metro Walk 2 4
19 Walk Train Metro Walk 11
20 Walk Train Tram Walk 52
21 Walk Bus Train Tram Walk 14
22 Walk Bus Train Metro Walk 23
Total 100 100 100 100 100 100

Recently, in a joint endeavour of TU Delft and TNO-Inro the preliminary experimental
implementation has been superseded by a new multi-modal software package called
TRANSFER including all four modeling steps, including network assignment (Carlier
et al., 2005). In this version, parameter values of the generation module have been
optimized by calibrating them using observed choice sets.

2.6 Conclusion

This chapter focused on main characteristics and de�nitions of multi-modal transport
and on modelling approaches for analysing multi-modal travel choices. The main char-
acteristic of multi-modal transport is that more than one transport mode is used for a
single trip and that transfers between travel modes are thus an essential element of
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multi-modal transport.
In order to analyse multi-modal planning problems such as the location and design of
inter-modal transfer points, the demand modelling need to be capable of analysing and
predicting the use of multi-modal trips.

Several modelling approaches have been identi�ed attempting to extend the classical
approach to handle multi-modal transportation modelling. One of these approaches is
the so-called extended classical approach in which combinations of modes can be spec-
i�ed as distinct arti�cial modes where the transfers can be modelled quite arti�cially
by introducing a new travel mode consisting of the combination of two modes and a
transfer at a prede�ned transfer node. Such an approach is however suitable only when
one or two transfer nodes are considered, but that in the case of multiple multi-modal
combinations and multiple transfer nodes the number of new alternatives will explode.

As an alternative concept, the supernetwork concept is proposed as a generic frame-
work for modelling multi-modal networks. A supernetwork is an integration of all
relevant uni-modal networks coupled by transfer links between the transport modes.
These transfer links represent the possible transfers between modes. In the supernet-
work concept, the traditional steps of mode choice and route choice are integrated
into a single route choice problem in a multi-modal network. This concept facilitates
analysing the impact of new transfer concepts such as transferia, and taking combined
modes within a trip explicitly into account.

An architecture for the new multi-modal demand prediction system based on the super-
network approach has been presented. The supernetwork approach requires accurate
modelling of traveller's perceptions of combined modes and transfers. Moreover, in
order to better model route choice in the supernetwork, the explicit a priori generation
of the choice alternatives is preferred. This not only offers a number of theoretical
advantages, such as the application of �exible route choice modelling, non-linear cost
functions and route-based attributes; it also offers implementation and computational
advantages in iterative network assignment approaches since no repeated optimal route
search is necessary. However, in speci�c situation the proposed multi-modal demand
modelling approch may pose some limitations in memory requirements and in case of
heavy congested situation.

The proposed multi-modal demand modelling approach is equally applicable to the
static and the dynamic case, however, since the main focus of this thesis is the genera-
tion of choice sets for demand prediction purposes, in which the dynamic aspects are
less relevant, in the rest of this thesis we will consider only the static case.

An experimental implementation and application of the supernetwork concept proved
to be computationally feasible and producing reasonable modal usage outcomes.

This thesis will adopt the multi-modal transportation modelling approach based on
the supernetwork concept and will focus on one of its modules, namely the a priori
choice set generation approach. Speci�cally this thesis will develop alternative choice
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set generation approaches and will analyse their empirical validity and performance in
practical conditions.

The structure of the remaining of this thesis is as follows. First, attention will be paid
in Chapter 3 to the network modelling concepts for uni-modal and multi-modal trip
analysis of which the supernetwork concept will receive ample attention. This net-
work concept has to facilitate the proposed approach in route set generation and route
choice analysis. In Chapter 4 a start will be made with the route set generation subject
by introducing the necessary choice set concepts. This chapter outlines a theoretical
framework with conceptual notions about choice sets, and presents empirical �gures on
route choice sets from the literature. Chapter 5 then gives an overview of route choice
modelling, constituting the behavioural context for the route set generation modelling
in Chapters 6 and 7. In Chapter 6, we �rst deal with the route set generation for
uni-modal networks. After formulating quality requirements for choice sets, available
route set generation procedures will be presented and systematically assessed. Chapter
7 is devoted speci�cally to the multi-modal case. The speci�c quality requirements
in the multi-modal case are elaborated. Current route set generation approaches for
multi-modal networks are reviewed and assessed, after which a new doubly-stochastic
generation approach will be presented. The validity and effectiveness of this approach
will be tested with observations. The �ndings and conclusions of the thesis and its
prospects for future work will be summarized in the �nal Chapter 8.
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Chapter 3

Uni-modal and multi-modal network
representations

3.1 Introduction

After having introduced the new supernetwork approach to multi-modal travel demand
modelling in the previous chapter, this chapter focuses on the representation modelling
of transport networks, both uni-modal and multi-modal ones. Network models and re-
lated path search algorithms are powerful tools for modelling transportation systems.
A network model is a simpli�ed mathematical description of the physical network
phenomenon in terms of infrastructure elements and transport services on these for the
purposes of analysis, design and evaluation of a given transport system. Thus trans-
portation network model representations depend on the purpose for which they are
used.
With the notion of 'network representation' we mean the speci�cation of the nodes and
their connecting links of the network model and their relevant attributes (identi�cation
numbers, co-ordinates, distances, capacities, mode types, service types, etc). Repre-
sentation includes the selection of real-world nodes and links into the network model
as well as the addition of arti�cial links and nodes in order to make the network model
suitable for its purposes. The speci�cation includes a classi�cation in link types and
node types.

Network modelling needs special attention for many reasons. First of all, a network
representation should facilitate the travel demand analysis since the travel costs pre-
dominantly are determined by the network. Secondly, more speci�cally in the con-
text of route choice modelling, the importance of network representation is related to
the choice set generation approaches, the appropriate consideration of route overlap,
and computational issues. Because of these relationships, network representations are
highly determined by the way of demand modelling.

Because of the focus of this thesis, three issues are of special concern in this chapter,
namely the speci�c requirements posed by a multi-modal approach, the requirements

39
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stemming from the proposed supernetwork approach, and in particular from the a priori
choice set generation step.

Figure 3.1 shows a classi�cation of considered network types among which we �rst
distinguish the uni-modal and the multi-modal networks. In uni-modal networks, two
types of transportation services (�ow) might be available: the continuous and simul-
taneous private transport services (car, bicycle, and walk) on the one hand, and the
discontinuous and non-simultaneous public transport services (train, tram, metro, bus)
on the other. In the case of multi-modal networks, two possible analysis approaches
might be applied, the one in which all layers of uni-modal networks are separated from
each other (the classical approaches), and the other in which all layers of uni-modal
networks are inter-linked (our supernetwork approach). A special challenge of the
multi-modal approach now is the representation of the linkages between continuous
and discontinuous services.

continuous 
flow

discontinuous
flow 

separated
uni-modal 
layers

linked
uni-modal 
layers

uni-modal
network 

multi-modal 
network

network 
modelling

Figure 3.1: Classi�cation of network types.

Questions to be addressed in this chapter therefore are: how may single continuous-
�ow private networks and single discontinuous-�ow public transport networks be rep-
resented in a multi-modal travel demand analysis context? Which are the speci�c
requirements needed for a multi-modal network representation in which all these net-
work types are combined? What is the best multi-modal network representation to
be suitable for the supernetwork approach (Chapter 2) and the choice set generation
approach as proposed in this thesis (Chapters 6 and 7)? Given the several layers of
uni-modal networks that constitute the multi-modal network, an important aspect to be
analyzed is how the several layers of uni-modal networks maybe linked. What are (if
there are) the restrictions per type of mode combinations available in the multi-modal
network?
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In order to answer these questions, �rst of all, a general transport network represen-
tation and an overview of the main characteristics and de�nitions of uni-modal and
multi-modal network representations from the literature are presented in subsequent
Sections 3.2, 3.3, and 3.5. In particular, an overview of uni-modal network representa-
tions in cases of private-continuous and public-discontinuous networks (Sections 3.3.1
and 3.3.2 respectively), and multi-modal network representation are presented (Section
3.5).

Second, the requirements needed for an appropriate multi-modal network representa-
tion based on the supernetwork approach presented in the previous chapter are derived
in Section 3.4, and a precursor approach of our proposed multi-modal representation
is presented in Section 3.6.

The proposed approach for multi-modal networks representation is presented in Sec-
tion 3.7 and the main conclusions are drawn in Section 3.8.

The main contributions of this chapter concern the intelligent comparison of multi-
modal network representations presented in Section 3.5.3, and then our proposed su-
pernetwork representation approach with a better and improved multi-modal network
structure, presented in Section 3.7.

3.2 Transport network representation

The basis of transportation network models is a graph model (for details see Cascetta
(2001)). A graph is de�ned as an ordered pair of sets: N, the �nite set of elements
known as nodes, and L a �nite set of pairs of nodes belonging to N, known as links.
Symbolically, a graph G can be represented by G = (N, L). The graphs used to represent
transportation services are generally oriented; i.e. the links have a direction and the
node pairs de�ning them are ordered pairs. A link connecting the node pair (i, j), can
also be denoted by a single index, say l, representing its position in the list of all the
links of the graph or by the pair of indices (i, j), relative to the initial and �nal nodes
of the same link. Attributes such as cost, length, speed, or capacity may be associated
with each link (Figure 3.2).

The network graph can also be represented by a so-called node-link incidence ma-
trix indicating with zero-one variables whether a particular link directly connects to a
particular node.

Nodes correspond to signi�cant events delimiting the trip phases (links). Nodes can
correspond to points with different space and/or time coordinates in which the event,
represented by the nodes, occur. Important nodes in transportation graphs are the so-
called centroid nodes. They represent the beginning and/or the end of individual trips.

A graph usually includes links of different types: connectors and real links. Connectors
are introduced into the network when centroid nodes do not correspond to a physical
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Figure 3.2: Graph model with 6 nodes and 9 links; (l, c) represents the link index
and the link cost associated with each link.

element. These links represent the phase between the terminal point (zone centroid)
and a physical element of the network. Real links represent phases and/or activities
of possible trips between different traf�c zones. Thus, a link can represent an activity
connected to a physical movement (e.g. covering a road) or an activity not connected to
a physical movement (such as waiting for a train at a station). Links are chosen in such
a way that physical and functional characteristics can be assumed to be homogeneous
for the whole link (e.g. the same average speed). In this sense, links can be seen as the
partition of trips in segments of equivalent characteristics; the level of detail of such
partition can clearly be very different for the same physical system according to the
objectives of the analysis.

In so-called synchronic networks, nodes are not identi�ed by a speci�c time coordinate,
and the same node may represent events occurring at different moments (instants) of
time. For example, the different entry or exit times in a road segment, an intersection,
or a station, may be associated to a single node, representing the entry/exit events.
In diachronic networks, also known as time-space networks, on the other hand, nodes
may have an explicit time coordinate and therefore represent an event occurring at a
given instant. The graphs considered in this section are synchronic, diachronic graphs
for scheduled services are described in more detailed in the next section. Although our
developed supernetwork approach is applicable to both types of chronic networks, the
modelling approach as presented in this thesis deals with static networks only.

In a graph representing transportation supply, a path, k, is a sequence of consecutive
links connection the initial node (path origin) and a �nal node (path destination). Thus
a path is a sequence a trip phases. Usually, only paths connecting centroid nodes are
considered in transportation graphs. These paths are sequences of phases allowing
travel from a given origin to a given destination and therefore represent possible trips.
On this basis, each path is unambiguously associated with one and only one OD pair,
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while several paths can connect the same OD pair. An example of graph with different
paths connecting the centroid nodes is shown in Figure 3.3.

Note that we may distinguish with the term path a collection of links (representing
streets, walkways, railways, etc.) and nodes (representing intersections, stations, etc.)
from origin to destination in a model network, and with the term route a collection of
links and nodes from origin to destination in a real network. However, in the rest of
this thesis the two terms, route and path, are used as synonyms.

G=(N,L)
N={1,2,3,4}
L={ (O,1), (1,2), (1,3), (2,3), (2,4), (3,4), (4,D) }

Origin centroid O
Destination centroid D

GRAPH
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3

4

O D
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4
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4

O D

O D

O D

Figure 3.3: Examples of paths connecting centroid nodes from 1 to 4.

3.3 Network representation overview for uni-modal net-
works

This section provides a general formulation of transportation network models, fo-
cussing on continuous systems (such as car and bicycle networks) and scheduled-based
or run-based systems (such as transit networks).

A transportation network consists of a �nite set of nodes N, a �nite set of links L,
consisting of a set of pairs of nodes belonging to N, and a �nite set of attributes asso-
ciated with nodes and/or links. An example of a link attribute might be the length of a
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link; another example might be the link cost or the link travel time. An attribute is not
necessarily a directly observed quantity; it might be any function of available data.

3.3.1 Private transport network representation

Continuous and simultaneous services are typical for private transport services. These
are available at every instant and can be accessed from a very large number of points.
Typical examples are individual travel modes such as car drivers, bicyclists and pedes-
trians using road systems.

Single node representation

1

2

3

45

Detailed node representation:

left turning movement (3,1) and (2,4) are not allowed

1

2

3

4

Figure 3.4: Graphs for a road intersection.

In graphs representing road systems, nodes are usually located at the intersections of
road segments included in the network model. Nodes can also be located where signif-
icant variations of the geometrical and/or functional characteristics of a single segment
occur (such as changes in a road cross-section and lateral friction). Links usually cor-
respond to connections between nodes allowed by the circulation scheme. Therefore,
a two-way road will be represented by two links going in opposite directions, while a
one-way road will have a single link going in the allowed direction.

The level of detail of the road system depends on the purpose of the demand analysis.
This is especially true for road intersections. In a coarse representation, a road intersec-
tion is usually represented by a single node in which the connected links join. Alterna-
tively, it is possible to adopt a more detailed representation that distinguishes different
turning movements and excludes non-permitted turns or turn penalties (if any). Such a
representation is obtained by using a larger number of additional nodes and links, with
an extended network representation. Figure 3.4 shows two possible representations of
a four-arm road intersection. Note that in a single node representation, paths requiring
the left turn cannot be excluded if this turning movement is not allowed; furthermore,
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different waiting times (delays) cannot be assigned to manoeuvres with different green
phase durations, such as the right turn. Both of these possibilities are allowed by the
detailed representation.

Line 1

Line 2

Line 3

Figure 3.5: Simple line-graph representation of a public transport system.

3.3.2 Public transport transport network representation

Discontinuous and non-simultaneous transportation services are typical for public trans-
portation networks. They can be accessed only at a limited set of given points and they
are available mostly only at a limited set of given instants. Typical examples are sched-
uled services (buses, trains, airplanes, etc.), which can be used only between terminals
(bus stops, stations, airports, etc.) and are available only at certain instants (scheduled
departure times). Scheduled services can be represented by different supply models
according to their characteristics and to the consequence assumptions on users' be-
haviour.

Public transport or transit services have two characteristics that make modelling public
transport networks more dif�cult than private transport modes such as car, namely the
time dimension, i.e. frequencies and schedules, and the concept of lines and thus the
need for transfers. The adopted network representation is a balance between network
size, network complexity, and algorithmic complexity. Furthermore, the purpose of
the planning study itself has a signi�cant in�uence on the way of network modelling.
For short-term design-oriented studies a higher level of detail might be attained and
required than for long-term planning studies.
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In general, supply models for public transport services consist of a network model
(graph plus cost functions) and a set of relationships connecting link costs to path
costs and link �ows to path �ows. In order to represent public transport networks, two
different modelling approaches can be used (see e.g. Cascetta (2001)): the �rst one
refers to services represented in terms of lines (line-based supply model), whereas the
second one considers services represented as single runs (run-based supply model), as
described in the following subsections.

Line 1

Line 2

Line 3

Line node

Stop node

Alighting link

Boarding link

Dwelling link

Figure 3.6: Expanded line-based graph for public transport system (taken from
Cascetta, 2001).

Line-based supply models

In the line-based, or headway based approach the transit network is represented by
a graph in which services between adjacent stops are represented by links between
these stops. Every service between stops is represented by a different link, but no
distinction is made between the runs of the service. The waiting time at transfers is
approximated by an average waiting time (which is a function of the inverse of the
service frequency). Stops are represented by a set of nodes and links. The links at the
stop represent boarding, alighting or transfers between services.
If the scheduled services have high frequencies (e.g. one run every 5-15 minutes) and
low regularity, it is usually assumed that the users do not choose an individual run, but
rather a service line or group of lines. A service line is a set of runs sharing the same
terminals, same intermediate stops, and the same performance characteristics, as in the
case of urban bus or underground lines. In this case, a line graph is typically used
(Figure 3.5). It consists of three public transport lines arriving at and departing from a
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stop node. In order to correctly model transfers and line choice, such a public transport
network might be represented in more detail by an expanded line-based graph (network
model). Figure 3.6 shows the expanded stop node of the stop node from Figure 3.5.
In this graph, nodes correspond to stops, and more precisely to the relevant events
occurring at the stops: line nodes represent arrival and departure of vehicles of a given
line at a given stop, stop nodes represent the boarding to and alighting from a given
line at a given stop. The links represent activities or phases of a trip: boarding to the
vehicles of a line (boarding links), alighting from the vehicle of a line (alighting links),
and vehicle dwelling at the stop (dwelling links). In order to represent the transfer
disutilities as accurately as possible, each boarding link is assigned a waiting time at
the stop as a function of the frequency of the line, while each alighting link may be
assigned some line-dependent constant cost.

Home

A

B

EC

DI,II III
I IIII

Figure 3.7: Transit network according to Dial (1967) using trunk line links con-
sisting of 2 transit lines (I, II) (taken from Bell, 2003).

The following transit network representations are also discussed in Bell, M.G.H. (2003).

Dial, R.B. (1967) proposed a network structure in which the transit network is rep-
resented by �trunk line links� (Figure 3.7). These links have as attributes the travel
time and the line numbers using the link. The typical transit modelling problem can
be illustrated by the fact that the shortest route to C depends on the �nal destination.
For travelling to C line I might be interesting, while for trips to D line I is the obvi-
ous choice. For travelling to E, however, line II is the best choice. Dial adapted the
shortest path algorithm of Moore in order to account for transfers. The transfer penalty
depends on the expected waiting time of the line that will be boarded. The waiting
time is usually de�ned as half the headway.

An alternative approach is presented by Fearnside and Draper (1971), in which line-
speci�c nodes and links are introduced (Figure 3.8). This approach requires transfer
links between stops related to the same physical location. A problem that is not dealt
with, however, is the so-called common lines problem that occurs when a traveller
waiting at a stop might use different lines for reaching his destination. The traveller
then has to decide which line to use. This might be a speci�c line, yielding the shortest
travel time from the stop to the destination, or it might be the �rst run that arrives. In



74

48 TRAIL Thesis series

this example, for instance, a passenger travelling to A or to C might choose between
lines I and II. An approach for dealing with the common lines problem is discussed in
the paragraph on

Another approach for representing transit networks was suggested by De Cea and Fer-
nandez (1993) (Figure 3.9). In their model they introduced �direct links� connecting
two stops that might be reached by a line, with or without transfers. In the case of mul-
tiple lines serving the same pair of stops, an arti�cial aggregate direct link might be
created. Consequence of this approach is that the network size increases enormously.
In particular, the approach in De Cea and Fernandez (1993), applied also by Benjamins
et al. (2002), requires for a PT network consisting of v PT lines each having uv stops
additional ∑v

uv(uv−1)
2 of travel and transfer links. On the other hand, the approach

proposed by Fearnside and Draper (1971) uses for each PT line v having uv stops ad-
ditional (uv− 1) alighting links, (uv− 1) boarding links, and (uv− 1) travel links, in
total for the complete PT network additional ∑v 3(uv−1) links.

Home

A

B

EC’

DII III
I

IIA’

C
II

I III
II

Figure 3.8: Transit network according to Fearnside and Draper (1971) with line-
speci�c nodes and links (taken from Bell, 2003).

Home
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I IIII IIIIII
I,IIII I II,III,II

II
I IIII IIIIII

I,IIII I II,II
Figure 3.9: Transit network according to De Cea and Fernandez (1993) with route
sections (taken from Bell, 2003).

Therefore, the number of transfer and travel links in Fearnside & Draper's approach
increase linearly with the number of PT lines and stops on each line, whereas the
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number of transfer and travel links in De Cea & Fernandez's approach increase linearly
with the number of PT lines but are quadratic with respect to the number of stops on
each line (see Table 3.1).

Table 3.1: Numbers of additional travel and transfer links for different PT net-
work representations.

Fearnside and Draper (1971) De Cea and Fernandez (1993)
Transfer and ∑v 3(uv−1) ∑v

uv(uv−1)
2

travel links
v = number of PT lines; u = number of stops of line v.

The line-based network approaches are mainly suited for static assignment algorithms
which calculate the average system performance and average line occupancy. More
advanced network algorithms (using database information) can be applied on a line-
based network in order to obtain exact waiting times, enabling this representation to be
used for modeling line occupancies or for dynamic assignment. Applying a path-based
route choice algorithm allows non-linear costs and transfer feasibility checks. This
approach combines the ef�cient line-based network storage with advanced modeling
opportunities at the cost of more complex network algorithms.

Run-based supply models

All transit network approaches discussed above deal with lines having frequencies. A
more detailed approach is proposed by Nuzzolo, A. and Russo, F. (1994), in which the
individual runs are the basic components. They explicitly account for the time dimen-
sion, as can be seen in Figure 3.10. The main advantage is that this approach makes
it possible to model transfers properly, which is certainly relevant for low-frequency
networks.

The diachronic network is a network expanded with a time dimension (every node in
a diachronic network has a time coordinate) in which the runs of the transit services
are represented both spatially and temporal. Nodes in the diachronic graph represent
events such as the departure or arrival of a run, not only spatially but also in time. Exact
waiting times (assuming the timetables are reliable) at transfers are obtained from the
link connecting the boarding or arrival node at the stop with the departure node. A
shortest path in a diachronic network is the path that yields the earliest arrival time
given the time instant of departure. An application of this approach for multi-modal
choice set generation is given by Hoogendoorn-Lanser (2005), summarized in Section
3.5.3. The diachronic graph is useful for dynamic assignment models, for calculating
vehicle loadings and evaluating time tables. Standard algorithms can be used, however
at the cost of an expanded network.



76

50 TRAIL Thesis series

time

spacespace
run 5run 6run 7

stop axis s'

temporalcentroidstemporalcentroids
stop axis sstop scentroid centroidstop s'

τ
iD

a
rsb

p
rsb

centroidorigin departure timedestination arrival timestop departure timeboarding / alightingrun arrival / departure timeboarding / alighting linkaccess / egress linkrun / dwell linktransfer link
time

spacespace
run 5run 6run 7

stop axis s'

temporalcentroidstemporalcentroids
stop axis sstop scentroid centroidstop s'

τ
iD

a
rsb

p
rsb

time

spacespace
run 5run 6run 7

stop axis s'

temporalcentroidstemporalcentroids
stop axis sstop scentroid centroidstop s'

τ
iD

a
rsb

p
rsb

centroidorigin departure timedestination arrival timestop departure timeboarding / alightingrun arrival / departure timecentroidorigin departure timedestination arrival timestop departure timeboarding / alightingrun arrival / departure timeboarding / alighting linkaccess / egress linkrun / dwell linktransfer linkboarding / alighting linkaccess / egress linkrun / dwell linktransfer linkaccess / egress linkrun / dwell linktransfer link
Figure 3.10: Diachronic run-based representation of transit services (taken from
Nuzzolo, 2003).

Hypernetworks and strategies

The main difference between the two public transport network representations (line-
based and run-based models) presented in the previous paragraphs concerns the repre-
sentation of the time component: while in the �rst case the frequencies of the public
transport lines are taken into account, in the second case the time table is the basis.
From a representational point of view of the graph model, in both cases the theoretical
graph model discussed in Section 3.2 is applied, i.e. the graph consists of a �nite set
of nodes and a �nite set of links that connect two nodes.

Another public transport network representation based on a different graph theory is
the hypernetwork. A hypernetwork is an extended network in which multiple outgoing
links are represented by only a single link, the so-called hyperlink, which is a link that
can connect more than two nodes; more details about hypernetwork can be found in
Gallo et al. (1993).

The advantage of the hypernetwork representation is that it can capture the so-called
strategy concept (Spiess & Florian, 1989). They assume that users travelling in a tran-
sit network adopt a particular choice strategy to capture prevailing service conditions
when going from a given stop to another one. Users are assumed to consider a set
of competitive lines from all lines serving the origin stop, in such a way that they
can travel towards their destination by boarding one of the selected lines depending on
encountered service conditions. The attractive set, represented by all selected lines, de-
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�nes the users' strategy since travellers will board the �rst transit line of the attractive
set departing from the origin stop.

Therefore, the hypernetwork concept can be exploited for networks in which paths for
user's trip cannot be de�ned �a priori� but depend on the state of the network. For
example, the hypernetwork framework has been applied to model user behaviour in
transit networks (see Nguyen and Pallottino (1988)) and in capacitated road networks
(Marcotte & Nguyen, 1998). The behaviour of the user travelling on a transit network
can be modelled as a hypernetwork in which hyperlinks represent the boarding links
from a given stop to the transit lines servicing that stop and choice alternatives de�ned
by the attractive lines can be represented by a hyperpath (see also Chapter 5). Fig-
ure 3.11 shows a hypernetwork in which the hyperlink models the boarding link on the
lines belonging to the attractive set.

Public Transport Network

Hypernetwork

Lines 1,2,3 
represent the 
attractive set

Boarding 
link is a 
hyperlink

Stop node Stop node

Line 1

Line 2

Line 3

Figure 3.11: Example of a hypernetwork representation of a transit trip.
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3.4 Requirements for a multi-modal network represen-
tation

The requirements posed on the network representation of a multi-modal supernetwork
�rst-of-all relate to all four main components of the proposed supernetwork approach
in which the network plays a role (see Figure 2.11), namely:

1. the supernetwork building process,

2. the choice set generation,

3. the route choice modelling,

4. and �nally the presentation of the assignment outcomes.

Of course, the supernetwork should match the original uni-modal networks as closely
as possible, allowing a clear representation of the network for sake of network data
management and for visualization purposes. In addition, an ef�cient computation and
handling of the whole analysis process poses requirements on an ef�cient representa-
tion.

The speci�cation of the supernetwork should be such that its construction from the ba-
sic uni-modal networks can be performed easily and more or less automatically. This is
especially true for the addition of the transfer links mutually connecting the uni-modal
networks as well as for the addition of other arti�cial or notional links such as boarding
and alighting links.
The choice set generation process requires from the network speci�cation that feasible
uni-modal and multi-modal individual paths from origin to destination can be deter-
mined ef�ciently with path search algorithms. This implies that link attributes (such
as time and distance) should be additive, and that the properties of the added arti�cial
links should be speci�ed in line with those of the real-world links. It implies that each
network link may be part of a route, and that the generated routes can be represented
in a so-called link-route incidence matrix (sometimes also called assignment map).
The route choice modelling requires that the properties of the generated routes can be
easily determined, be it by addition of link attribute values such as times and distances,
or otherwise such as sometimes needed for cost variables that maybe non-additive such
as public transport fares. In particular the network representation should allow maxi-
mum �exibility and freedom in the route choice models to be adopted. In addition, the
representation should facilitate easy determination of the mutual overlap among routes
since this route property signi�cantly in�uences the quality of the route choice mod-
elling outcomes. For a suf�ciently accurate modelling of the route choice behaviour of
travellers each distinct travel resistance (or disutility) component in the transportation
process between origin and destination should be given a separate link. This implies for
example that the transfer from one vehicle to another need to be represented by several
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arti�cial links (representing respectively the transfer components alighting, walking,
waiting, boarding, etc) in order to correctly account for the various involved disutili-
ties.
Finally, the speci�cation of the network model should facilitate easy establishment of
a rich variety of assignment outcomes for evaluation purposes such as modal split �g-
ures by user class, or the usage of particular sub-modes or transport services. This may
require the speci�cation of speci�c link types and link attributes in the network model,
even if these do not play a role in route generation or route choice.

A transportation network may have different levels of complexity, depending on the
system being represented and the details needed for its representation. On the one
hand, for short-term projects, such as road circulation plans, or design of transit lines,
a very detailed representation of the real system is required. On the other hand, for
strategic or long-term planning projects usually a larger-scale network with less detail
is suf�cient because of the geographical size of the area and the number of elements
included in the system. As we have seen in the previous sections, different network
models might be associated with the same basic network, depending on the aim of the
demand modelling.

Therefore, an aspect that plays an important role in the network representation is net-
work size. The required network size depends on the planning issues at hand; more
detailed networks are required for short-term design projects, whereas for long-term
planning projects less detailed and less complicated networks may suf�ce. The net-
work size is a crucial point even for a practical point of view. A very complicated
and dif�cult network structure is not likely to be applied in a practical and feasible
application. Moreover, another aspect related to the network size is the computational
issue. The more complicated and complex is the network representation the more com-
putational time is required in the analysis. For example, in the case of a multi-modal
network representation, a large size of the single uni-modal network layer and com-
plex network structure for generating the multi-modal network requires extra work
both from an implementation and computational point of view. Consequently, with
regard to our model approach for building the multi-modal network and for generat-
ing choice sets in that multi-modal network, the requirements needed for the network
representation consist of maximum simplicity and clearness in network representation.

Other requirements consist of maximum �exibility in choice modelling, especially in
transfer modelling in the case of multi-modal networks. The network structure should
not have any in�uence on the type of routes that might be generated and available on
the network. Moreover, due to the choice set composition (to be analysed in Chapter
4) in which a large variety of mode combinations may appear, no restrictions on mode
combinations (e.g. no limitations on number of transfers) or path composition should
be put for the network modelling.

For example, a relevant characteristic of multi-modal networks is the transfer from one
travel mode to another, e.g. transfer from train mode to car mode. In a good multi-
modal network structure no limitations about the type of allowed transfers should be



80

54 TRAIL Thesis series

applied. Indeed, given the previous example, the transfer from train mode to car mode
might be not allowed in the case of home based trips (trips from home to work in
which the car mode might be assumed available only at home side), however in the
case of return trips from work to home car mode might be available and therefore
such transfer might be assumed also feasible. Due to those reasons the multi-modal
network structure should not put any types of constraints a priori; the types of possible
paths in the multi-modal network and the type of mode combinations constraints are
not be considered in the phase of the de�nition of the network structure beforehand,
but it depends on the aim of the application and the demand model. The same type of
network structure should be taken into account for different types of applications.

As stated in Chapter 2, transfers are essential parts of a multi-modal trip, and walking
is always part of a trip at the beginning and at the end of the trip, especially for each
transfer from one transport mode to another. Therefore in the multi-modal network
representation special attention has to be paid to the pedestrian network that should be
seen as the generic link among all uni-modal network layers.

3.5 Network representation overview for multi-modal
networks

The previous sections focused on uni-modal networks, private and public transport
ones. This is because in traditional transportation modelling the choice between modes
is dichotomous, that is, travellers can choose only transit or private modes. In reality,
however, many travellers combine modes while making their trip, especially when
using transit. For instance, 80% of the train users also use another mode than walking
to reach their destination, for instance a combination of private car and train (Van Nes,
2002).

This section presents an overview of multi-modal network representations available in
the literature for modelling inter-modal trips. Route search in an inter-modal network
yields not only the chosen paths, but also the modes used and the locations of boarding,
transferring, and alighting. We focus here on the speci�c inter-modal aspects of these
approaches.
As can be seen from Figure 3.1 showing a classi�cation of the possible approaches
for uni-modal and multi-modal network representations, in the case of multi-modal
network two possible approaches might be applied. First, the one in which all layers
of uni-modal networks are separated from each others, which is presented in Sec-
tion 3.5.1, and the other in which all layers of uni-modal networks are linked to each
other, which is discussed in Section 3.5.2. A comparison of the presented approaches
with respect of the requirements for a good multi-modal representation as discussed in
Section 3.4 is presented in Section 3.5.3.
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3.5.1 Multi-modal network representation with separated layers

Based on the classical modelling approach, the multi-modal route choice and assign-
ment models proposed by Montella et al. (1999) adopt the use of two distinct models:
one route choice model for each mode, and another one for the mode choice. In this
case, the supply model of the multi-modal network is represented by two (or more)
non-connected uni-modal networks, to each of which the respective share of demand
obtained by modal split is assigned. Figure 3.12 (taken from Montella et al. (1999))
shows a graphical representation of the multi-modal network approach proposed by
Montella et al. (1999) in which several planes can be identi�ed, one for the origin,
destination and modal diversion nodes, and one for each transportation mode. In this
approach, centroids are replicated at each network layer and no multi-modal routes can
be generated. All routes are in effect uni-modal. For this reason the approach devel-
oped by Montella et al. (1999) might not be de�ned as multi-modal as we do in this
thesis.

Om1

M
O

D

Om2

Transportation network mode 1

Transportation network mode 2

Figure 3.12: Example of a separable multi-modal network representation of the
Montella approach.
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3.5.2 Multi-modal network representations with linked layers

A supernetwork as de�ned in Shef� (1985) combines several uni-modal networks into
a single multi-modal network (see Figure 3.13). The supernetwork, which is also de-
�ned in Chapter 2, is a concatenation of uni-modal networks interconnected by transfer
links in which mode choice and choice of access/egress/transfer location are captured
as route-choice in the supernetwork. Transfer links are used to model the cost and/or
restrictions of choosing or transferring between the alternatives. Such a network has
the interesting property that mode choice can be seen as a special form of route choice,
thus providing a natural uni�cation of the two. The advantage of the supernetwork
approach is on the one hand that the rigid separation between mode choice and route
choice disappears, and on the other hand that route choice models automatically take
account of the network structure in de�ning the choice set and calculating the choice
probabilities of the alternatives. The supernetwork approach is an elegant and generic
way to model a wide variety of mode-combinations, and allows one to explicitly model
transfers as transfer links, and waiting times as waiting links. This is a substantial ad-
vantage over the mode choice models, where the choice sets with respect to modes has
to be de�ned in advance.

The �eld of freight modelling have used supernetwork for multi-modal networks rep-
resentation, some examples are given by Pedersen, M.B. (2005), Oark, M. and Regan,
A. (2005), Loureiro, C.F.G. and Ralston, B. (1996), and Jourquini et al. (1999).

}Car

Bicycle

Bus

Train

SupernetworkMultiple uni-modal networks

Figure 3.13: Supernetwork principle.

Abdelghany, K.F.S. (2001) represents the multi-modal transportation network as a
graph G(N,L) decomposed into a number of layers such that each layer represents
a sub-network Gm(Nm,Lm) of a certain mode m ∈ M as shown in Figure 3.14. Each
sub-network Gm consists of a �nite set of nodes Nm and a �nite set of links Lm. Each
link is represented by an upstream node im and a downstream node jm. Each transfer
between two modes is represented by an arti�cial link. The upstream node of each
arti�cial link lies in the sub-network of the mode from which the transfer occurs, while
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the downstream node lies in the sub-network of the mode to which the transfer occurs.
A list of attributes is associated with each link; attributes representing the different
travel attributes are associated with travelling on this link. Arti�cial transfer links may
have different cost elements associated with the transfer movement they represent. In
this type of multi-modal representation, centroids for origins and destinations may be-
long to each of the network layers. Moreover, transfers from one travel mode to any
other travel mode may occur for any possible combination, although for illogical and
non-feasible mode combinations transfer links are not included in the network.
On the one hand, the number of transfer links might be very large due to the number
of possible mode combinations available in a multi-modal network, and the network
size could increase enormously. On the other hand, the constraints on mode combina-
tions have to be de�ned in advance before taken into account the type of application
and demand model to be applied. In this case, the network should, theoretically, be
changed at each different application purposes (such as type of trips to be modelled,
trip purposes, etc.).

Figure 3.14: Interconnected multi-layer representation of a multi-modal network
(taken from Abdelghany, 2001).

In a similar way, Lozano and Storchi (2001) de�ne a multi-modal network as a set
of uni-modal networks, one for each travel mode, interconnected by transfer links.
The authors also apply a hypernetwork representation (see Section 3.4) for the public
transport network. They de�ne a state information system to avoid the generation of
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illogical multi-modal paths and have limitations on mode combination in the paths gen-
erated through the multi-modal network. In this case, as in the case of Abdelghany's
multi-modal network, the network structure is de�ned a priori and it is dependent on
the type of the application to be applied. Moreover, the mode combinations that are
considered illogical and unfeasible have to be de�ned in advance, although it is often
dif�cult to know in advance the type of multi-modal paths to be considered, which
often depends on the type of application. Therefore, in this case, the network need to
be re-de�ned and re-build each time a different application is applied.

Car network

Pedestrian network

Metro-bus network

Centroid
Street node

Centroid
Stop node

Line node

Connection links

Boarding/alighting links

Figure 3.15: Multi-modal network representation (taken from Caramia and
Storchi, 1997).

Figure 3.15 shows the representation of the multi-modal network model according to
Caramia and Storchi (1997) applied for evaluating the effects of parking prices. The
multi-modal network represents four different modes (car, bus, metro, and walk). The
boarding and alighting links between pedestrian and PT networks are uni-directional,
whereas the connection links between car and pedestrian mode are bidirectional. The
authors aim to demonstrate that the use of Park & Ride facilities, as opposed to on-
street parking, is more economical, since the price for on-street parking increases rea-
son why car users might �nd it more attractive to park their cars in a Park & Ride
facility and continue their trip taking one or more transit modes.
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One characteristic of this multi-modal representation is that the centroid nodes may
belong either to the walk or to the car network. The centroids are replicated also in the
car network because the authors consider that origins and destinations are very close
to parking places due to the evaluation of the parking price effects. The authors pose
also restrictions to the composition types of multi-modal paths allowed in the network,
assuming that a multi-modal path only can start or �nish with the walk or car mode.

Lo, H.K. and Yip, C.W. and Wan, K.H. (2003) propose a third way of multi-modal net-
work representation to overcome two dif�culties encountered with traf�c assignment
in a multi-modal network. The number and kind of transfers are explicitly considered
and nonlinear fare structures are accommodated in the network modelling adopted.
The authors transform the multi-modal network through a state augmentation tech-
nique to a single network, called State-Augmented Multi-modal (SAM) network. The
probable transfer rules as well as non-linear route fares or utilities are automatically
captured in the SAM network.
Every node in the SAM network is represented by four state variables: location i,
transfer state ts, number of prior transfers n and alight or board indicator l (0/1). The
transfer state ts indicates the series of consecutive modes that have been used to travel
from the origin to the node considered. According to the example in Figure 3.16, a
node with transfer state 4 is reached by a subway ride followed by a bus ride. Note that
in an inter-modal network, the number of transfer states exceeds the number of modes.

State 0
(origin)

State 1
autos

(mode 1)

State 0
(destination)

State 2
subway

(mode 2)

State 4
bus

(mode 3)

State 3
bus

(mode 3)

State 5
subway

(mode 2)

Figure 3.16: Probable transfer states (taken from Lo et al, 2003).

The transfer states list the valid mode-combinations in the model. Every node in the
base network is represented |ts| times in the SAM network, where |ts| is the number of
transfer states by which this node can be reached. At locations where more than one
mode is available, transfer links connect the modal sub-networks if the transition from
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mode A to mode B corresponds to a valid transfer state.
After an inter-modal network has been transformed to a SAM network, it can be con-
sidered as a simple network with single valued link costs without the need to care for
transfer feasibility and non-linear fares. On the other hand, a route in the SAM net-
work automatically combines the mode-transfer choices, which can be decoded for the
speci�c modes used and transfer locations selected.
The transfer states list the valid mode-combinations in the model. This implies a loss of
generality (all mode-combinations that are allowed for have to be de�ned in advance).
The chosen set of allowed mode combinations can be incomplete, forcing trips to be
assigned to other mode combinations, or could include combinations that are not used,
causing an unnecessary computational burden. The disadvantages of this approach are
the complexity of the network representation and the enormous increasing of network
size since each node location is replicated many times according to the transfer state
and the number of prior transfers. Another limitation is due to the mode combination
constraints, they have to de�ne in advance depending on the type of the application
and applied directly on the network. It might be considered quite dif�cult either to
�x the number of transfers or the type of combinations before knowing the type of
application, and it also might imply the adaptation of the network structure as soon the
application changes a little bit.

Hoogendoorn-Lanser (2005) developed a multi-modal choice set generation (CSG)
model for estimation purposes for establishing individual choice sets for multi-modal
trips using the train as main mode. She adopted is a so-called timetable-based or
run-based approach meaning that each run of a public transport service is explicitly
taken into account in both space and time. Each transport service is represented by a
separate so-called time-space graph or diachronic graph. These diachronic graphs are
combined in a diachronic super-network by adding transfer walking legs connecting
the various PT services and extended the diachronic super-network with transfer-free
in-vehicle legs. The generated choice sets are sets of routes in this extended diachronic
super-network.
The diachronic graph (see Figure 3.17) consists of three different directed sub-graphs
(see Cascetta (2001), and Nuzzolo, A. and Russo, F. (1994)):

• a service sub-graph Gv in which each run of each PT line is de�ned in both space
- through its stops - and in time - according to its arrival and departure times at
stops (see Figure 3.17);

• a demand sub-graph Gd in which each node represents a temporal centroid in
order to simulate the time-space dimension characteristics of the trip;

• an access / egress sub-graph Gae which allows the connection of the demand
sub-graph with the access / egress stops.

The service sub-graph Gv for each PT line v consists of different sub-graphs Gvr - one
for each run r of that PT line. Sub-graphs Gvr consist of nodes representing the arrival
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Figure 3.17: A run-based representation of transit service sub-graphs Gvr (taken
from Nuzzolo, 2003).

and departure times at stops, legs representing travel from one node to another (run
section), and the dwelling of the vehicle at a given stop (see Figure 3.18). Other nodes
represent the time in which travelers board or alight a run at a stop. These nodes are
connected to the nodes representing run arrival and run departure through boarding and
alighting legs. The complete sub-graph Gv is built by connecting all the sub-graphs Gvr
through legs representing travelers' transfer from one run to another run at the same
stop (stop axis).
For each PT service, a diachronic graph GPT service is speci�ed by adding transfer-
walking legs connecting the different line graphs Gv.

The demand sub-graph Gd represents the temporal demand segmentation made up by
a number of sub-graphs Gdcen, one for each centroid cen. For each spatial centroid
cen this sub-graph Gdcen consists of temporal centroids. The nodes are located at the
position of spatial centroid cen and temporarily according to the user's departure times.

The access / egress sub-graph Gae is made up of:

• legs connecting temporal origin centroids to nodes on the �rst boarding stop axis
to represent the private mode access to transport services;

• legs connecting the alighting nodes of the stop axis to the spatial destination
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Stop axis

On-board link

On-board link

Dwelling link

Boarding link

Alighting link

Figure 3.18: Leg classi�cation at stops (taken from Nuzzolo, 2003).

centroids to represent the private mode egress from the PT system;

• legs connecting stops to represent possible interchanges between different stops
(walking mode).

The private mode access/egress legs represent the available private modes between
centroid and stops such as walking, bicycle, car, etc.

To represent a multi-modal transport network having different PT services, like trams,
city busses, regional buses, metro, local trains, express trains and intercity trains, by a
graph G, the different diachronic graphs have to be interconnected. This is achieved by
adding connecting transfer-walking legs. The resulting graph, accounting for different
PT modes, is called a diachronic super-network.
The diachronic super-network is extended by de�ning additional transfer-free in-vehicle
route segments between every stop of a public transport line and all downstream stops
of the line (see De Cea and Fernandez (1993)). These route segments are de�ned for
each run of the public transport line using timetables. All these transfer-free in-vehicle
route segments are added to the diachronic super-network, resulting in an extended
diachronic super-network.
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3.5.3 Comparison of the multi-modal network representations:
advantages and disadvantages

This section summarises the main characteristics and limitations of the multi-modal
network representation approaches described in the previous subsections. Two types
of multi-modal network representations are distinguished, namely the separated uni-
modal network layers, and the linked uni-modal network layers respectively. Each
discussed approach is listed in a row in Table 3.2, while the columns list the main
characteristics that from our point of view are related to the requirements for a useful
multi-modal representation, as discussed in Section 3.4. These main characteristics,
which are also relevant for the choice set generation approach, are network structure,
mode combination constraints, generation of multi-modal routes, and location of cen-
troids.
The network structure provides an indication about the relative network size of each
approach and the network representation's clarity and consequently its complexity for
building the multi-modal network from the uni-modal networks. The approach with
separated uni-modal layers has a simple network structure which is too simple to en-
able from our point of view, a realistic multi-modal approach. The examples of the
linked uni-modal network layers have complicated network structures except for the
supernetwork approach (Shef�, 1985). Abdelghany, K.F.S. (2001)'s network is quite
complicated because of its number of transfer links that might be very large due to
the number of possible mode combinations available in a multi-modal network, im-
plying that the network size may increase enormously. Lozano and Storchi (2001) and
Caramia and Storchi (1997) have de�ned a multi-modal network using a hypernetwork
for the public transport system together with a state information system that make the
network structure more complicated. Finally, Lo, H.K. and Yip, C.W. and Wan, K.H.
(2003) combine several uni-modal networks into a single multi-modal network through
the SAM network that make the network structure extremely complicated and leading
to a large network size.

Another important characteristic of a multi-modal network representation is the possi-
bility of generating true multi-modal routes and the degree of �exibility in generating
such routes. This latter point relates for example to the �exibility in generating modal
combinations within a route that, depending on behavioural aspects and the demand
model, are de�ned in advance at the level of network structure. The classical approach
proposed by Montella et al. (1999) has big limitations in this respect since the mode
and route choice are modelled separately which does not allow a more realistic and
behaviourally sound travel choice modelling. In fact, such an approach might not be
considered multi-modal in our sense because no multi-modal routes can be generated.
All generated routes are in effect uni-modal, reason why no mode combination con-
straints are de�ned nor applied at the level of network structure.
The multi-modal representation proposed by Shef� (1985) allows the generation of
multi-modal routes with a high �exibility in mode combination constraints, no restric-
tions are de�ned at the level of network structure. The multi-modal network repre-
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sentation proposed by Abdelghany, K.F.S. (2001) may generate multi-modal routes,
although with low �exibility because it models the transfers from one transport mode
directly to another for avoiding unrealistic transfers and mode choices at the level of
network structure in advance depending on the type of application.

Table 3.2: Summary assessment of alternative multi-modal network representa-
tions (N.A. not applicable).

MM Reference Network MM Mode Location of
network structure routes combination centroids
type generated constraints
Separated Montella et al. Simple No N.A. At each
uni-modal (1999) uni-modal
layers Vrtic (2003) network

Shef� (1985) Simple Yes, high No N.A.
�exibility

Abdelghany Quite Yes, low Yes, due to May belong
(2001) compli- �exibility transfer to each UM

cated links network layer
Lozano and Quite Yes, low Yes, due to Connected to

Linked Storchi (2001) compli- �exibility state inform- private and PT
uni-modal cated ation system network layers
layers Caramia and Quite Yes, low Yes due to At car and

Storchi (1997) compli- �exibility state inform- walk network
cated ation system layers

Lo et al. (2003) Very Yes, low Yes, due to Connected
compli- �exibility the SAM to each UM
cated network network layer

Hoogendoorn- Complex Yes, high Yes Connected to
Lanser (2005) �exibility private modes

However, it might also be too rigid and not enough �exible approach for the choice
modelling. Lozano and Storchi (2001) de�ne a multi-modal network together with a
state information system that generates multi-modal routes with a low �exibility, be-
cause they take into account limitations on path composition. Caramia and Storchi
(1997) explicitly de�ne the composition of multi-modal paths, which have to be gen-
erated in advance depending on the speci�c purpose of their application namely the
evaluation of the effects of parking price. Also in this case, the �exibility in multi-
modal route generation is limited. Finally, Lo, H.K. and Yip, C.W. and Wan, K.H.
(2003) combine several uni-modal networks into a single multi-modal network to deal
with transfers and non-linear fare structures through the addition of state information,
with a low �exibility in the generation of multi-modal routes and the choice modelling.

The locations of centroids are de�ned for each uni-modal layers in the Montella et al.
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(1999) approach, with high replications of nodes, like the approach by Lo, H.K. and
Yip, C.W. and Wan, K.H. (2003). Caramia and Storchi (1997) have replicated the ori-
gin and destination nodes in the pedestrian and car layer networks, instead of having
them only in one network layer, due to the aim of the application of evaluating the park-
ing price effects; differently from Abdelghany, K.F.S. (2001)'s multi-modal network
in which centroid nodes may belong to each uni-modal network layer. Hoogendoorn-
Lanser (2005) only applies a single centroid connected by private mode links to the
public transport modes.

In summary, the network representation approaches found in literature do not meet
all requirements for ef�cient multi-modal demand modelling described in Section 3.4.
This refers to the generation �exibility, to the suf�cient consideration of route compo-
sition constraints, and also to the choice modelling �exibility. From a computational
point of view, these approaches are too cumbersome in building the supernetwork, and
too costly in computing time.
Below we will therefore propose and elaborate a representation approach that meets
the requirements for ef�cient multi-modal travel demand modelling.

3.6 The Benjamins supernetwork approach as precursor

A precursor of the proposed supernetwork methodology (see Section 3.7) has been
developed by Benjamins (2001). We summarize his approach in order to show better
the merits of the proposed slimmer supernetwork version.
Benjamins' supernetwork version tried to meet various requirements. On the one hand,
it should match the original uni-modal networks as closely as possible, allowing a clear
representation of the network for sake of network data management and for visualisa-
tion purposes. On the other hand, it is used to compute multi-modal route sets using
least-cost algorithms. Therefore a distinction is made between a base network and a
supernetwork. The distinguishing feature of this approach is that it combines the level
of spatial detail found in GIS-based base networks with an explicit representation of
available transfers at each stop.

The base network.

The base network is for network data management and for visualisation. For the base
network a lightweight GIS-environment called NETTER is used in which the network
is coded using links and nodes. The NETTER software (DEMIS, 2001) serves as a
geographical front-end for computational models dealing with spatial information. It
provides support for models dealing with traf�c networks, and allows a close match
with topological maps.
The links represent streets or segments of railways, and have a large number of at-
tributes describing the modes that may use that link. Associated with each node is a
transfer table that speci�es all possible transfers at this node along with their (default
or node speci�c) characteristics (e.g transfer distances, times and costs).
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Public transport is described using lines having a service frequency and de�ned by
route segments connecting successive stops. Route segments have a travel time ac-
cording to the timetable and correspond to a sequence of nodes and links in the base
network. Geographical zones and their corresponding zone centroids are de�ned in the
base network.

The supernetwork.

The supernetwork is meant for route set generation, calculation of route choice prob-
abilities and trip assignment. In this network a distinction is made between transport
links, access links, transfer links, and waiting links. All links have as attributes: link
length, travel time, and travel cost. Transport links for private modes connect the same
nodes as private mode links, but a single link will be created for each mode and for
each direction. Access links connect the centroids with the nodes of the private modes,
that is walking, cycling, and car. Transport links for public modes are created be-
tween all possible pairs of stops of a public transport line. Transfer links are situated
at those nodes for which a transfer table has been de�ned and connect transport links
with waiting links and transport links. Waiting links connect transfer links and links
representing public transport modes. The nodes in the supernetwork are located at the
same location as the nodes in the base network, but more nodes might be located at
the same position. For an example see Figure 3.19. Shown on the left side are part of
the base network and a transfer node, which is accessible by bus, train, bicycle, and
on foot. Although the base network would imply that all transfers are possible, this
is not always the case. In the example all available transfers are possible except those
to and from car, since the transfer node don't offer parking facilities. This situation
is represented explicitly in the supernetwork shown on the right. The car network is
not connected to the other modes, even though the transfer node in the base network
is physically accessible to cars. Walking links connect to all modes. A waiting link
represents the average waiting time for the train. Note that the transfer table is encoded
in the structure of the supernetwork.

Conversion.

The supernetwork is generated automatically using a dedicated conversion program.
In this conversion all references to the original links and nodes are preserved enabling
a return-conversion between supernetwork and base-network for the presentation of
the results.
The conversion from a base-network to a supernetwork obviously has a huge impact
on the dimensions of the network. Every link in the base-network is split up into
unidirectional links per mode. Each public transport line is transformed into a set of
stop-to-stop links and their waiting links. Finally, all transfer nodes are split up into all
relevant intermodal transfer links. The result is called the full supernetwork.

In order to reduce the number of public transport links in the supernetwork, links serv-
ing identical pairs of stops are aggregated if the travel times are almost equal. In such
cases the frequency of the resulting waiting link is the sum of the frequencies of the
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Figure 3.19: Relation between base-network and supernetwork (taken from Ben-
jamins et al, 2002).

original waiting links. In addition, only those stops are retained that are located close
to the centroids and stops where a transfer between public transport lines is possible.
This is called the reduced supernetwork. However, other approaches of supply model-
ing of the public transport services (see e.g. this chapter) may conveniently be adopted
as well. The network dimensions of the full and reduced networks of the case study
corridor are shown in Table 3.3.

For the reduced network the number of nodes and links increase by a factor 2.4 and 7.3
respectively. More than 50% of the links in the supernetwork are related to the private
modes, 40% to public transport links and waiting links, and 8% to transfer links. For
the full network these factors are 13 and 32 respectively.

3.7 Proposed multi-modal supernetwork representation

In this section, our recently developed multi-modal network modelling approach will
be presented. It is a simpli�ed version of the precursor representation developed by
Benjamins. This proposed network model has been implemented in our multi-modal
demand model called TRANSFER (Carlier et al, 2005) and will be adopted for the
choice set generation step to be presented in Chapter 7. For details on the network
modelling, see Carlier et al (2005). First, arguments concerning the multi-modal net-
work structure are discussed in Section 3.7.1, then de�nitions about what is the multi-
modal network are introduced in Section 3.7.2, and an example of the multi-modal
network representation is provided in Section 3.7.3. Finally, a comparison among our
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Table 3.3: Dimensions of the base-network and the super-network (case study
corridor) [Source: Benjamins et al, 2002].

Base network Reduced Supernetwork Full Supernetwork
Type Number Type Number Type Number
Nodes 2,388 Nodes 5,836 Nodes 41,000
Transfer nodes 903
Centroids 136
Links 3,099 Links 22,498 Links 77,979

Transport links 19,631 Transport links 42,094
Car 3,454 Car 3,454
Bicycle 3,984 Bicyle 3,984

Lines 134 Pedestrian 3,984 Pedestrian 3,984
Bus 66 Bus 6,047 Bus 23,900
Tram 99 Tram 1,753 Tram 5,404
Train 55 Train 75 Train 447
Line segments 2744 Transfer links 1884 transfer links 5213

Waiting links 983 Waiting links 30672

multi-modal network approach and the previous approaches presented in Section 3.5
is presented in Section 3.7.4.

3.7.1 Arguments for the multi-modal network approach

The �rst requirement we have considered very important is the feasible and easy ap-
plicability of the network model for practical demand prediction applications. From
a practical point of view, a complicated and dif�cult network structure is not likely
to be used by analysts. For this reason we have decided to choose a very simple net-
work structure with a maximum clarity, being the supernetwork approach as de�ned in
Chapter 2 and Section 3.5.2.

The supernetwork consists of the networks of the individual modes, which are con-
nected at appropriate places by transfer links between the vehicular modes (see Fig-
ure 3.13). These transfer links represent the actual transfer between vehicular modes,
for instance, walk time, as well as activities related to the parking of vehicles when
relevant. This approach also makes it possible to analyze the impact of new transfer
concepts such as Park & Ride locations. The application of the supernetwork approach
allows maximum �exibility in the choice modelling due to the combination of mode
and route choice in a single route choice in the multi-modal supernetwork.

We have chosen the supernetwork approach also for another important requirement
being the possibility of generating multi-modal routes with a maximum �exibility and
without any constraints de�ned in advance of the demand model. Another character-
istic we considered relevant is the freedom and �exibility in generating all kinds of
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travel mode combinations without posing any restrictions or constraints at the network
level. It is very dif�cult to de�ne in advance which are the travel mode combinations
that might be allowed according to the application aim and the demand model. In some
cases very illogical transfer modes, such as the case of transferring from train to car,
might be allowed if the application considers return trips from work to home. Our net-
work model allows maximum �exibility in generating all types of multi-modal paths.
Finally, another advantage of this approach is that the generation of the multi-modal
network by building the supernetwork is quite simple and easy to be applied.

Since we aim to develop a practically applicable multi-modal model approach for long
term planning projects, uni-modal (such as road and PT) network representations are
required as simple as possible; therefore the hypernetwork approach is not considered
for our model approach. The adopted a priori route generation approach (see Chapter
7) combined with a stochastic route choice modelling (see Chapter 4) suf�ciently fa-
cilitates complex forms of choice behaviour of passengers. Moreover, given the long
term planning purpose static modelling is preferred to the dynamic one because of sim-
plicity and data requirements. Therefore a static network representation will suf�ce for
our modelling aims.

Finally, centroids (origin/destination nodes) are located only in the pedestrian network
layer because we assume that a trip begins and ends always with a walk mode, how
short this may be. The walk mode is considered essential because walking is always a
part of multi-modal trip, especially in transferring from one mode to another. There-
fore, the walk network layer is an important layer to be connected to all other network
layers. In the proposed multi-modal supernetwork network it is impossible to transfer
directly from one mode to another, it always uses the walk network as an intermediary.
For example transferring from car to train always involves going from the car network
to the walk node and then to the train boarding link.

3.7.2 General formulation of multi-modal network

A multi-modal transportation network might be de�ned by a directed graph G =(N,L,M),
where N is the �nite set of nodes, L the �nite set of links, and M the �nite set of travel
modes. In a multi-modal network a node is a place where one has to select either con-
tinuing with the current mode or changing it. A link connecting two nodes by only one
travel mode is called travel link. A change of mode or (inter-modal or intra-modal)
transfer is represented by transfer links. In our formulation walk is always considered
a travel mode, and transfer links mainly consist of parking links in the case of private
travel mode (such as, car and bicycle) or boarding or alighting links in the case of PT
travel mode.

On the graph G, one and only one transport mode m ∈M is associated with each link
(i, j) ∈ L. Hence, there exist |M| simple networks, one for each travel mode (including
walk mode, which belongs to the pedestrian network), interconnected by transfer links.
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The sets of nodes and links forming each one of the |M| networks are respectively
denoted by Nm and Lm, where m (m ∈M) stands for a travel mode.

3.7.3 Multi-modal network representation

Based on the experiences with the Benjamins precursor approach, a network repre-
sentation has been developed for modelling multi-modal networks (Carlier, K. and
Fiorenzo-Catalano, S. and Lindveld, C. and Bovy, P.H.L., 2003) and (Carlier et al.,
2005). The travel modes included in the current network structure are the following:

• Private modes as: bicycle, car driver, car passenger, and walk.

• Public modes as: bus, metro, tram, and train.

Since walking is always a part of a multi-modal trip, pedestrian network is also in-
cluded as a network layer and it plays an important role, especially in the connections
to all other network layers.

The private networks consisting of car (driver and passenger), bicycle, and walk net-
works each are represented as a �nite set of nodes and links. The car network consists
of motorway and secondary road streets, whereas the bicycle network consists mainly
of secondary road streets, and the walk network includes mainly local streets. The pub-
lic transport network part consists of all public transport services, characterised by the
geographic location of its stops, frequency information, and parameters for the service
model. Each service is modelled as a sequence of alternating travel links and dwelling
links (the latter representing the time spent by the vehicle at a stop) (see Figure 3.6 and
Figure 3.20).

For long term planning purposes, simple road and PT network representations are
adopted. In particular, private network representation of a road intersection is based
on the single node representation (see Figure 3.4) while the transit network represen-
tation is based on the Fearnside and Draper (1971) approach (see Figure 3.8), in other
words, it is based on the transit network with line-speci�c nodes and links. Please note
that the route section approach of De Cea and Fernandez (1993) (see Figure 3.9) as
adopted in the precursor version of Benjamins might also be used to model the transit
network. The disadvantage of this method, however, is that the number of links needed
to represent the transit network increases enormously (see Table 3.1 in Section 3.3.2).
The transit network representation is the main difference between the model approach
applied by Benjamins and the one developed by Carlier et al. (2005). Moreover, the
hypernetwork model is not considered since the strategy concept can well be handled
by our combined a priori choice set generation and choice modelling approach. Fi-
nally, since the main focus of this thesis is the generation of choice sets for demand
prediction purposes, in which the dynamic aspects are less relevant, a run network
model is not taken into account and in the rest of this thesis we focus on a static model.
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In our network representation, all public transport stops are connected to the walk
network as well as are all relevant nodes of the car and bicycle networks, i.e. access
and egress nodes such as parking facilities. The pedestrian network thus becomes the
universal transfer network or intermediary between all vehicular modes. Please note
that walk is always considered a mode within small zones, whereas walk links are not
considered in case of large zones. Therefore, the pedestrian network exists only if the
distance between nodes is likely that walking is an option.

The pedestrian network is connected through boarding and alighting or parking links
to:

• the bicycle network at each node;

• the car (driver and passenger) network at a limited set of nodes where car parking
is allowed (free or paying a fee), in the neighbourhood of each centroid node,
railway stations and at P&R facilities, carpool locations;

• the public transport network at each public transport (bus, tram, metro and train)
stop.

A change of mode or inter-modal transfer is represented by speci�c links called board-
ing and alighting links, which usually are get-on/get-off links from and to the public
transport network such as metro, tram, bus and train networks, and parking links which
usually are get-in/get-out links from and to the private transport network such as car
(driver or passenger) and bike networks. Figure 3.20 shows an example of such a
multi-modal supernetwork; in particular, three network layers are connected. On the
one hand, the pedestrian network is connected to the car network with so-called park-
ing links, and on the other hand connected with the PT network, such as metro, bus,
tram or train network, via boarding and alighting links (it should be noted that the PT
nodes in this layer are coded as detailed as given in Figure 3.20). As can be seen from
the picture, centroid nodes are only connected to the network layer of walking mode.

The car (driver and passenger) and bicycle networks are accessible only through special
parking links. These represent the disutility of �nding, opening, boarding and starting
the car or bicycle (and vice versa for leaving the car/bicycle network). Also a parking
fare may be due, which is then coded as a cost on the parking link. Parking links are
only present near origins, destinations, at stations, at carpool parking and at Park &
Ride (P&R) facilities. The networks for car passengers and for taxis are identical to
the car driver network, except for the link cost parameters and the occasional dedicated
link for taxis.

In the network representation, much attention has been paid to the representation of
inter-modal transfers and line-to-line transfers in the supernetwork (see Figure 3.20).
All transfers are modelled as a sequence of an alighting link (or parking link), pedes-
trian nodes (and maybe also pedestrian links, but not necessarily) and a boarding link
(or access link to the car or bicycle network). The source node of a boarding link (or
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Figure 3.20: Multi-modal supernetwork representation.

parking link) and the tail node of an alighting link (or access link to the car or bicycle
network) are in the walk network, thereby isolating each mode-speci�c network. In
big transfer points (e.g. railway stations) walk links may be added to represent the
walking structure of the transfer point. The transfer disutilities (involved with walking
and waiting) can be attached to the respective walk and boarding links.

Table 3.4 summarizes the introduced concepts of our supernetwork speci�cation.

Figure 3.21 shows as example a multi-modal path through the multi-modal supernet-
work (again, the PT layer is a simpli�ed representation, since the PT nodes have to be
coded as given in Figure 3.22).

The path starts at the origin centroid in the bottom-left part of the pedestrian network.
After two walk links, the path switches via walking through the to-parking link con-
necting the pedestrian and the car network to get to the car. The path then proceeds
with a short sub path in the car network (two links) at which end the car is parked.
Using a from-parking walk link to the walk network, the path proceeds via a boarding
link to a PT stop, the pedestrian node is used for transferring from the car mode to the
train mode. Finally, the sub path in the train network and the alighting link gets to the
pedestrian network and then to the �nal destination centroid in the right-up part of the
pedestrian network.

To illustrate in more detail some of the concepts introduced previously, Figure 3.22
gives a representation of a railway station at which three different train services stop.
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Table 3.4: Summary overview of link and node types in the supernetwork.
Link name Mode Function
Street link Car/Bicycle Connects two adjacent street nodes.
To-parking Walk transfer Connects a walk node to a street node.
From-parking Walk transfer Connects a street node to a walk node.
Walk link Walk Connects two adjacent walk nodes.
PT link Train, Metro, Connects two adjacent PT stops.

Bus, Tram
Boarding link Walk transfer Connects a walk node to a PT stop.
Alighting link Walk transfer Connects a PT stop to a walk node.
Node name
Street node Car/Bicycle Joins two or more street links.
Line node Train, Metro, Joins two adjacent segments

Bus, Tram of the same line where
of passengers can alight and board.

Walk node Walk Joins two or more walk links
Centroid Walk Walk node where trips can begin

(origin) or end (destination

Each train service is represented by separate links. Travellers boarding a train at this
platform arrive using the pedestrian network and board a train service using a board-
ing link. This link has a boarding disutility and a waiting time equal to the time until
the �rst departure of the chosen train service after the traveller arrived at the platform.
Travellers can transfer from the train network to the pedestrian network via the alight-
ing link. Using the pedestrian network the destination or other transport modes can
be accessed. Travellers on a train passing the stop, without boarding or alighting the
train, use the dwelling link. All travellers alighting and boarding the train services pass
the same node representing the platform. The platform itself is connected using a walk
link with the station square, which is connected with transfer links to and from all other
modes (e.g. bicycle, car, urban bus, regional bus).

The multi-modal network representation of stations/transfers presented in Nielsen,
O.A. and Frederiksen, R.D. (2001) has some similarities to the ones proposed here.

3.7.4 Multi-modal network comparisons

Advantages of our proposed multi-modal network representation compared to the other
possible network representations proposed in the literature are the following. First, this
concerns the simplicity of our network representation in terms of structure (role of the
walk network as interconnecting transfer mode) and network size (numbers of nodes,
travel links for the PT networks but also number of transfer links), leading to very little
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Figure 3.21: Example of a complete multi-modal path form origin to destination
in the multi-modal supernetwork.

computational complexity for building in a very easy way the multi-modal network
given the uni-modal network layers. In our approach there is no replication of nodes,
in effect centroids are only located to the pedestrian network layer, since walk is con-
sidered as an essential parts of a multi-modal trip.
Second, it concerns the possibility of generating multi-modal paths and its high �exi-
bility in generating all kinds of multi-modal paths and travel mode combinations, with-
out any restrictions or constraints de�ned in advance before knowing the type of appli-
cation to be applied. Our approach might be applied for different practical applications
without any type of changes in terms of network structure and data requirements.

3.8 Conclusion

This chapter has dealt with the uni-modal and multi-modal network representations.
Several types of representation have been proposed in the literature of which an overview
of the uni-modal network representations distinguished in the continuous (e.g. road
networks) and discontinuous (e.g. PT networks) networks have been presented. Sub-
sequently, an overview of multi-modal network representation approaches has been
given and a comparison of these multi-modal network representations has been dis-
cussed on the basis of the requirements established in this chapter.
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Figure 3.22: Supernetwork representation of a railway station (taken from Car-
lier et al, 2003).

In order to develop an ef�cient multi-modal network representation suitable for choice
set generation, the following aspects play an important role. First, the chosen network
structure in�uences the network size and therefore its computational complexity. A
very complicated and dif�cult network structure is not likely to be applied in a prac-
tical and feasible application. Another requirement is maximum �exibility in choice
modelling, especially in transfer modelling and in the generation of all types of multi-
modal paths (with all mode combinations). The network structure should not have any
in�uence on the type of routes that might be generated and available in the network.
Moreover, due to the choice set composition in which a large variety of mode com-
binations has been observed, no a priori restrictions on mode combinations (e.g. no
limitations on number of transfers) or path composition should be put for the network
modelling.

As a result of the previously stated requirements, due to the complexity and data re-
quirements of dynamic model, a run network model is not considered and a static
model has been developed, also because the main focus of this thesis is the generation
of choice sets for demand prediction purposes, in which the dynamic aspects are less
relevant. Moreover a supernetwork approach for multi-modal network representation
has been presented with which the traditional steps of mode choice and route choice
can be integrated into a single route choice problem. An important characteristic of
this approach is the use of the walk network as the intermediary mode interconnect-
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ing all uni-modal vehicular network layers. To represent intermodal transfers correctly
a number of arti�cial links are added as connecting links between the walk network
and the vehicular networks. Typically, there are no direct links among the vehicular
networks.

The main property of the proposed multi-modal network representation is maximum
�exibility in choice set generation and choice modelling and in generating all possible
mode combinations due to the use of supernetwork and simplicity in the uni-modal
network representation. Simple road and static PT network representations maybe
exploited in the supernetwork building process. Finally, an advantage of this approach
is that the generation of the multi-modal supernetwork is quite simple and easy to be
applied. The chosen supernetwork representation keeps the increase in network size
relative to the sum of involved uni-modal networks within acceptable limits.

In the coming chapters, the network representations for uni-modal and multi-modal
networks presented in this chapter will be exploited in order to apply choice set gener-
ation models in the case of private uni-modal networks (Chapter 6) and in the case of
multi-modal networks (Chapter 7).
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Conceptual framework for choice set
concepts

4.1 Introduction

The elaboration of the proposed multi-modal modelling approach in Chapter 2 pin-
pointed at the crucial importance of the a priori generation of route choice sets in
advance of the choice modelling and network assignment steps. This chapter will elab-
orate on the notion of choice set as a preparation for the route choice modelling chapter
and the establishment of choice set generation procedures (Chapters 6 and 7). It ap-
pears that the notion of choice set is not self-explanatory. There is nearly no scienti�c
literature available dealing with this subject in relation to route choice (an exception is
Bovy, P.H.L. and Stern, E. (1990)). In doing empirical research with route choice sets,
it is important to distinguish between actual choice sets considered by travellers in their
decision making, observed choice sets as reported in a survey, or generated choice sets
established by an analyst or researcher. In addition, we may distinguish choice sets of
individuals (disaggregate level) or choice sets referring to groups of individuals (ag-
gregate level). So, it is important to distinguish the perspective of the traveller and that
of the researcher. Finally, it makes sense to look at choice sets from an application
point of view (which always is the researcher's perspective): for which purpose are
they needed? We may for example consider the purpose of scienti�c analysis of the
choice set formation behaviour of travellers, or the purpose of estimating parameters
of choice models, or prediction of choice outcomes given such models.

The purpose of this chapter is to establish a theoretical framework for the various
choice set concepts being used in the remainder of this thesis. To that end, the chapter
will introduce de�nitions of the various choice set notions and will deal with the role
of choice sets in transportation modelling in general, and in a priori generation in
particular.

For several reasons it is important to deal explicitly with choice sets. A basic usage
of choice sets is in providing insights into available travel opportunities in particu-

77
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lar network conditions which will be paramount in explaining choice behaviour. This
will support better knowledge of traveller behaviour such as choice set formation and
choice decision making. Moreover, the usage of choice sets is essential in determining
best parameter values of travel choice models and with calculation of usage of alter-
natives (in prediction and forecasting models). For all these reasons, the generation
of choice sets, the main subject of this thesis, based on sound empirical knowledge of
actual choice sets is a research subject of the most importance.

The main contribution of this chapter is a conceptual framework, presented in Sec-
tion 4.3, for the various choice set notions from a choice behavioural point of view and
from researcher perspective in a nice context system. This will be based on the con-
cise theoretical framework (preceded in Section 4.2) showing the choice set notions
as basic elements in a spatial travel choice theory. The notions are clearly de�ned in
relation to the various application purposes. A synthesis of all these notions is given
in Section 4.4. Section 4.5 provides a wide variety of empirical �gures about choice
set characteristics in various transport network types such as choice set size and com-
position in terms of numbers and types of alternatives. This chapter concludes with
implications of the new notions and �ndings on choice sets for the next chapters of this
thesis.

4.2 A behavioural framework for route choice sets

In analyzing the speci�c aspect of human behaviour dedicated to choice decisions,
assumptions must be made about the way individuals make decisions. Assume, for ex-
ample, that some individuals decide to have dinner in a restaurant, and face the question
to which restaurant? Among all restaurants existing in a given area, individuals might
consider only a certain subset of restaurants, for example, the ones where they have
been once and of which they have appreciated the kind of cuisine or the good price, or
the restaurants known by friends or by advertisements. In this case, it might be stated
that people make a choice among all restaurants that are known by them. Obviously,
if a restaurant is not known it cannot be chosen. In order to make this choice, it might
be stated that people make a sort of list of restaurants based on certain criteria. Several
classi�cations of the restaurants are possible referring among others matter to kind of
cuisine, location, price, special interests, etc. For example, the list of restaurants may
consist of Chinese, Greek, Italian, Mexican, Japanese restaurants. This is a typical ex-
ample of the so-called choice set of which the alternatives are characterized by the type
of food cooked in the restaurant. Several other aspects may characterize the identi�ca-
tion of the list of alternatives, for example, the choice set may contain all restaurants
located in the city centre, or all cheapest restaurants, or all vegetarian restaurants, etc.

Given this (trivial) example, it might be noted that a basic assumption in a generic
choice problem is the concept that the decision-maker chooses from a �nite non-empty
set of available alternatives known to him. From a logical point of view the assumption
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that the choice set is �nite and non-empty is due to the fact that at least one alternative
belongs to the choice set, moreover, from a psychological point of view it is well
known that the decision maker is only able to consider a very limited number, say
about 7 alternatives Bovy, P.H.L. and Stern, E. (1990). The characterization of the
choice set containing these alternatives depends on the context of the application.

Usually the decision-maker is assumed to be an individual. For some applications,
this assumption is not restrictive. However, the concept of individual may easily be
extended, depending on the speci�c application. At aggregate level, we may consider
that a group of persons (a household, for example) is the decision-maker. In doing so,
we decide to ignore all internal differences within the group, and we assume that in-
dividuals within the group have similar preferences, and characteristics, and behave at
similar way. Depending on the application context the traveller might be an individual
or a group of individuals having similar travel demand and supply conditions (same
origins and destinations), and behaving in similar way.

As a basis for modelling the choice set formation process, this section will present a
concise overview of elements determining individual route choice behaviour as pre-
sented in Bovy, P.H.L. and Stern, E. (1990), with emphasis on the way route �nding is
structured. According to their theory, the route selection process of a traveller appears
to be a complex task (see Figure 4.1).

Figure 4.1 synthesizes a number of linked successive transformations assumed to be
performed by the traveller in his mind in order to eventually choose a travel option.
On top of the �gure there are the main external factors of the choice process: the
traveller with its characteristics, the transport network with its various route options
and their various attributes. Most essential to our thesis is the sequence of sets of route
alternatives indicated in the most right column of Figure 4.1, and the way how these
sets result from a sequence of mental processes in the mind of the traveller, indicated
in the column directly to the left. The most left column describes the most essential
personal attributes of a traveller that are determinants in the various transformation
processes leading to choice.

The �rst process called information acquisition refers to the ways travellers acquire in-
formation about potential travel options in transport networks (cognition process). The
most common ways are learning the environment through a map (known as survey-
based knowledge), and experiencing it through a travel process (known as route-based
knowledge). Several studies (see in Bovy, P.H.L. and Stern, E. (1990)) have inves-
tigated the difference between knowledge acquisition through maps or travel experi-
ences. Although some researchers have pointed out that the map-based (survey) knowl-
edge should be more effective than the route-based learning process (Golledge, R.G.
and Dougherty, V. and Bell, S., 1995), others have argued that route knowledge should
contribute most to the environment representation. Besides of those manners of acquir-
ing information there are other possible ways such as asking friends, relatives or col-
leagues, consulting telephone information line, consulting transit schedules, attempt-
ing to navigate when needed, referring to signs and strangers' advice as necessary,
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Figure 4.1: Elements of individual choice behaviour focusing on the route choice
process (taken from Bovy and Stern, 1990).

exploring the city during spare time and travelling new routes based on combination
of known routes. Since dealing with the complicated psychological phenomenon of
�cognition� is not the aim of this thesis, we con�ne ourselves to the class of travel
situations in which no information needs to be acquired on behalf of the journey such
as, for example, commuter trips, home-to-work, and home-to-school trips. The trav-
eller in such situations is so well acquainted with the network, or at least one route to
his destination, that he does not need to consult maps or to ask questions about it on
the way. For such travel, we assume that relevant route options are well known to the
traveller and are part of his choice set.

The traveller's cognition of the network is associated with his travel experiences (feed-
back from usage of chosen routes), implying that his knowledge of route options open
to him is limited: not all existing opportunities are known to him. Only a subset of
the existing routes, the so-called known alternatives can be considered in the decision
process. Based on the traveller's personal characteristics such as choice constraints,
preferences, and perceptions, only the known alternatives satisfying these constraints
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form the set of feasible alternatives among which the traveller will make a deliberate
choice.
An essential feature of the work of Bovy, P.H.L. and Stern, E. (1990) is the notion that
travellers choose their routes on the basis of their perceptions of the transport network.
This perception is known as the mental map. As noted above, travellers know only a
subset of all existing route alternatives; they also have a certain subjective perception
of the characteristics of the known alternatives due to their travel experience and infor-
mation acquisition behaviour. Consequently, a person's mental map strongly depends
on how the objective route attributes are perceived and distorted into the subjective
route factors that are successively evaluated in the decision process.
Apart from the cognition, perception, and elimination �lters that route options have to
pass in order to be feasible for an individual traveller, the evaluation process plays an
important role as further �ltering process in the choice set formation. This �ltering
process of the feasible alternatives is partly based on elimination by aspects and partly
on comparison of similar alternatives in a trade-off of route attributes. Some travellers
preclude the use of motorways or tolled roads, whereas others may disregard routes
having a detour of more than a factor two or a number of public transport transfers of
three or more.
Only after a fairly limited group of attractive feasible alternatives remains (the con-
sideration set), the traveller will make a more in-depth evaluation of options making a
trade-off among their counter-balancing characteristics using some composite combi-
nation rule.
The successive choice sets resulting from each of the mentioned processes are assumed
to be successively narrowed down to the behavioural intention that through the trav-
eller's decision rule is transformed into the ultimately chosen route.
The route choice decision-making is characterized by dynamic components, the most
important being the feedback from usage of chosen routes to nearly all phases in the
decision process. In this way, choice set formation is a learning process through dy-
namic adaptations of cognition and perception of available and feasible options.
Given the type of process involved in route choice decision-making, we may expect
strong individual differences in behaviour due to differences in cognition, preconcep-
tions, and preferences of options among individual travellers.
Despite these strong idiosyncracies, different individuals may however take the same
decision, that is, choose the same route, though on different grounds.
For our choice set formation subject we may conclude the following (see Bovy, P.H.L.
(2007)):

• choice set formation and choice from considered options are distinct mental pro-
cesses for a traveller that follow different rules;

• whereas choice set formation predominantly is governed by non-compensatory
decision-making on the basis of constraints and elimination by aspects, choice
from considered options appears to be largely of a compensatory nature;
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• apart from constraints, choice set formation is also preference driven, in�uenced
by the traveller's most important choice factors;

• a traveller's choice set formation largely follows an experimental process of
trial-and-error of route use and information acquisition;

• consideration sets may differ strongly between individuals even under the same
conditions.

In the following, we basically adopt the series of choice set notions and their back-
ground developed in Bovy, P.H.L. and Stern, E. (1990) for our purpose of developing
choice set generation methods. However, since our scope is much wider than purely
scienti�c insight into the individual route choice process, that is including also ob-
servation, estimation, and prediction aspects of route sets, we will adapt the notions
somewhat and will introduce a different terminology. In particular, we have to extend
the Bovy-Stern notions towards a multi-modal network context.

4.3 Conceptual notions about choice sets

4.3.1 Various considered perspectives

The following subsections introduce speci�c notions about choice sets in the context
of route choice where a decision-maker who wants to travel from an origin to a des-
tination at a speci�c period of time, and for a given purpose, chooses from a set of
available trip alternatives. In dealing with traveller's choice behaviour it appears nec-
essary to clearly distinguish between a couple of perspectives. On the one hand, we
will distinguish the situation of a single individual traveller from that of a group of
travellers that make more or less the same trip between similar origins and destinations
and exhibiting similar behaviour. An individual has its own choice set pertaining to his
individual situation whereas a group's choice set is the envelop of individual choice
sets of the group's members. On the other hand for both the individual and group situ-
ation we will distinguish the perspectives of the traveller actually making choices and
that of the researcher studying such travel choices for purposes of analysis, estimation,
or prediction. In the traveller's perspective it is the actually occurring behaviour that
is of interest, much of which is not known to an external observer, whereas the re-
searchers perspective is that of an external observer who tries to observe and model as
good as possible the actual behaviour. To that end, the following subsections introduce
speci�c notions about choice sets pertaining to the travellers and to the researchers
respectively, and in both types of notions special de�nitions are given at disaggregate
level (individual level) and at aggregate level (group level). In order to help the reader
in �nding his way in these complex matters, a dedicated terminology and notation is
used. Table 4.1 introduces the notational system adopted in this chapter to distinguish
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the various choice set notions to be explained and de�ned in the sequel of this section.
The distinction between the traveller's and the researcher's perspective is relevant for
this thesis in at least the following two respects. First, since in the following Chapter 7
we will work with route set observations in calibrating generation models one should
be aware of the difference between actual choice sets (perspective of traveller) and
observed reported choice sets (perspective of researcher). Secondly, in testing choice
set generation procedures (Chapters 6 and 7) predicted (generated) choice sets (per-
spective of researcher) are compared with observations of actual routes (perspective of
traveller).
Travellers and researchers have different knowledge of the transport system, and hence
of alternatives available for a speci�c trip. Often the number of available alternatives
is large. Only a subset of them is known to the traveller, feasible to him, and considered
in his choice process. Travellers make travel choices based on incomplete and inac-
curate information, which is partly derived from past experiences. In this context, es-
pecially discrepancies between anticipated and actual experiences are important. Past
experiences determine to a large extend travellers' perception of the transport network
and the characteristics of available alternatives. Researchers, however, estimating or
predicting choice sets often have multiple data sources and choice set generation algo-
rithms available to them (full information), and use them to determine sets of available
alternatives for individual travellers and groups of travellers.

Table 4.1: Legenda of terminology and notation to be used in Chapter 4.
Traveller's Researcher's
perspective perspective
Actual behaviour Observation,

estimation,
prediction

Font type
Individual q master c.s. ms Master c.s. MS Regular
situation n Objective set OS
n = OD, t, q subjective c.s. ss Subjective c.s. SS
t = departure consideration set cs Consideration set CS
time instant chosen alterative ca Chosen alternative CA
Group master c.s. ms Master c.s. MS Bold
situation Objective set OS

subjective c.s. ss Subjective c.s. SS
consideration set cs Consideration set CS
chosen alterative ca Chosen alternative CA

Letter type Normal CAPITAL

Choice sets observed by researchers are not necessarily equal to actual choice sets
available to, known by, or feasible to travellers. Differences naturally result from the
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fact that researchers are not present during the entire trip, and have to reconstruct trips
from e.g. interview reports or travel diaries. Observed travel behaviour can be used
to study current trip making, establish travellers' knowledge of trip alternatives and
determine travellers' preferences.
Researchers may also generate choice sets to be used in analysis of choice options
(e.g. availability of alternatives), choice modelling (e.g. estimation of parameters in a
utility function) or prediction of choice probabilities in a travel demand analysis (e.g.
for an assignment problem). The anticipated use of generated choice sets puts special
requirements on the choice sets as well as on the choice set generation technique.

This section aims at properly de�ning the concept of a choice set thereby accounting
for different stages in the travel choice process (available, known, feasible, consid-
ered and chosen), viewpoint (travellers or researchers), number of travellers (individ-
ual traveller or group of travellers), origin (actual, observed, generated) and application
(analysis, estimation or prediction). The resulting de�nitions are not only applicable
in a multi-modal context, but also for more general choice situations.

This section introduces the concepts of universal sets, master sets, objective choice
sets, subjective choice sets, consideration sets, and chosen alternatives, and shows
the relationship between these sets of alternatives. In doing this, a difference is made
between:

1. actual, observed and generated choice sets,

2. sets of alternatives for individual travellers and groups of travellers,

3. analysis, estimation and prediction applications and

4. traveller's viewpoint or researcher's viewpoint.

In Section 4.3.2 and Section 4.3.4 the different concepts are considered for individual
travellers from the traveller's and the researcher's perspective, respectively. Sections
4.3.3 and 4.3.5 consider the same concepts for groups of travellers - again from the
traveller's and the researcher's perspective. Section 5.4.5 discusses the differences
between the various application purposes of choice sets. In section 4.4 relationships
among actual, observed and generated choice sets are discussed.

4.3.2 Choice set notions from the traveller's perspective at
disaggregate level

In line with the theoretical framework given in Section 4.2, in de�ning individual
choice sets, the following key concepts are adopted: the universal set, the master
choice set, the subjective choice set, the consideration set, and the chosen route al-
ternative (see also Table 4.2).
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Table 4.2: Choice set notions applying to the route choice context at individual
level from traveller's perspective.
Terminology Symbol De�nition Attributes Referring to a
Universal set Set of all existing OD addresses Spatial region

routes in a network
between an OD pair.

Master msOD,T Set of all available Size Spatial region
(choice) set routes in a network OD addresses including a

between an OD pair Time period T single OD pair
in a time period T . (door-to-door)

Subjective ssn Subset of the msOD,T Size A speci�c travel
choice set containing the routes OD addresses demand of

known by and feasible Time instant t individual q
to an individual q for Preferences**
his trip between an OD
leaving at a departure t.

Consideration csn Subset of ssn containing Size Individual q
set the routes considered by OD addresses

q in his choice process Time instant t
i.e. routes among which Preferences**
he makes a trade-off.

Chosen route can The route chosen Time instant t Individual q
can by the traveller.

n = {OD, t , q}.
T = time period, such as morning or evening peak.
t = departure time instant, for example, 9:15.
**Preferences that may be related to trip-purposes.

The universal set is a generic notion applicable to all perspectives and applications,
meaning the set of all existing route alternatives between O and D in a network. This
is not a fruitful concept since it is only seldom possible to identify this set because it is
too large and sometimes even non-countable.
The master choice set contains all available alternatives in the context of the choice
problem of a particular traveller going from origin O to destination D. Available in this
context means that an existing option is known to the decision maker: if it is not known
it is not available to him.
Considering the transportation mode choice, the master choice set may contain all
potential transportation modes, such as walk, bicycle, bus, car, etc. In the context of
urban trips the alternative plane, which is also a transportation mode, is clearly not an
option, and therefore it is not included in the master choice set. Therefore, the master
choice set depends on the context of the choice problem, and for instance in the context
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of route choice, the master choice set is de�ned as follows.

De�nition 1 Let the master choice set msOD,T be the set of all available route alter-
natives in a given network from a given origin O to a given destination D and in a
speci�c time period T .

We will refer to �master choice set� and �master set� interchangeably throughout the
rest of this thesis. From Table 4.2 it can be seen that the master set refers to a particular
OD pair from a network located in a spatial region. The OD pair refers to individual
origin and destination addresses.

From the perspective of an individual traveller who wants to satisfy his particular travel
need in the subjectively best way given his personal constraints, the choice set pertain-
ing to this individual traveller is de�ned as the subjective choice set.

De�nition 2 Let the subjective choice set ssn be the subset of the master set containing
the route alternatives known by and feasible to a particular individual q for a trip be-
tween the given origin and destination (OD) pair and leaving at a preferred departure
time instant (t) that satisfy his travel needs (n = OD, t , q). n indicates a triple of per-
sonal attributes of the trip maker (OD locations, departure time instant, and individual
traveller).

Thus, the subjective choice set consists of the trip alternatives known by the traveller
in his decision process that are all feasible to him in satisfying his travel needs. The
term feasible refers among other matters to the availability of private transport modes
and public transport services, time feasibility (time pressure at origin and destination
addresses and time budget), monetary feasibility (monetary budget) and physical (dis-
)ability in using alternatives.

The consideration set is de�ned as the set of all alternatives considered in the choice
process.

De�nition 3 Let the consideration set csn be the subset of the subjective choice set
containing those route alternatives considered by a particular individual q in his choice
decision, i.e. alternatives among which he is making a trade-off and is forced to make
a choice (n = {OD, t , q}).

The difference between the alternatives that are known by and feasible to travellers
(subjective choice set) and the alternatives that are considered in the choice process
(consideration set) might be somewhat ambiguous (see Hoogendoorn-Lanser (2005)).
One way to characterise this difference is by identifying the alternatives in the con-
sideration set as the alternatives that travellers have in top of their mind and among
which they make a deliberate choice. The larger subjective choice set consists also of
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those alternatives that travellers only come up with after some time of thought, which
are alternatives known by and feasible to travellers, but among which travellers never
make a choice.

The single alternative actually chosen by the traveller, the so-called chosen route be-
longs to the actual consideration set.

De�nition 4 Let the chosen route alternative can be the route from the consideration
set chosen by the individual q for travelling between a given origin and destination
(OD) pair and leaving at a preferred departure time instant (t) that satisfy his/her
travel needs (n = OD, t, q).

We will refer to �chosen route alternative� and �chosen route� and �chosen alterative�
interchangeably throughout the rest of this thesis. Table 4.2 summarises the introduced
notions and de�nitions together with a related notation given in the route choice context
at disaggregate level from the perspective of the individual decision-maker.

Individual traveller
OD pair = (1, 6) 

ca = chosen route alternative = {A}
cs = consideration set ={A, B}
cs = subjective choice set = {A, B, C}
ms = master choice set = {A, B, C, D}

C DA B

21

6

A

64

1 2
B

1

3

C 6

1

6

3 5
D

Routes from 
node 1 to node 6

1

4

2

6

3 5

Example network

Figure 4.2: Examples of chosen route, consideration set, subjective choice set, and
master set.

Figure 4.2 illustrates the choice set concepts introduced. It shows a network of existing
connections between an origin 1 and a destination 6 giving rise to 4 alternative paths
from A to D. The chosen route of the individual travelling from 1 to 6 leaving at a
preferred departure period is ca = A, the consideration set is cs = A, B, whereas the
subjective choice set is ss = A, B, C and the master set also includes the non-considered
alternative D.
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Figure 4.3 illustrates the relationships among choice set concepts for the individual
decision-maker from the perspective of an individual traveller.

Subjective
choice set

Consideration set

Chosen 
route

Individual level

Master 
choice set

Considering only 
known and feasible 

alternatives

Figure 4.3: Relationships among choice set notions referring to an individual trav-
eller from the traveller's perspective.

4.3.3 Choice set notions from the traveller's perspective at
aggregate level

This subsection again focuses on actual choice behaviour, but now the viewpoint of a
group of travellers having similar OD-addresses within a spatial area, is taken. Such a
group consists for example of people living in the same neighbourhood and working
in the city centre, which might be de�ned using areas' postal codes. Since origins and
destinations for different travellers in a group are in the vicinity of one another, alter-
natives available for one traveller are likely to be also available to the other travellers
in the group (given that individual feasibility constraints are satis�ed). Individuals dif-
fer however with respect to their knowledge of the transport network, availability of
transport modes, travel needs and preferences. Therefore, although individuals have
similar OD-pairs, their subjective choice sets, their consideration sets, and their cho-
sen alternatives may differ considerably (see e.g. empirical �gures in Bovy, P.H.L. and
Stern, E. (1990)).
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The de�nitions of choice sets pertaining to a group of travellers making similar trips are
a straightforward extension of those at individual level; instead of a pair OD-addresses
we now have a pair of OD-areas each covering a set of OD addresses; the choice
set notions and de�nitions at aggregate level are preceded by the term 'joint' (see
Table 4.3).
Of course, the joint universal set in the aggregate case is the union of the individual
universal sets combining all individual OD-addresses to the joint OD-areas.
The joint master (choice) set consists of the union of all master choice sets of each
group member. The distinction between the master set and the joint master set is
necessary when the alternatives available in the region at the individual level (origin-
destination pair) are quite different among the individuals belonging to the group.
The joint subjective choice set, i.e. the set of all alternatives known by and feasible to at
least one of the travellers in the group, is determined by taking the union of subjective
choice sets of all individuals in that group. The joint consideration set and the joint set
of chosen alternatives are de�ned in similar manner.

Table 4.3 summarizes the de�nitions similarly to Table 4.2. The distinction of the class
of joint choice sets is relevant since in many applications, especially in prediction, the
choice analysis cannot be done at individual level but rather only at aggregate level.

Figure 4.4 illustrates the developed notions while Figure 4.5 illustrates an example
about the choice set concepts introduced.

Figure 4.5 shows a network having four alternative routes connecting origin 1 and
destination 6 and two alternative routes E and F connecting origin 2 and destination 6.
The consideration set of traveller I1 travelling from origin 1 to destination 6 is equal
to the set A, B, whereas traveller I2 travelling from origin 2 to destination 6 has the
consideration set equal to E. Their joint consideration set thus is A, B, E. The set of all
known and feasible route alternatives (the subjective choice set) for travellers q1 and q2
also includes the non-considered alternative C and F, respectively. The joint subjective
choice set consists of the union of their subjective choice sets. The master choice
set of traveller q2 is identical to his subjective choice set, while the master choice set
of traveller q1 also includes the non-known and/or non-feasible alternative D. In this
example, we assume that travellers do not have exactly the same origin-destination
addresses and that the alternatives existing in the area related at the individual level (a
single origin-destination pair) are quite different among the two travellers belonging to
the group. Thus, in this case a distinction is needed between the master choice set and
the joint master set.
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Subjective
choice set

Consideration set

Chosen route 

Joint subjective
choice set

Joint 
consideration set

Chosen routes

Individual level
Group level

Joint 
master setMaster

choice set

Union of all
master choice sets

Figure 4.4: Choice set notions referring to a group of travellers from the trav-
eller's perspective.

Individual traveller q1 OD pair = (1, 6) 
Individual traveller qI2 OD pair = (2, 6) 
Group area for (q1&q2) from {1,2} to 6 

Consideration set (q1)= {A, B} 
Consideration set(q2) = {E} 
Joint consideration set(q1&q2) = {A, B} U {E} = {A, B, E} 

Subjective choice set (q1)= {A, B,C} 
Subjective choice set(q2) = {E, F} 
Joint subjective choice set(q1&q2) = {A, B,C} U {E, F} = {A, B, C, E, 
F} 

Master choice set (q1) = {A, B,C,D} 
Master choice set (q2) = {E, F} 
Joint master set (q1&q2) = {A, B, C, D} U {E, F} = {A, B, C, D, E, F} 
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Figure 4.5: Examples of joint consideration set, joint subjective choice set, and
joint master set.
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Table 4.3: Choice set notions applying to the route choice context at group level
from traveller's perspective.
Terminology Symbol De�nition Attributes Referring to a
Joint universal Set of all individual OD areas Spatial region
set universal sets.
Joint master ms Union of all msn of group's Size Spatial region
(choice) set members resulting in the OD areas including

set of available routes in a Time period a pair of
network between OD areas OD areas
in a speci�c T .

Joint subjective ss Union of all ssn of group's Size Q
choice set members resulting OD areas

in a subset of ms Time window
containing all routes Preferences**
known by and feasible to
Q travelling between OD
areas and leaving at Tw.

Joint cs Union of all csn of group's Size Q
consideration members resulting OD areas
set in a subset of ss Time window

containing all routes Preferences**
considered by Q
in the choice process
i.e. routes among which
they make a trade-off.

Chosen route ca The route chosen Time window Q
by the travellers.

T = time period, such as morning or evening peak.
Tw = departure time window, such as [9:00, 10:00].
**Preferences that may be related to trip-purposes.
Q = group of individuals having similar demand conditions, preferences and charac-
teristics.
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Table 4.4: Choice set notions applying to the route choice context at individual
level from researcher's perspective.

Terminology Symbol De�nition Attributes Referring to a
Universal set Set of all existing routes OD pair Spatial region

between a speci�c OD pair.
Generated MSOD Subset of the universal set Size Spatial region
objective containing all generated OD pair including a
master routes in a network single OD pair
choice set between an OD pair

assumed by the researcher
to be relevant and
logical for q.

Generated OSq Subset of the MSOD Size A speci�c travel
objective containing all generated OD pair demand of q
choice set routes assumed by the Time instant

researcher to be Purpose
feasible to q travelling
between an OD pair
and leaving at t that
satisfy his travel needs.

Generated SSq Subset of the OSq Size A speci�c travel
subjective containing all generated OD pair demand of q
choice set routes assumed by the Purpose

researcher to be known by
and feasible to q travelling
between an OD pair.

Generated CSq Subset of the SSq Size A speci�c travel
consideration containing all generated OD pair demand of q
set routes assumed by the Purpose

researcher to be
considered by q travelling
between an OD pair.

Generated CAq Route belonging to the OD pair A speci�c travel
chosen route generated CSq Purpose demand of q

assumed to be chosen.
q = speci�c individual traveller.
t = departure time instant, for example, 9:15.
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Table 4.5: Choice set notions applying to the route choice context at group level
from researcher's perspective.
Terminology Symbol De�nition Attributes Referring to a
Universal set Set of all existing OD areas Spatial region

routes between OD areas.
Generated MS Union of MS of group's Size Spatial region
joint objective members being the OD areas including
master generated routes in a OD areas
choice set network between OD areas

assumed by the researcher
to be relevant and logical.

Generated OS Union of OS of group's Size Q
joint objective members being a subset of OD areas
choice set MS containing all generated Time window

routes assumed by the User classes**
researcher to be feasible to
Q travelling between OD
areas and leaving at Tw that
satisfy their travel needs.

Generated SS Union of SS of group's Size Q
joint subjective members being a subset of OD areas
choice set OS containing all generated Time window

routes assumed by the User classes**
researcher to be considered
by Q travelling
between OD areas.

Generated CS Union of CS of group's Size Q
joint members being a subset of OD areas
consideration SS containing all generated Time window
set routes assumed by the User classes**

researcher to be considered
by Q travelling
between OD areas.

Generated CA Routes belonging to the CS OD areas Q
chosen routes assumed to be chosen. User classes**

Tw = departure time window, such as [9:00, 10:00].
**User classes = Class of travellers, or purposes.
Q = group of individuals having similar demand conditions, preferences and charac-
teristics.
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4.3.4 Choice set notions from the researcher's perspective at
disaggregate level

In contrast to the traveller's perspective, we may take the position of an external ob-
server or researcher, who tries to de�ne, specify and analyse the trip alternatives of
an individual traveller or a group of travellers. To this end, the researcher observes
actual travel behaviour, i.e. observes traveller's actual choice sets and chosen routes,
and generates choice sets for analysing travel behaviour or for predicting future travel
behaviour.

In this section we focus on the individual level. From a researcher's perspective, indi-
vidual choice sets can be subdivided into generated and observed choice sets.

The researcher may generate choice sets, either to analyse travel behaviour or to make
forecasts for a future situation. Generating sets of alternatives from the perspective
of the researcher mostly starts with specifying the master set. Since the size of the
master choice set (see De�nition 1) might be very large, especially in the route choice
context, this set might not be workable, nor necessary for the researcher's purpose.
Therefore, in generating the choice sets of an individual traveller, for practical reasons,
the researcher �rst excludes alternatives based on objective criteria, i.e. not requiring
any information about the knowledge and considerations of a speci�c traveller. To this
end, �rst all illogical alternatives are removed. The term illogical refers to alternatives
including loops, and alternatives that are not temporally suitable, e.g. a trip alternative
having impossible transfers or consisting of a sequence of trip segments having an il-
logical time ordering (travellers cannot go back in time). This results in the objective
master set containing all relevant and logical route alternatives irrespective of traveller
characteristics. In dealing with the individual level, the researcher may specify addi-
tional selection criteria based on traveller and trip characteristics (among other matters
availability of private transport modes, time and monetary resources) resulting in the
subset of the objective master set of feasible routes for a speci�c traveller, called the
objective choice set.

Table 4.4 reports de�nitions and notation for individual choice sets generated by the re-
searcher. Figure 4.7 (left side) illustrates the developed notions of choice sets referring
to an individual traveller from the researcher's perspective.

Besides generating traveller's choice sets, the researcher may observe choice sets, by
using appropriate survey techniques. The researcher may try to determine not only
the chosen trip alternative but to obtain as much information as possible about the
traveller's consideration set and subjective choice set as well.

The notions developed from the traveller's perspective can be subdivided according to
actual and observed choice sets to be explained below. The true actual choice sets in
most cases may not be known to an external observer. In some cases, the researcher
may observe actual travel behaviour (traveller's choice set), for example, through in-
terviews or surveys. Therefore, the notions referring to subjective choice sets and con-



121

Chapter 4. Conceptual framework for choice set concepts 95

sideration sets might be distinguished between actual (mostly non-observed or even
non-observable) and observed.

Asking travellers about non-used trip alternatives may result in two types of alterna-
tives, the alternatives that are known to them (actual subjective choice set) and the
alternatives that are considered in the choice process (actual consideration set). How-
ever, the boundary between actual consideration set and the actual subjective choice
set clearly is not fully unambiguous and is dif�cult to establish from interviewing trav-
ellers (see Hoogendoorn-Lanser (2005)).

The collected sets of alternatives are called the observed consideration set and the
observed subjective choice set respectively. These sets of alternatives naturally stem
from reports given by the traveller since non-used alternatives cannot be observed in-
dependently by an external observer. Since during interviews the traveller may forget
to mention feasible or even considered alternatives (highly dependent on the used in-
terviewing technique), may not share some information with the researcher (considers
it to be not relevant), may make errors in describing the alternatives or may have in-
complete information about the alternatives, observed consideration sets and observed
subjective choice sets both are considered to be random samples that only partially
cover the actual consideration set and the actual subjective choice set. Besides that, the
researcher may make errors in interpreting the traveller's reports. Figure 4.6 illustrates
the relationships between what a researcher may observe as choice sets and the actual
choice sets of travellers. Observed choice sets may not be considered to be true sub-
sets of the related actual sets since we have to reckon that respondents may incorrectly
report about there available, feasible or considered alternatives, or similarly, that the
researcher may incorrectly consider existing alternatives as being available, feasible or
considered by a traveller (see Figure 4.6).

To summarize, the following de�nitions are introduced.

De�nition 5 Let the actual subjective choice set ssa, the actual consideration set csa,
and the actual chosen route caa be respectively the subjective choice set, the consid-
eration set, and the chosen route actually considered and performed by the individual
traveller q for his trip.

(see related de�nitions in subsection 4.3.2 and Table 4.2).

De�nition 6 Let the observed subjective choice set SSo, the observed consideration
set CSo, and the observed chosen route CAo be respectively the subjective choice set,
the consideration set, and the chosen route of traveller q for his trip as observed by the
researcher.

(see related de�nitions in Table 4.4).

In Figure 4.6 the observed chosen route is assumed to be the same to the actual chosen
route, however, it is important to note that in some cases depending on the survey
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Figure 4.6: Relationships between actual and observed choice sets from the re-
searcher's perspective.

technique it might be that the observed or reported chosen route does not correspond
to the actual chosen route.

4.3.5 Choice set notions from the researcher's perspective at
aggregate level

The de�nitions of the actual and observed choice sets pertaining to a group of travellers
making similar trips might be easily extended from the previous subsection as unions
of sets of alternatives. In the case of a homogeneous group of travellers the actual joint
subjective choice set and the actual joint consideration set vis-a-vis the observed joint
subjective choice set and the observed joint consideration set are taken into account.

Similar to the de�nitions given in Table 4.4 we now have:

De�nition 7 Let the actual joint subjective choice set ssa, the actual joint considera-
tion set csa, and the actual chosen routes caa be respectively the union of the actual
subjective choice sets, of the actual consideration sets, and of the actual chosen routes
actually considered by the individual members of a group of travellers with similar
travel needs.

De�nition 8 Let the observed joint subjective choice set SSo, the observed joint con-
sideration set CSo, and the observed chosen route CAo be respectively the union of the
observed subjective choice sets, of the observed consideration sets, and of the observed
chosen routes of the members of a group of travellers.
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The developed distinction between individual and group level stems from the fact that
it is not always possible in the analysis of choice behaviour to follow a completely
individual-level approach. Especially in predicting choice behaviour the analyst often
has to resort to a group-level approach. Table 4.5 reports de�nitions and notation for
the choice sets generated by the researcher while Figure 4.7 (right side) illustrates the
developed notions of choice sets referring to a group of travellers from the researcher's
perspective.

Individual level

Objective 
master set

Objective 
choice set

Group level

Master
choice set

Apply logical 
conditions

Apply feasibility 
conditions

at individual 
level

Joint objective 
master set

Joint objective 
choice set

Joint 
master set

Apply logical 
conditions

Apply feasibility 
conditions

at individual 
level

Figure 4.7: Choice set notions referring to an individual traveller (left side) or a
group of travellers (right side) relevant from the researcher's perspective.

4.3.6 Notions and terminology of generated estimation and
prediction choice sets

For modelling purposes, the researcher needs to generate choice sets, either to analyse
observed travel behaviour or to predict choice behaviour for a future situation. Choice
set generation methods (see Chapters 6 and 7) can be used to approach as closely
as possible individuals' true choice sets. This is a complex task, since individuals
and researchers mostly have different information about the transport network, and
researchers do not precisely know the traveller's preferences or the additional consid-
erations taken into account in his choice process.
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In generating choice sets, we may distinguish four different purposes of the researcher:

• supply side analysis of available travel alternatives;

• estimation of parameters of utility functions or other choice models (demand
side analysis);

• prediction of route choice probabilities with route choice models in a travel de-
mand analysis and determining the shares of route usage in networks (assign-
ment);

• data completion of route choice surveys.

These applications of choice set generation pose different requirements to the choice
set generation outcomes in terms of choice set sizes and representational quality. Whereas
for estimation purposes the choice sets need not be exhaustive nor close to the actu-
ally considered routes by the travellers, in the other cases it is to be preferred to have
choice sets that match reality as closely as possible in terms of choice set composition
and route types. In addition, prediction choice sets need to satisfy the purposes of the
demand analysis given by the policy context (such as inclusion of tolled alternatives in
a tolling study, or Park & Ride (P&R) alternatives in a P&R policy study).
A characteristic important difference between the estimation and prediction applica-
tions in practice is that the estimation process mostly is performed at the individual
level (chosen routes and maybe choice sets of individual travellers and individual OD
addresses), whereas the prediction process mostly is performed at the aggregate group
level (choice sets referring to trips between zones). However, using micro-simulation
approaches, choice set prediction at the individual level is feasible.
For an elaboration on the use of generated multi-modal choice sets for supply side
analysis, estimation, and data completion, we refer to the companion dissertation of
Hoogendoorn-Lanser (2005).
In this thesis, we focus on the prediction application of generated multi-modal choice
sets where we analyse the prediction quality of our generation procedures at both indi-
vidual and aggregate level (Chapter 7).

In line with the different application purposes, we extend our set of notions and termi-
nology and introduce the notions of estimation choice set and prediction choice set at
individual and aggregate levels (see Table 4.6).

In generating the subjective estimation set and the consideration estimation set, infor-
mation about the traveller's knowledge and preference of alternatives available from
observations may be used. To this end, alternatives are selected based on behavioural
criteria that refer among other matters to travellers' preferences with respect to trip
attributes, such as transport modes, in-vehicle, waiting, and walking time and costs;
overlap conditions which refer to the exclusion of alternatives that are quite similar.
Partly this may be based on travel information or objective criteria, for example trip
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Table 4.6: Types of generated choice sets.
Estimation purpose Prediction purpose

Individual level Estimation choice sets Not common
OSq, SSq, CSq (this thesis, Chs. 6 & 7)

Group level Not common Prediction choice sets
OSq, SSq, CSq
(this thesis, Chs. 6 & 7)

frequency and years of travel experience for a speci�c origin-destination relation, and
partly it maybe based on general travel experiences and speci�c events which are there-
fore dif�cult to incorporate.

Theoretically it is plausible to introduce predicted choice sets at individual level, for
example using a micro-simulation approach. However, since in predicting choice be-
haviour it is impossible to observe individual travellers behaviour, the analyst mostly
has to resort to a group-level approach. Therefore, practically, the resulting choice sets
that might be considered are the joint objective prediction choice sets, joint subjective
prediction choice sets and joint consideration prediction sets at group level (see Fig-
ure 4.8 (right side)).
Although in a choice set generation context it makes sense to distinguish these dif-
ferent types of choice sets, current knowledge on actual behaviour of travellers is not
mature enough to operationalize this distinction in practical applications of generation
models. Therefore, in this thesis we consider the consideration and subjective choice
sets to be identical.

4.4 Interrelationships between developed choice set
notions

The choice set notions developed in this section have clear interrelationships. Group
level choice sets depend on individual choice sets, observed choice sets depend on
actual choice sets, and researcher's generated choice sets depend on observed choice
sets.
For a better understanding of the outcomes of choice set generation models and choice
modelling exercises attention should be given to the possible disagreements between
actual, observed/reported and predicted choice sets.
To that end, Figure 4.9 summarizes the developed choice set notions and their mutual
relationships. The �gure is composed of four columns, the �rst two referring to the
traveller and the last three to the researcher of which the second column to the right
contains notions relating to both the traveller and the researcher. While the top three
rows refer to the individual level, the last row represents the aggregate group level.
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Figure 4.8: Notions for generated choice sets for prediction referring to an indi-
vidual traveller (left side) or a group of travellers (right side) relevant from the
researcher's perspective.

The most left column indicates the notions directly related to the travellers' actual
choice process. Apart from the chosen alternative these subjective choice sets cannot
be observed independently by an external observer. The second column from the left
indicates the reported choice sets observed by an independent researcher. The reported
choice sets and chosen routes need not be exactly identical to the true ones. The re-
maining two columns to the right indicate the choice sets generated by researchers
for prediction purposes (predicting the expected use of alternatives) and estimation
purposes (in order to derive insights into choice behaviour and for estimation of be-
havioural parameters). The third column from the left deals with the prediction case
where the researcher establishes subjective choice sets to be used for prediction of
choices in unobserved conditions, whereas the most right column pertains to the esti-
mation case where the researcher tries to estimate the objective choice sets related to
observed choices.

Figure 4.9 synthesizes concisely the theoretical framework developed in this section.
An individual has knowledge about feasible trip alternatives (actual subjective choice
set), makes choices (actual consideration set) and travels (actual chosen trip). Re-
searchers try to obtain as much information as possible about this travel behaviour,
analyse the collected data and, based on the data, draw conclusions about which al-
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ternatives are known by and feasible to the traveller (reported subjective choice set)
and the chosen trip (reported trip). Using appropriate generation algorithms, subjec-
tive and objective choice sets can be estimated (generated subjective choice sets and
generated objective choice sets). In generating the objective choice set, a researcher
tries to generate alternatives considered feasible to the traveller (based on the reported
traveller's characteristics). In generating the subjective choice set, a researcher nar-
rows the generated objective choice set down to the alternatives assumed known by the
traveller. Using appropriate choice models, researchers estimate route choice probabil-
ities. There will be potential disagreements between the actual, reported and generated
travel behaviour. Similar relations hold for choice sets of groups of travellers having
similar OD relations.
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Figure 4.9: Relationships between actual, observed, predicted and estimated be-
haviour and corresponding choice sets (taken from Hoogendoorn-Lanser, 2005).
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4.5 Choice set characteristics: some empirical �gures

Relevant characteristics of choice sets from a choice modelling point of view are their
size and composition. Whereas the size refers to the number of different alternatives in
the set, the composition may refer to a variety of characteristics, such as spatial distri-
bution, spatial structure (mutual overlap), road type composition, and modal composi-
tion.
An important characteristic of a route choice set is its size, i.e. the number of routes
which is theoretically possible, available, or feasible in a certain choice situation be-
tween an origin and destination. This number of routes may be very large, even after
the exclusion of so-called topologically senseless routes, such as the ones contain-
ing loops. Another important characteristic of a route choice set is its composition in
terms of spatial structure and route types that provides insight into service quality of
the transport network at hand, for example, by analysing the spatial structure of the set,
such as the degree of mutual overlap and crossing of the alternative routes.

Several empirical studies have paid attention to choice set size and composition in
various transport network conditions in order to describe the supply situation in those
conditions but also to study their effects on individual choice behaviour.
So far, only few studies have investigated the choice set size and composition in a route
choice context. Below we will concisely summarize �ndings from such studies.

A route choice survey carried out by Van Der Waard (1988a) collected data about 1,863
centre oriented urban public transport trips by bus and tram in several cities in The
Netherlands for the purpose of estimation choice models. In this case, the individual
objective route choice sets contained 2 to 4 alternatives. 60% of travellers had a choice
between 2 alternatives only, 34% among 3 alternatives, while only 5% had a choice
set of 4 alternatives available from which to make a choice. In total, the number of
observed routes is 4,588 among which are the cases with no alternatives available (81
persons).

Bovy, P.H.L. and Stern, E. (1990) report various cases of choice set size and compo-
sition in route choice contexts. In one urban case regarding a cycle route network in
Delft, The Netherlands, between the central railway station and the university cam-
pus, the generated master set consists of more than 1000 existing routes, whereas the
joint objective choice set contains approximately 40 routes and the size of the observed
subjective set has an average of 4 to 5 route alternatives per individual; in total approx-
imately 15 routes are known by and feasible to all cyclists, therefore 15 is the size
of the observed joint subjective choice set. In another case referring to route choice
behaviour of 50 inter-urban commuters driving by car between the cities of Gouda and
Delft in The Netherlands (distance about 30 km), the joint objective choice set consists
of approximately 15 relevant routes, and the observed subjective choice sets had an
average size of 4 routes per driver. Finally, similar results are reported about the size
of observed subjective choice sets of 2 or 3 routes in the context of motorists' route
choice in Newcastle (UK).
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A study conducted by AGV (1990) analysed the possibilities of rerouting available in
the motorway network of the western part of The Netherlands. The main �nding of
this study was that the opportunities of rerouting are very limited. The observational
study identi�ed 28 situations in which convergences and divergences allow feasible
rerouting with 2 or more alternative routes, 25% of them having a traf�c intensity of
more than 10,000 trips per day. Of those cases having a rerouting option, on average
3 possible routes exist with a maximum of 6 routes in one case, 5 routes in 3 cases
and 4 routes in 7 cases (see also the study by Bliemer, M.J.C. and Versteegt, E. and
Castenmiller, R. (2004)).
Fiorenzo-Catalano, S. and Van Der Zijpp, N.J. (2001) show that in the waterway net-
work of The Netherlands a minimum of 540 to a maximum of 20,869 routes are gen-
erated for 30 OD pairs, depending on the choice et generation approach adopted. In
the case of the Monte Carlo Labelling combination approach (see Chapter 6) applied
to the Dutch waterway network, a total number of 562 paths has been generated for
30 OD pairs, which is on average 19 routes per OD pair. In this case, the maximum
number of generated routes for a single OD pair appears to be 58.
Ramming, M.S. (2002) reports on about 160 observed trips in the urban network of
Boston, metropolitan area (Massachusetts, USA). His survey focused on observations
of the chosen alternative for a speci�c origin-destination pair, and data collection about
one single trip. The generated objective choice sets have sizes up to 51 alternative
routes per trip, with a median size of about 30 routes per trip. The size of the objective
choice set is very small (less than 5 routes) for about 5% of the origin-destination pairs,
in which cases the origin is very close to the destination, while it is about 40 or more
routes for 25% of the origin-destination pairs.

Statistics on observed subjective choice sets collected in 2001 from a large survey con-
ducted among 511 train travellers from/to larger cities in The Netherlands are reported
in (Fiorenzo-Catalano, S. and Hoogendoorn-Lanser, S. and Van Nes, R., 2003). In this
case the generated objective choice sets contained on average 63 alternatives per trip,
with a maximum of 376, whereas the observed subjective choice set has on average 2
alternatives per trip, with a maximum of 6. An in depth analysis of choice set composi-
tion for inter-urban train trips (same survey) is reported in Hoogendoorn-Lanser (2005)
in which the multiple boarding and alighting stations, train services, access and egress
modes in combination yield 24 alternatives, which is less than the full combinatorial
set that contained more than 100 combinations of sub-options alternatives. Analysis of
mode composition of the generated objective choice sets, observed subjective choice
sets, and chosen alternatives shows that there is a substantial difference in the modal
composition of those choice sets. The largest variation within route alternatives is
found for the home-based part of the trip, because more modes are available in the
home-end side than the activity end side. Moreover the objective choice sets appear to
be very large with alternatives having a substantial overlap.

Bliemer, M.J.C. and Versteegt, E. and Castenmiller, R. (2004) show that in the motor-
way network of The Netherlands 181,567 routes are generated for 109,292 OD pairs,
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which is on average 1.66 routes per OD pair. This may seem little, but taking into ac-
count that the network is mostly a freeway system with many triangular shapes, there
are many OD pairs for which only one route is actually a realistic option. The maxi-
mum number of routes generated for an OD pair is 14. These outcomes con�rm the
earlier �ndings of the AGV Adviesgroup voor verkeer en vervoer BV (1990) study.
A data collection carried out by Van De Reijt (2004) on pedestrian behaviour in railway
stations in Delft and Breda (The Netherlands) resulted in 534 observed routes chosen
by a group of pedestrians going from an origin area (bus and tram stops) to a destina-
tion area (station platforms) in Delft, and a total of 180 observed routes in Breda. The
observed individual choice sets varied in size between 1 and 4 (see also Daamen, W.
and Bovy, P.H.L. and Hoogendoorn, S.P. and Van De Reijt, A. (2005)).
From a variety of studies on regional multi-modal networks we know that the set of
available alternatives may be very large, see eg. Benjamins et al. (2002) with 20 or
more generated alternatives, or Hoogendoorn-Lanser (2005) with even 50 or more al-
ternatives. The rich travel options especially exist on the access and egress parts of the
multi-modal trip. The feasible choice sets differ between user groups depending on
vehicle availability (car, PT, bicycle).
Table 4.7 summarizes for each type of network the number of routes being considered
by the travellers that have been observed (reported) through travel surveys (Columns 4
and 5). In addition the table shows �gures of the numbers of routes generated through
simulation tools considered feasible to the travellers (Column 3). Columns 3 and 4
show results at individual level, whereas column 5 at group level. Column 3 show
�gures pertaining to generated objective choice sets, whereas columns 4 and 5 show
results on observed subjective choice sets and observed joint subjective choice sets,
respectively. Column 6 shows the number of observations and the number of choice
cases such as individuals or OD pairs.
As we can see from the table, the size of the route choice set strongly depends on
the type of network and the type of trips. On the one hand, the enormous density of
urban networks leads to a multitude of routes in most choice situations; on the other
hand, in a very sparse network such as most interurban motorway networks, only few
alternatives are commonly available. Anyway, the number of routes that the traveller
compares with one another and whose advantages and disadvantages he considers be-
fore making a choice appears to be very limited in most cases, between 2 and 6 routes
and in few cases even less than 2 routes.
The main implication of these �ndings for modelling choice sets is that the size of
the objective choice set is proportional to the network density, whereas the size of the
subjective choice set depends on the limited ability of travellers in considering many
alternatives. Because of this, in the case of modelling choice sets in multi-modal trans-
port networks, which are rather complex and dense, large choice sets are expected to
be generated (see the �gures by Hoogendoorn-Lanser (2005) and Bovy, P.H.L. and
Fiorenzo-Catalano, S. (2006)), whereas small choice sets are expected to be consid-
ered by the travellers. Then the challenge is to develop generation models capable of
generating choice sets that are as close as possible to the subjective choice sets.
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Table 4.7: Choice set size of generated and observed routes in several types of
networks (sample).
Source Network Generated Reported Reported # of obs.

objective subjective joint # of cases
choice set choice set subjective

choice set
1 2 3 4 5 6
Van Der Urban public 1-4 1-4 - 4,588
Waard transport 1,863
(1988) network in NL individuals

Bicycle 40 4-5 15 40
network 1 OD pair
in Delft (NL)

Bovy and Road network 15 4 - 50
Stern in NL individuals
(1990) (car drivers)

Road network - 2-3 - 1,300
in Newcastle individuals
UK (motorists)

Fiorenzo Waterway 19 (average) - - 562
et al. network 9.5 (median) 30
(2001) in NL 58 (max) OD pairs
Ramming Road urban 30 (median) - - 160
(2002) network in 51 (max) individuals

Boston area
Benjamins Multi-modal 22 (max) - - 22
et al. (2002) corridor in NL 1 OD pair
Bliemer Motorway 1.66 (average) - - 181,567
et al. network 14 (max) 109,292
(2004) in NL OD pairs
Van De Pedestrian - 1-4 - 534 (Delft)
Reijt network 180 (Breda)
(2004) in railway individuals

stations in NL
Hoogen- Public transport 63 (average) 2 (average) - 511
doorn-Lanser railway 376 (max) 6 (max) individuals
(2005) network in NL

NL=The Netherlands.
obs. = observations.
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Outcomes of the choice process depend on choice set composition. Complex choice
sets imply the application of complex choice models. For example, the characteristic
of having trip alternatives with high degree of mutual overlap needs a complex choice
model to be solved. In the case of multi-modal transport network the composition
of choice set is expected to be rather complex, therefore in that case complex choice
models should be considered.

4.6 Conclusion

This chapter introduced an extended theoretical framework for dealing with the phe-
nomenon of choice sets. Although the framework is dedicated to the route choice
context, the developed notions are applicable to other travel contexts as well, such as
destination choice or mode choice.
Choice sets of individual travellers play an important role in analyzing travel choice be-
haviour. Choice sets are de�ned as the collection of travel options perceived available
by individual travellers in satisfying their travel demand. The critical role of choice sets
in choice modelling has given rise to profound research into choice set modelling in
transportation �elds, although largely con�ned to mode choice (see e.g. Swait (2001)).
From a variety of studies (Swait, J. and Ben-Akiva, M.E., 1987) and (Swait, J. and
Ben-Akiva, M.E., 1985) it is well known that the size and composition of choice sets
do matter in case of model estimation and demand prediction. Incorrect choice sets
(e.g. because of captivity) can lead to misspeci�cation of choice models and to bi-
ases in predicted demand levels (see Williams, H.C.W.L. and Ortuzar, J.D. (1982) and
Ortuzar, J.D. and Willumsen, L.G. (2001)).

Based on a theory of the mental processes involved in choice set formation and choice,
the notions of universal set, master choice set, subjective choice set, consideration set,
and the chosen route are introduced and de�ned.
Speci�c new contributions of this chapter are the introduction of various perspectives
deemed necessary for a deeper understanding. These are in particular the perspective
of the researcher vis- �a-vis that of the traveller, and the perspective of the individual
traveller vis- �a-vis that of a spatially aggregated group.

A further contribution of the conceptual framework concerns a clear distinction of pur-
poses for which a researcher needs to specify choice sets, such as analysis, estimation,
and prediction purposes. This distinction is important because the different purposes
pose different requirements to the comprehensiveness of the generated choice sets in
terms of size and composition.
This thesis will focus on the generation of prediction choice sets at aggregate zonal
level. In developing such generation algorithms we will evaluate the prediction quality
of such algorithms through comparison with observations at both individual (address)
and aggregate (zonal) level.
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One of the basic hypotheses of this chapter is that choice set formation in the mind
of travellers strongly relates to their preferences and experiences with respect to route
choice.

The main implications of the �ndings about choice set size and composition for mod-
elling choice sets is that the size of the objective choice set is proportional to the net-
work density, whereas the size of the subjective choice set depends on the limited
ability of travellers in considering many alternatives simultaneously. Because of this,
in the case of modelling choice set in multi-modal transport networks, which are rather
complex and dense, large choice sets are expected to be generated, whereas only small
choice sets are expected to be considered by the individual traveller.

Outcomes of the choice process highly depend on choice set composition. Complex
choice sets require the application of complex choice models. Choice sets with high
degree of mutual overlap of their alternatives need appropriate advanced choice models
to be solved. This is even more true for the case of multi-modal transport network for
which the composition of choice sets has been shown to be rather complex.

Before turning to the topic of this thesis, that is generation algorithms for route choice
sets, we will �rst devote some attention in the next chapter to the type of choice models
available for handling route choice sets with some complexity because of size, multi-
modal composition of its routes, and their mutual overlap.
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Chapter 5

Route choice modelling

5.1 Introduction

After having introduced the choice set concepts in the previous Chapter 4, the next
step of this thesis deals with the behavioural and modelling aspects for route choice
in transport networks. According to the modelling framework established in Chapter
2 (see Figure 2.11) the modelling of route choice will be performed on given route
choice sets established in a choice set generation (CSG) step performed in advance
of the choice modelling and network assignment phases. Although this modelling
framework poses no restrictions on the way of route choice modelling, the route choice
models we focus on in this thesis represent current state-of-the art, that is, are of the
random utility type, predicting choice probabilities of routes available in the choice
set.
One of the basic hypotheses followed in this thesis is that choice set formation in the
mind of travellers (see Chapter 4) strongly relates to their preferences and experiences
with respect to route choice. Our developed choice set generation approach (to be
discussed in the next Chapters) therefore will be based on this hypothesis, meaning
that route choice factors and behavioural parameters of travellers will determine the
generation of route options for the choice sets via a utility or cost function, called
route generation function. Since there exist signi�cant differences in choice factors
and preferences between user groups and between trip purposes, these route generation
functions will be speci�c for user and trip categories.

It is thus to be expected that an analysis of route choice behaviour and of applicable
route choice models may provide requirements and clues for the choice set generation
models to be developed.

The purpose of this chapter is to provide insights into route choice factors and derive
behavioural rules for route choice on the basis of which requirements for choice set
modelling will be derived. In order to achieve these purposes, a concise overview of
route choice factors of travellers in various networks and conditions is presented in

109
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Section 5.2. This is followed by an overview of behavioural models for route choice
with focus on random utility maximisation (RUM) models presented in Section 5.3.
In Section 5.4.1 a classi�cation of route choice models is provided with emphasis on
models predicting future use of route alternatives on the basis of given choice sets.
Among the choice models presented in this section, special attention is given to the
RUM models based on a priori CSG because of many reasons. We recall that a priori
generation of choice alternatives has a number of advantages. First, application of a
priori CSG allows the adoption of more complex and more realistic utility functions
(such as non-additive and non-linear utility functions). Secondly, a priori generated
choice set gives more freedom in choice models to be adopted allowing the application
of advanced route choice models (see this chapter). Third, explicitly generating choice
sets gives the analyst additional insights into the supply of travel opportunities. A �nal
important advantage is the lower computational effort compared to classical demand
modelling approaches.

The main contribution of this chapter is presented in Section 5.5 that deals with the
main factors that in�uence route choice behaviour and their implications for generat-
ing choice sets. Speci�c aspects for CSG approaches in uni-modal and multi-modal
networks are analysed and the following main consequences for CSG are taken into
account. First, different travellers may have different preferences (so-called taste vari-
ation) so that the population consists of a mix of several segments each with their own
attribute weights which often are correlated with observable traveller characteristics.
Second, the size of choice set depends on the type of the network and, for example, in
multi-modal networks the size is even bigger than the size of choice set in uni-modal
networks due to the many combinations among all route components. Finally, the
combination of mode choice and route choice in a multi-modal network requires spe-
cial attention in order to allow application of standard route choice models. The main
conclusions of this chapter are summarised in Section 5.6.

5.2 Route choice factors of travellers

The factors in�uencing route choice of travellers relate to the traveller, to the trip to be
made, and, most importantly, to the attributes of the available routes (Bovy, P.H.L. and
Stern, E., 1990).
Personal factors relate to age, sex, occupation, income, vehicle availability, travel ex-
periences, and the like. These factors determine the relative importance a traveller
attaches to the various route attributes. For example, high-income groups attach a
higher weight to time relative to cost than low-income people. These personal factors
are represented by the parameters in the utility or resistance functions of routes. Trip
factors relate among other things to trip purpose (work, business, shopping, etc) and
trip distance. Also these factors are re�ected in the parameter values of the utility or
resistance function.
Because of apparent differences in choice factor importance between user groups and
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trip types it makes sense to adopt different route utility functions, and consequently
different choice set generation functions for these groups.

Most important are the choice factors relating to the routes themselves such as travel
time, road type, delays, etc. For a particular traveller making a particular trip these are
the factors that determine his route choice.
For an overview of the factors identi�ed in literature, see Bovy, P.H.L. and Stern, E.
(1990), especially their Table 3.3.

Of special interest in our case is the multi-modal aspect of the network and its routes.
The perception and relative importance of choice factors appear to be dependent on the
type of transport mode. Several studies have investigated the importance of reasons
for route choice regarding different transport modes such as for car, public transport,
bicycle and pedestrians.

Table 5.1: Route choice factors related to modes for groups of travellers.
Factors Travellers References (sample)
Travel time Motorists Benshoof, J.A. (1970)
Tolls Bovy, P.H.L. and Stern, E. (1990)
Congestion delay Cascetta et al. (1996)
Travel distance Nielsen, O.A. (1996)
Road quality Ramming, M.S. (2002)
Road safety
Number of turns
Number of transfers PT users Bovy, P.H.L. and Stern, E. (1990)
Walking time for transfer Van Der Waard (1988a)
Access and Egress time Nielsen, O.A. (2000)
Waiting time at stop Axhausen et al. (2001)
Waiting time for transfer Cascetta (2001)
Cost / Delay Nuzzolo (2003)
In-vehicle time Hoogendoorn-Lanser (2005)
Travel time Pedestrians Senevirante, P.N. and Morrall, J.F. (1986)
Travel distance Bovy, P.H.L. and Stern, E. (1990)
Safety Lam et al. (1995)
Pollution Golledge, R.G. (1995)
Weather protection Golledge, R.G. (1997)
Number of turns Daamen (2004)
First leg's travel distance Van De Reijt (2004)
Number of curves Van Der Waerden et al. (2004)
Travel time Cyclists Bradley, M.A. and Bovy, P.H.L. (1984)
Travel distance Bovy, P.H.L. and Stern, E. (1990)
Road surface
Number of turns
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Table 5.1 summarizes for several modes those factors mostly found in literature to be
important for route choice of travellers. Contrary to the common believe that travel
time is the only important reason for route selection, those studies have con�rmed that
most travellers consider several reasons for their route choices and different travellers
have different reasons. Although travel time usually appears to be the most preferred
reason, several others are important as well. Furthermore, those �ndings provide valu-
able insights into which criteria might be used for choice set formation, because we
hypothesize that the criteria applied for route choice are related to the ones governing
choice set formation.

One of the most relevant �ndings concerning the choice factors for motorists in Ben-
shoof, J.A. (1970) is that the choice reasons are related to the trip purposes, the com-
petence of the driver, and the length of the trip to be taken. In addition, 70% of respon-
dents provided two or more reasons for their routes of which the following reasons
appear to be the most important: travel time, congestion, and travel distance. How-
ever, other motivations connected with �habit� (drivers prefer to drive along the same
route), �familiarity� (drivers prefer to drive in a familiar environment), road quality,
and safety were mentioned as well.

The most important choice factors among urban public transport users are reported
among others by Van Der Waard (1988a) and Van Der Waard (1988b). For each choice
factor, the weight measuring its relative importance was estimated. Based on Van
der Waard's route choice research, it turns out that urban PT users give the highest
weight to the number of transfers (preferring the route that provides the most direct
trip) followed by walking time for transfer, access time, waiting time at stop, and
waiting time for transfers; the egress and in-vehicle time appear to be less relevant
factors. For inter-urban PT trips, Hoogendoorn-Lanser (2005) summarizes relevant
choice factors.

According to the analysis performed by Bradley, M.A. and Bovy, P.H.L. (1984) about
cyclists' behaviour, the main choice factors for cyclists appear to be travel time, travel
distance, road quality, congestion, and safety.

Senevirante, P.N. and Morrall, J.F. (1986) show that the most important factor for
pedestrians is the shortest route even considering several trip purposes such as work,
shopping, etc. Despite the relevance of the travel distance, this does not imply that the
selected route is indeed the shortest one, because not only this factor but also other
reasons related to habit, familiarity, road attractiveness, pollution, road safety, and
weather protection were mentioned by the pedestrians. An extensive overview of the
pertaining literature is given in Daamen (2004).

To give an example, recent studies carried out by Golledge, R.G. (1995) and Golledge,
R.G. (1997) have investigated the criteria used by pedestrians in their route selection.
After de�ning the following route choice criteria:
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1. Shortest distance

2. Least time

3. Fewest turns

4. Most scenic/aesthetic

5. First noticed

6. Longest leg �rst

7. Many curves

8. Most turns

9. Different from previous route taken (variability)

10. Shortest leg �rst
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Figure 5.1: Comparison of stated and revealed criteria in route selection, and list
of route choice criteria (source: Golledge, 1997).

Golledge compared the criteria used to choose a route in the actual trips with those im-
plemented in the model. It was Golledge's hypothesis that people often are not aware
or able of using the criteria used in almost all travel models, such as shortest route or
least time. Several experiments in the laboratory and in the �eld have been carried
out by Golledge to identify the criteria used in route selection. In the lab experiments
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subjects were asked to select a route in a variety of scenarios and give a score from 1
(completely unimportant) to 5 (extremely important) for each criterion considered in
their route choice decisions.

Subjects were also asked to rate on the same �ve-point scale what criteria they usually
adopted when choosing routes in their real world travel patterns. In this case the cri-
teria that have the highest score are different from the ones stated in the experiments.
Figure 5.1 depicts the choice criteria, the mean rating of each criterion (stated in the
experiment) and the mean rating of the revealed criteria.

The consequence of the complex choice process described above is that the choice
set involved in this process may be speci�c for each individual and it depends on
many factors such as: network knowledge, travel experience, perception factors, and
evaluation factors (see Figure 5.1).

The implications from the �ndings in the route choice literature for choice set genera-
tion are the following:

• the more important choice factors identi�ed may also be assumed to in�uence
the choice set formation process of the traveller, and thus should be considered
as in�uencing variables in the choice set generation algorithms;

• there appear to be signi�cant differences in choice factor importances among
travellers and among trip purposes; this asks for speci�c generation functions
(variables and their parameter values) in the CSG for different person and trip
types.

5.3 Behavioural models for route choice

5.3.1 Overview

Route choice models described in this chapter attempt to reproduce traveller's choice
behaviour. These models indicate the contribution of choice factors to the choice de-
cision and can predict the conditional probability of choice of each alternative in the
choice set depending on the choice conditions (choice set size and composition, at-
tribute values, etc).
Most behavioural choice models today are based on the concept of utility from classical
micro-economic theory assuming that the decision-maker's preference for an alterna-
tive is captured by a value, called utility, that is computed taking into account speci�c
evaluation aspects of each alternative. Moreover, maximisation utility theory hypothe-
sizes that the decision-maker selects the alternative from the choice set with the highest
utility to him (Ben-Akiva, M.E. and Lerman, S., 1985).
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The concept of utility associated with the alternatives plays an important role in the
context of discrete travel choice models. Figure 5.2 summarizes the essential assump-
tions made by the various classes of choice models such as with respect to sources of
uncertainty.

Micro-economic demand models:

simulate choice of quantities of goods
utility maximization
deterministic utility

deterministic decision rules

Models with:
utility maximization
probabilistic utility

deterministic decision rules
compensatory rules

RUM models

Models with:
utility satisfaction

deterministic utility
probabilistic decision rules
non-compensatory rules 

EBA models

Discrete choice models:

simulate choice among discrete alternatives

Figure 5.2: Classi�cation of choice models based on behavioural assumptions.

Speci�c families of models can be derived, depending on the assumptions about the
sources of the uncertainty (Ben-Akiva, M.E. and Lerman, S., 1985). Random Utility
Maximisation (RUM) models, used intensively for travel behaviour analyses, are de-
signed to capture uncertainty on the part of the modeller. These models are based on
utility maximisation theory and assume deterministic decision rules, while the mod-
eller's uncertainty is captured by random variables representing unknown utilities.
Moreover, the RUM models have a compensatory nature, meaning that a chosen al-
ternative may be worse than all others in terms of speci�c aspects of the alternative,
but it can still be chosen if its overall utility is higher than the other alternatives. In
other words, it is possible to compensate a de�ciency in any of the aspects with better
than average performance on other aspects.

The assumption of utility maximisation, which is fundamental to the RUM, has at-
tracted criticism from some writers. Herbert Simons's contribution to the critical lit-
erature has been of particular signi�cance. Simon, H.A. (1990) argued that �Because
of the limits on their computing speeds and power, intelligent systems [such as physi-
cal symbol systems, computers and the human brain] must use approximate methods
to handle most tasks. Their rationality is bounded.� Simon proposed the principle of
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bounded rationality for individual decision making. Here, instead of seeking of max-
imise utility, the individual employs simplifying heuristics, achieving an approximate
solution with modest effort. Models based on Simon's ideas usually employ sequential
elimination processes in conjunction with criteria of acceptability, thereby precluding
'trade-off' between aspects of the alternatives.
Models with stochastic decision rules are often known as non-compensatory choice
models, in contrast to the compensatory structure of most RUM models, since they do
not allow the compensation of negative attributes with positive ones. An example of
such model is the Elimination-by-Aspects (EBA) model, proposed by Tversky (1972),
which assumes a deterministic utility and a probabilistic decision process postulating
a hierarchy of aspects to be considered sequentially each of which successively must
meet a threshold value in an alternative, in order for that alternative to be considered
or chosen.

Although the proposed multi-modal demand modelling architecture poses no restric-
tions on the way of route choice modelling nor on the type of choice prediction mod-
els to be used, the route choice models, we focus on in this thesis, represent current
state-of-the art that are the random utility type predicting choice probabilities of routes
available in the choice set. It has been shown that non-compensatory models are at
present mostly research tools and are not widely used in practice, furthemore, a prop-
erly speci�ed RUM model can very often satisfactorily approximate the choice be-
haviour. Therefore, in the next section, we will focus on basic assumptions for the
RUM models, while the rest of this chapter will deal with some examples of RUM
models for route choice.

5.3.2 Random utility maximisation models

In this section we summarize the description by Cascetta (2001) of RUM models
that assume, as in classical micro-economic theory, that every individual is a ratio-
nal decision-maker, has a perfect discrimination capability, and maximizes his utility
in making his choices. Basic assumptions of these models are as follows. The generic
decision-maker, in making a choice, considers a limited number of mutually exclu-
sive alternatives that make up his consideration set. The decision-maker assigns a
perceived (dis)utility, or attractiveness to each alternative belonging to his considera-
tion set and selects the alternative maximizing his utility. The utility assigned to each
alternative depends on a limited number of measurable characteristics, or attributes,
of the alternative corresponding to the evaluation aspects or factors considered by the
individual in selecting the alternatives. The analyst, however, is supposed to have in-
complete information about the real choice conditions and does not know the utility
assigned to each alternative by the decision-maker with certainty, which leads to un-
certainty in the model and therefore must be represented by a random variable. Manski
(1977) identi�es four different sources of uncertainty about the utility on the part of the
modeller: unobserved alternative attributes, unobserved individual preferences (called
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�unobserved taste variation�), measurement errors, and proxy, or instrumental, vari-
ables. In addition to the uncertainty about the decision maker's utility, the information
about the choice set available to the decision maker might be incomplete.

On the basis of the above assumptions, it is usually not possible to predict with cer-
tainty the alternative that the generic decision-maker will select. However, it is possible
to express the probability of selecting an alternative given the consideration set. In a
generic case of travel choices such as destinations, modes, routes etc. the perceived
utility can be expressed by the sum of a deterministic observable part and an unknown
random part.

Speci�cally, the utility Ukq of route alternative k belonging to the modelled considera-
tion set CSq, which is subset of a master choice set MS, to an individual q is modelled
to re�ect this uncertainty, and is therefore given by:

Ukq = Vkq + εkq k ∈CSq ⊆MS (5.1)

with Vkq the measurable (or systematic) part of the utility function, and εkq a random
term capturing the various uncertainties. The route alternative with the highest utility is
supposed to be chosen. Therefore, the probability that the route alternative k is chosen
by the individual q from his consideration set CSq is:

Pkq = P[Ukq = max
h∈CSq

Uhq] (5.2)

Consideration sets are in principle individual-speci�c sets.

The derivation of random utility discrete choice models is based on the speci�cation of
the random utility term. Speci�c assumptions about the random term and the determin-
istic term will produce speci�c models. We present here the most usual assumptions
adopted in practice about the deterministic part of the utility and the random part.

The utility of each alternative is a function of observable attributes of the alternative
itself and maybe also of the decision-maker. We can write the deterministic part of the
utility that individual q is associating with alternative k as:

Vkq = Vkq(Xkq) (5.3)

where Xkq is a vector containing the values of the considered attributes, both of indi-
vidual q and alternative k. The function de�ned in 5.3 is commonly assumed to be
linear in the parameters, that is, if a set of Y attributes are considered:

Vkq(Xkq) = β1qXkq(1)+β2qXkq(2)+ ...+βY qXkq(Y ) =
Y
∑
y=1

βyqXkq(y) (5.4)
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where β1q, ...,βY q are parameters related to individul q to be estimated. However non-
linear effects can still be captured in the attributes de�nition.

In principle, attributes and their parameters are alternative-speci�c (such as train time
or frequency, bus time or frequency, car time, walking time); however, in many ap-
plications for some attributes so-called generic attributes and parameters may be used
(such as travel time or cost).

The analyst has to identify the attributes of each considered alternative that are likely
to affect the choice of the individual.
In addition to the deterministic part of the utility function, the properties of the model
are determined by the unknown random part of the utility. We can rewrite equation 5.2,
as:

Pkq = P[Vkq + εkq ≥ max
h∈CSq

(Vhq + εhq)] (5.5)

Only for very speci�c random distributions this probability can be solved analytically,
such as with so-called extreme value distributions. In the special case where the ran-
dom terms εhq are assumed to be independently and identically Gumbel-distributed,
the well-known MultiNomial Logit (MNL) model results:

Pkq =
e(µ·Vkq)

∑
h∈CSq

e(µ·Vhq)
(5.6)

where µ is the scale parameter. If the error terms have e.g. a normal distribution a
probit model results for which no closed-form expression is available; calculation of
the choice probability then becomes very involved. Among the many potential choice
models that can be derived dependent on the random error speci�cation, we elaborate
below (in Subsection 5.4.3) on the most popular. The models within the logit family
are based on density functions of the maximum of several Gumbel-distributed random
variables, whereas probit and probit-like models are based on normality assumptions
of the error term.

5.4 Route choice models

The route choice problem of a traveller involves the selection of a route from a given
origin to a given destination when faced with a transportation network. From a trav-
eller's point of view, a route from origin to destination in a real network might be
de�ned as a collection of links (representing streets, walkways, railways, etc.) and
nodes (representing intersections, stations, etc.). In a model network, such as our su-
pernetwork, the term path might be used instead of route, however from a researcher's
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perspective both terms might be considered as synonym. An overview of models for
analysing route choice is given in Batley et al. (2001).
In contrast to other choice problems such as destination, mode or location choice, a
route through a network is a more complex object of choice. This is the more true for
a multi-modal route.
First of all, a route consists of a multitude of constituting links connected by nodes.
Each of these elements has a set of attributes that contribute to the routes disutility.
For some attributes, such as for example, distance and time, the attribute value of the
route is the simple sum of the corresponding attribute values of its constituting links
and nodes. However, there are attributes for which this additivity does not hold such
as with PT fares and road tolls; these attributes are non-linear in the link or sub-route
values. Often the unit costs of a trip decrease with its length.

Secondly, there exist attributes at route level that do not have a corresponding attribute
at link or node level and thus cannot be derived from the constituting route elements.
Examples of such route attributes are winningness, hilliness, and angularity.
Another important feature of routes is that they may partly overlap with other routes
in the choice set. The degree of overlap with other routes is another route attribute
without a correspondence at link or node level. In addition, physical overlap of routes
strongly in�uences the probability of choice that needs to be taken into account in
choice modelling (see Subsection 5.4.2).
Finally, typical for route choice is the large number of routes in the choice sets. With
some model types, this poses dif�culties in estimating models and in predicting prob-
abilities.
Because of the chosen approach of a priori route set generation in advance of choice
modelling and network assignment, these typical characteristics of routes can be cap-
tured relatively easily. However, these characteristics also pose special requirements
from the choice models (see also Bovy, P.H.L. and Fiorenzo-Catalano, S. (2006) and
Bovy, P.H.L. (2007)).

As shown by Expression 5.3 the systematic part of the utility function is de�ned in
terms of the attributes of the alternative and perhaps of the individual, therefore it can
be stated that each route alternative in the choice set may be characterised by an own
set of attributes.

5.4.1 Classi�cation of route choice models

Basic points of departure in route choice modelling are that travellers because of all
kinds of reasons behave differently and will choose different routes in equal circum-
stances. There is thus a distribution of trip makers over available routes. In addition,
because of uncertainty on the part of the modeller only probabilities of choice can be
predicted which means that single trips will be split over available alternatives accord-
ing to these probabilities, summing up to one.
To accomplish this, probabilistic route choice models need to be applied. Models
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based on random utility maximisation theory automatically have this property; there-
fore RUM models might be applied for modelling the route choice process.

In modelling the decision making process of route choice in a network, two speci�c
aspects might be clearly distinguished by the researcher:

1. the composition of the choice set;

2. the type of modelling approach for the choice of an alternative from the given
choice set.

Whereas in a traveller's mind these processes might be mixed up and not clearly dis-
tinguished, these two steps might be clearly separated in a modelling context. For a
discussion see Bovy, P.H.L. (2007).
In route choice modelling, we can distinguish two streams of choice modelling ap-
proaches: those that require explicit a priori choice set speci�cation and those that do
not. In the latter case, the speci�cation of routes and their probabilities result from the
route search process. This implies that non-chosen routes are not identi�ed explicitly.
In the former case, we can subdivide the choice models according to the type of choice
set that is taken as input. This may be for example the master choice set (see de�nition
in Chapter 4) containing all route alternatives available to all travellers, or the sub-
jective choice set containing all relevant route alternatives that are considered feasible
and available to particular decision-makers dependent on their personal attributes or
trip type. For each type of choice set generated in a �rst step, a speci�c route choice
model might be applied in a following step (see Figure 5.3).

Examples of route choice models without a priori CSG are Dial's model (Dial, R.B.,
1971), most equilibrium assignment models and the stochastic version of the Multi-
Nomial Probit model (MNP) model (Bovy, P.H.L., 1990). In modelling approaches
without a priori CSG, only chosen route alternatives result from the choice modelling.
In Dial's model for example, a route will have a non-zero probability only if it satis�es
certain strong criteria such as that every portion in it takes the traveller further from
the origin and/or closer to the destination. Dial's model performs a route search (based
on link selection) and a choice probability computation simultaneously. In stochastic
MNP only those routes will receive a non-zero probability that are the optimal route
after a randomization of the utility function of the network links. Both methods rely
on optimal path search in the network and require additivity of link utilities. Such ap-
proaches are also known as link-based approaches. In principle, both approaches can
also be applied to given choice sets, however without bene�ting from the advantages
that explicit choice sets offer.

Conversely, route choice models based on a priori CSG approach guarantee better
control of the �feasibility� of the generated routes and introduce more behavioural ele-
ments into route choice set modelling; they are also known as route-based approaches.
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Figure 5.3: Classi�cation of route choice models with respect to adopted choice
sets.

These approaches offer nearly any freedom in the utility function speci�cation (non-
additivity, non-linearity), the type of attributes to be included (route attributes), and the
type of choice models to be adopted. Of course, these advantages are obtained at the
expense of greater conceptual and computational complexity. (However, it should be
emphasized that no systematic analysis of the computational complexity and memory
requirements of the two approaches exists yet and that the literature seems to suggest
a tendency towards route choice models based on a priori CSG).

Depending on the route choice model to be applied, the a priori CSG approaches might
generate either a master set or a consideration set. For example, adoption of the ap-
proach proposed by Manski (1977), with unconditional probability formulation, so far
has been limited to very simple choice situations with a master set of only a few al-
ternatives such as mode choice (see e.g. Swait, J. and Ben-Akiva, M.E. (1987) and
Louviere, J.J. and Hensher, D.A. and Swait, J.D. (2003)). It seems impossible to adopt
this full probabilistic approach to route set generation because of the sheer size of mas-
ter sets in networks, even after strong selection. If a master set for a particular OD pair
consists of about 10 routes (which is a very small size indeed), calculating the route
probabilities seems feasible. However, since 10 routes imply 210−1 = 1023 potential
consideration sets, determining these set probabilities and using these, for example, in
a choice model estimation exercise seems beyond current possibilities. An example
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of the speci�cation of the Manski approach is given by Morikawa (1995) in which the
choice set generation model is a random constraint model that has a non-compensatory
nature among multiple constraints and an alternative is included in the choice set if and
only if all latent conditioning measures of the alternative satisfy the criteria.

Another approach that requires the master choice set generated through an a priori CSG
approach (Figure 5.3) is the Implicit Availability/Perception (IAP) model (Cascetta &
Papola, 2001). In this model the probability of choice set membership of an alternative
(of a deterministic chocie set) enters the utility function of the choice model where a
low membership probability of an alternative naturally leads to a decrease of its choice
probability. The IAP model introduces a convenient way to incorporate awareness of
routes into route choice modelling. In the IAP model, availability and perception of the
alternatives is implicitly modelled as a heuristic function of alternative and decision-
maker attributes as part of the overall utility function. The IAP model assumes that
all routes belonging to the master set might be available to every traveller, but it uses
a correction term to decrease the route's share to re�ect the possibility that travellers
are unaware of that route, or unable to use it. From a practical point of view, the IAP
approach is quite simple and straightforward, but there is a lack of reliability because
the �utility� and �availability� attributes are taken into account jointly assuming that
the choice set for the decision-maker is equal to the master choice set.

Finally, examples of route choice models requiring the consideration set generated
through an a priori CSG approach are the classical RUM models (such as MultiNo-
mial Logit (MNL), Nested Logit (NL), Cross-Nested Logit (CNL), Generalized Nested
Logit (GNL), PCL, C-Logit, PS-Logit, Error Components Logit or hybrid logit (ECL),
and MultiNomial Probit (MNP), etc.) to be dealt with in the following subsection
where we will focus on RUM models that require a priori CSG approaches for their
solubility.

Even within the framework of RUM models, correct route choice modelling presents
dif�culties. As noted in (Ben-Akiva, M.E. and Bierlaire, M., 1999), the route choice
problem is characterised by very large choice sets, of which only a small part will ac-
tually be considered and used by decision makers, and by correlation between choice
alternatives due to route overlap. These characteristics represent non-trivial modelling
challenges and it is in particular this correlation of alternatives requiring methodologi-
cal innovation in most of the choice models.

5.4.2 Correlation among route alternatives: the overlapping
problem

Since route alternatives in general and multi-modal alternatives in particular show sig-
ni�cant degrees of physical overlap (common links and nodes), utilities of routes are
correlated such that choice modelling should account for that in order to make correct
predictions. This represents non-trivial challenges for route choice modelling being
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only very recently solved satisfactorily. Explicit choice set generation contributes sig-
ni�cantly to the correct handling of the overlap correlations since the degree of overlap
can be quanti�ed easily if the choice set has been speci�ed.

In this subsection, an example of correlation between route choice alternatives is given
using the network shown in Figure 5.4. The choice set of travellers going from origin
O to destination D consists of three paths of equal length, two of which (Path2 and
Path3) are overlapping to a certain degree (indicated by ∆).

Let us assume that the travel time on Path1 is equal to τ, on the overlapping part ∆τ, and
that the travel time on the small sections is (1−∆)τ. Then, the route choice probability
predicted with the MNL model (formula 5.6) is an equal share of 33% for each of the
three routes for any value of ∆. The MNL result is consistent with our intuition only
when the degree of overlap ∆ is in�nitesimally small (∆' 0) and the two overlapping
routes are quite different (the overlapping part is quite small). However, when ∆ is
approaching to 1 and the two overlapping routes are quite similar (the overlapping
section is quite large), we expect the probabilities of the three paths to be close to 50%,
25% and 25%.

O D

τ

∆τ

(1-∆) τ

(1-∆) τ

Path1

Path2

Path3

Overlap approaches 100%  (∆ ~1), prob. close to 50% 25% 25% of share
Overlap approaches  0%  (∆~0), prob. close to 33% 33% 33% of share

Figure 5.4: The overlapping problem in route choice.

Fortunately, there are currently advanced choice models available that can correctly
deal with overlap of routes.
An extensive account of the overlapping problem in car route choice in urban road
networks is given by Ramming, M.S. (2002). An empirical analysis of the degree of
physical overlap in multi-modal networks is given in Hoogendoorn-Lanser (2005). An
overview of solution approaches for correctly handling routing overlap in transport net-
works is given in Hoogendoorn-Lanser, S. and Van Nes, R. and Bovy, P.H.L. (2005).
A quantitative statistical comparison of various modelling approaches to include over-
lap in the estimation of choice models can be found in Hoogendoorn-Lanser (2005).
These empirical and modelling analyses were possible thanks to the explicit generation
of (master) choice sets.
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5.4.3 Review of RUM models for route choice based on a priori
CSG

In this section we will focus on the analysis and comparison of route choice models for
prediction purposes. Route choice behaviour might be characterized by pre-trip choice,
in which travellers consider, before leaving the origin, available information obtained
from previous trips or supplied by a user information system and adaptive choice, in
which, besides previous information, travellers consider situations that occur during
the trip itself.
Given the wide variety of RUM models that theoretically may be applied, we will focus
on those that are speci�cally suitable for the route choice problem, and among those
we will restrict to static models with assumptions on pre-trip choice in which the whole
route is chosen before starting the trip.

Most models considered here are from the Logit family such as MultiNomial Logit
(MNL), Nested Logit (NL), Cross-Nested Logit (CNL), Generalized Nested Logit
(GNL), PCL, C-Logit, PS-Logit, Error Components Logit or hybrid logit (ECL), and
are extended with the MultiNomial Probit (MNP). Their model formulations and func-
tional speci�cations have been elaborated in depth in Ben-Akiva, M.E. and Bierlaire,
M. (1999), Batley et al. (2001), Cascetta (2001), and are beyond the scope of our
discussion. Since the route overlapping problem is a crucial point for route choice
modelling, a classi�cation of the route choice models is made on the basis of route
overlap criteria. Which of the models are more suitable for dealing with the route
overlapping problem, and how do these route choice modelling approaches cope with
the problem of route overlap? Figure 5.5 concisely shows the kind of answers to this
question and the resulting classi�cation.

There are four ways to deal with the overlapping problem in route choice models (see
also Hoogendoorn-Lanser, S. and Van Nes, R. and Bovy, P.H.L. (2005)):

• overlap is not taken into account (MNL, NL, IAP);

• common links de�ne a nesting structure (CNL, GNL, PCL);

• common links determine a dedicated additional utility component (C-logit and
PS-logit);

• common links specify a dedicated variance-covariance structure of the error
terms (MNP, Probit with Logit Kernel).

MultiNomial Logit (MNL) is the simplest form of the Logit family. MNL assumes
that the error terms of the alternatives are independently and identically Gumbel-
distributed. In a typical network (especially in a multi-modal network), alternative
routes may consist of many common links, thereby establishing complex patterns of
correlation among route alternatives. If MNL is applied to such a network, it would
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Figure 5.5: Classi�cation of route choice models suitable for the overlapping
problem.

overestimate the use of routes with common links and would result in seriously mis-
predicted link �ows. Nevertheless, this erroneous model has been applied widely for
route choice modelling (for example, Dial, R.B. (1971)). IAP is a MNL model with an
extension for implicit route availability modelling.

Nested Logit (NL) models are designed to capture choice problems where alternatives
within each nest are correlated; no correlation across nests can be captured however.
NL models have more �exible error structures than MNL and can account for some
similarities between alternatives if these can be assigned exclusively to branches in a
hierarchical nesting structure. However, when alternatives cannot be partitioned into
well-separated nests to re�ect their correlation, NL models are not valid. This is the
case of most route choice problems since each route alternative can only be assigned
to one single nest (Hoogendoorn-Lanser, 2005).

Cross Nested Logit (CNL), which in the case of route choice also is known as link-
nested logit, uses the common links of routes as the basis for nesting. Overlapping
alternatives are handled by a separate nesting parameter. The CNL is a direct exten-
sion of the nested logit model, however where each alternative now may belong to
more than one nest with different degrees of membership. On the other hand, CNL
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is a restricted special case of a GNL model. Common links form upper level nests
while routes are lower level alternatives (captures correlation among routes that share
a link). However, for a realistic size network, a realistic number of links per route,
and especially for a more complex network such as a multi-modal network, the nesting
structure of the CNL model will become extra-ordinarily complex (Cascetta, 2001).

Generalized Nested Logit (GNL) extends CNL by allowing the dissimilarity parame-
ters to be different for different nests. For route choice applications it is not clear how
the nesting should be applied. If link-based nesting is used, as in the CNL applica-
tion, variation of the nest parameters is not welcome, because it implies that there is
some inherent variability between the links, and that nest parameters values for new
links may not be easy to obtain. For those reasons it can be concluded that GNL is not
suitable for route choice modelling, except in special cases, see Hoogendoorn-Lanser
(2005).

The paired combinatorial logit (PCL) model is a special case of the GNL model allow-
ing correlation of the error terms by the inclusion of a pair-wise similarity parameter.
The similarity parameter can represent not only overlapping network links, but as well
potentially other route similarities such as facility type, number of turns, levels of con-
gestion and signage. Gliebe, J.P. and Koppelman, F.S. and Ziliaskopoulos, A. (1998)
proposes use of the PCL model to overcome the IIA property of the MNL and to pro-
vide a more computationally tractable mechanism for route choice problem than MNP.
The similarity parameter can be structured to represent the overlap between any pair
of route alternatives, based on the distances, travel times or other attributes of links
common to pairs of routes. In the precursor version of the supernetwork approach,
the PCL-model was implemented for multi-modal route choice predictions. Subsec-
tion 5.4.5 will describe this application of PCL.

The MultiNomial Probit model (MNP) takes account of correlations between alterna-
tives by allowing covariance between the error terms for all pairs of alternatives in the
choice set. To this end the covariance is expressed in terms of percentage spatial over-
lap such that simple functional relationships are employed (Bovy, P.H.L., 1990). The
MultiNomial Probit model (MNP) is very dif�cult to solve analytically due to the high
complexity of its formulation. However, MNP might also be solved by simulations
and in this case it might be employed in most contemporary practical applications on
a network basis using a priori CSG or not.

The Error Components Logit (ECL) or Mixed Logit, also known as Hybrid Logit
model can be regarded as a mix between probit and logit models. It is intended to
bridge the gap between logit and probit models that is to combine the advantages of
both of them. ECL does not suffer from the IIA property. Indeed complex patterns
of route similarity can be speci�ed through appropriate speci�cation of the density
function (Ramming, M.S., 2002). The error components logit model seems free of
theoretical disadvantages, but (like the Probit model) requires sampling to calculate
the choice probabilities being a clear drawback in an operational model. This model
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has been applied successfully by Ramming in his Boston route choice study to capture
overlap.

Cascetta et al. (1996) speci�ed a route choice model featuring a modi�cation of the
MNL model called C-logit, which penalizes the alternative's utility function in the
standard MNL by a �commonality factor�. In fact, the MNL is corrected by subtracting
a commonality factor term from the route's utility. The commonality factor represents
the overlapping link length of one route with respect to all other ones together.

Pkq =
exp(µ ·Vkq−δ ·CFk)

∑
h∈CS

exp(µ ·Vhq−δ ·CFh)
(5.7)

Expression 5.7 shows the choice probability of alternative k for individual q (or user
class q), where µ is the scale parameter, δ is the weight coef�cient of the route overlap
and CFk the commonality factor of path k, and it is directly proportional to the degree
of similarity of path k with other paths h in the CS. Compared to the ECL and MNP
approaches, C-logit has to be considered as an approximation. Cascetta et al. (1996)
de�ned the term CKk as:

CKk = γ0 ln ∑
h∈CS

(
dkh√
dk ·dh

)γ1
(5.8)

where dkh is the length (cost) of links in common to paths k and h, dk and dh are the
overall path lengths (costs) of paths k and h respectevely, and γ0 and γ1 are positive
parameters to be estimated or calibrated.
The commonality factor reduces the probability of choosing routes that overlap and
increases the probability of choosing an independent route. Cascetta (2001) offers a
few variations of the C-logit in which the commonality factor takes on different struc-
tural forms. Versions of the C-logit presented to date represent similarities between
routes based on overlapping link lengths, but could be extended to account for other
similarities on non-overlapping links. The lack of theory or guidance on which form of
commonality factor should be used is a drawback of the C-Logit method. Applications
of this model have been performed for the choice of inter-city routes by truck drivers
in Italy (Cascetta et al., 1996). However, according to applications of Ramming, M.S.
(2002), C-logit offers implausible results.

The path size logit (PS-logit) model can be viewed is an improved variant on the C-
logit model that addresses the issue of the single commonality factor. Path size logit
can correct MNL by adding a �path size� term to route utilities. Similar as C-logit, PS-
logit is an approximation since it uses a single path size value for a route irrespective
of the varying degrees of overlap of that route with the other routes in the choice set.

Pkq =
exp(µ ·Vkq +δ · lnPSk)

∑
h∈CS

exp(µ ·Vhq +δ · lnPSh)
(5.9)
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Equation 5.9 shows the choice probability of alternative k for individual q (or user
class q), where µ is the scale parameter, and PSk is the path size (give the PS-formula).
The PS-logit model is an application of discrete choice theory for aggregate alterna-
tives representing an effort to incorporate behavioural theory in the C-logit adjustment
process. As in the C-Logit model, PS-logit adds a correction term to the utility of al-
ternative routes. A route with no overlapping links needs no utility adjustment and has
a size of one. The size of partially overlapping routes can be thought of as composed
of the size of links that then are weighed by some appropriate measure, such as link's
percentage contribution to total route length. We present the so-called exponential
path-size formulation introduced by Ramming, M.S. (2002):

PSk = ∑
a∈Γk

la
dk
· 1

∑
h∈CS

(
dk
dh

)γ
·δah

(5.10)

where la is the length of link a, dk is the total length of route k, γ is the size assign-
ment parameter, Γk is the set of links of route k and δak is a binary variable (0/1)
indicating whether link a is part of route k or not. For an in depth discussion on PS-
logit and its application in route choice analysis, in particular to multi-modal networks,
see Hoogendoorn-Lanser, S. and Van Nes, R. and Bovy, P.H.L. (2005). This PS-logit
choice model has been implemented in our currently operational model TRANSFER
(Carlier et al., 2005).

Of special concern is route choice modelling in public transport service networks. In
order to correctly model route choice in cases of parallel lines the concept of route
strategy has been developed that can be easily implemented using the hypernetwork
concept (see Chapter 3). This concept allows a link-based approach to multiple route
choice. However, if a priori generated choice sets are applied with properly considering
the parallel lines, the strategy concept will be automatically implemented using the
choice models describe above. This shows another advantage of the use of a priori
generated choice sets.

5.4.4 Mixed Logit models

Mixed Logit also known as Hybrid Logit or simply Logit Kernel has been introduced
by Ben-Akiva, M.E. and Bolduc, D. (1996). The Mixed Logit model is a discrete
choice model in which the disturbances (of the utilities) consist of both a Probit-like
portion and an additive i.i.d. extreme value portion (i.e. a Multinomial Logit distur-
bance). The result is an intuitive, practical, and powerful model that combines the
�exibility of Probit (and more) with the tractability of Logit. For this reason, Mixed
Logit has been deemed the �model of the future� and is becoming extremely popular
in the literature.

Mixed Logit (ML), such as the ECL model can be used to capture the route overlap (as
shown in Section 5.4.2). However, a much more central use of the Mixed Logitt model
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is that it allows high �exibility by specifying taste coef�cients to be randomly dis-
tributed across individuals, and it provides the modeller a tremendous range to specify
individual unobserved heterogeneity.

In fact, the Mixed Logit speci�cation, known as random parameter speci�cation, in-
volves specifying each beta parameter associated with an attribute of the alternative as
having both a mean and a standard deviation, i.e. it is treated as a random parameter
instead of a �xed parameter (a �xed parameter essentially treats the standard deviation
as zero such that all the behavioural information is captured by the mean).

The presence of a standard deviation of a beta parameter accommodates the presence
of preference heterogeneity in the sampled population. This is often referred to as
unobserved heterogeneity. While one might handle this heterogeneity through data
segmentation and/or attribute segmentation, the challenge of these segmentation strate-
gies is in picking the right segmentation criteria. A random parameter representation
of preference heterogeneity is more general; however, such a speci�cation carries a
challenge in choosing the most appropriate parameter's distribution.

Recent research on the mixed choice models for public transport (Mabit, S.L. and
Nielsen, O.A., 2006) clearly shows that randomising parameters in the choice models
improve the �t to the observed choices and �nds a drastic improvement of the choice
set.

5.4.5 Application of PCL in multi-modal corridor

In the precursor implementation of the supernetwork approach (Benjamins et al., 2002),
the Paired Combinatorial Logit (PCL) model was implemented as the route choice
model. This subsection describes its speci�cation and some results.
The PCL-model was selected because of its analytical simplicity compared to for ex-
ample MultiNomial Probit. The PCL-model solves the overlap problem by looking at
all pairs of routes in the choice set and determining the mutual overlap of within each
pair.

The PCL-model (described in detail in Koppelman, F.S. and Wen, C. (2000) expresses
the probability of choosing alternative k as the sum of choice probabilities of all pairs
of alternatives multiplied by the conditional probability of selecting alternative k given
that that alternative pair k, h was selected �rst. The PCL model gives the following
choice probability for route k:

P(k|CS) = ∑
h6=k,h∈CS

P(k|kh) ·P(kh) (5.11)

where the probability of choosing the pair kh is given by:
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P(kh) =

(
exp

(
µ·Vk

1−ηkh

)
+ exp

(
µ·Vh

1−ηkh

))1−ηkh

|CS|−1

∑
r=1

|CS|
∑

p=r+1

(
exp

(
µ·Vr

1−ηrp

)
+ exp

(
µ·Vr

1−ηrp

))1−ηrp
(5.12)

and the conditional probability of choosing alternative k from the pair kh, is given by:

P(k|kh) =
e
( µ·Vk

1−ηkh

)

e
( µ·Vk

1−ηkh

)
+ e

( µ·Vh
1−ηkh

) (5.13)

In these expressions Vk is the generalised cost of route k, |CS| is the cardinality of the
consideration set, i.e. the total number of routes in the CS, and ηkh is a measure of
similarity of routes k and h, while µ is the scale parameter (in the applications et to 1).
PCL is consistent with random utility maximisation if 0≤ ηkh < 1.

The PCL model deals with route overlap through its similarity parameters that are de-
�ned for each pair of routes. A low value of this parameter implies limited dependency
among alternatives. The following measure of similarity η has been used:

ηkh =
dkh√
dk ·dh

0≤ ηkh < 1 (5.14)

with
dkh is the length of the common part of routes k and h;
dk, dh are the lengths of routes k and h respectively.
The utility function Vk of route k was speci�ed as a sum of generalised costs of the
constituting links a of k. The generalised costs variables were mode and link type spe-
ci�c while the corresponding parameters were travel purpose speci�c. The following
variables were used:

• in-vehicle time, by mode;

• waiting time before boarding, by mode;

• length of the link;

• transfer penalty on transfer links;

• parking cost on connector links.

Parameter values were taken from literature. Results of the PCL-application can be
found in Section 2.5.2 in Table 2.3. The example table shows calculated choice proba-
bilities (in percent) speci�ed by user group 1 to 6 for the alternatives in a large choice
set (N=22) of an OD pair in the Dordrecht-Rotterdam Corridor.
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5.4.6 Suitability of models

In evaluating the discussed models for their suitability to route choice modelling in
multi-modal networks several criteria are at stake:

• Does the model suf�ciently account for the overlap among routes?

• Does the model suf�ciently account for preference heterogeneity among indi-
viduals?

• Does the model have overlap parameters that need to be estimated?

• How is the analytical tractability of the model?

The best way of accounting for overlap and taste variation is by using a dedicated
variance-covariance matrix such as in MNP and Logit Kernel. The speci�cation and
estimation of correlation parameters however is very cumbersome. Also application of
these models for prediction of choice probabilities requires much effort.
A second-best alternative then is PCL that combines correct overlap modelling with
analytical tractability as shown in the application reported in Subsection 5.4.5.
Another feasible approach, although it is an approximation compared to the former
two, is PS-logit. This choice model is successfully applied to route choice in multi-
modal networks (Hoogendoorn-Lanser, 2005) and has been implemented in our cur-
rently operational multi-modal demand model TRANSFER (Carlier et al., 2005).

5.5 Implications of route choice models for CSG

This section summarizes important aspects of route choice modelling considered rel-
evant for the choice set generation approach. The aim of this section is to review the
main factors that in�uence route choice behaviour and derive implications for the set
up of CSG algorithms.

As shown in the literature (e.g. Bovy, P.H.L. and Stern, E. (1990), Nielsen, O.A.
(1996), and Nielsen, O.A. (2000)) a variety of aspects contribute signi�cantly to the
explanation of route choice behaviour. These include aspects describing the route al-
ternatives as well as aspects that characterise the decision maker. A key consideration
in this respect is that the perceived attractiveness of a route by a traveler can depend on
multiple attributes (as shown in Section 5.2)

The analysis of those criteria is relevant because we hypothesize that the criteria con-
sidered important by the traveler for his route choice are related to the ones governing
his choice set formation in his mind. For example, if a person is a time sensitive trav-
eler, travel time also in�uences the formation of his route alternatives in his mind. In
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particular, only route alternatives with low travel time might be considered in the route
choice process.

Aspects characterizing the decision maker are also relevant because within any popu-
lation of individuals taste variation is likely to occur. Perception and relative weights
of the route attributes that make up the generalized cost vary among travelers, known
as taste heterogeneity. From a modeling point of view this can be interpreted as the
existence of several sets of weights, each of which determines a particular generalized
cost function. Taste variation within a population can then be modeled by dividing
the population into a number of segments that have approximately the same attribute
weights (tastes) in their generalized cost function, and �nding least-cost routes for each
population segment separately. Taste variation is essential for choice set generation
and route choice models. This differentiation among travelers often can be correlated
with external characteristics of travelers such as age, income, license holding, and car
competition (i.e. less cars in the household than licenses), gender, employment sta-
tus. Finally, a third source of preference variation is trip purpose: people on their
way towards obligatory activities often have different priorities than those on their way
to discretionary activities, so that travel purpose is a major determinant of preference
weights. Examples of segmentation criteria that often turn out to be of relevance are
trip purpose, and socio-economic variables such as income, age, household composi-
tion etc.

Finally, public transport fares are usually non-linear, so are the disutility functions of
travel time or waiting time. A possible way to allow non-linear costs is adopting a path-
based cost function in choice modelling. The dif�culty with path-based approaches
is the combinatorial explosion of the number of possible paths, especially as these
have to be enumerated in advance. A good choice set generation module is needed to
reduce the computational burden to acceptable proportions by generating a limited set
of feasible paths that encompasses the subjective choice set.

5.6 Conclusion

This chapter provided insights into route choice factors and derived behavioural rules
for route choice on the basis of which requirements for choice set generation ap-
proaches can be derived.

One of the basic hypotheses followed in this thesis is that choice set formation in the
mind of travellers strongly relates to their preferences and experiences with respect
to route choice. Route choice criteria of travellers are relevant for CSG approaches
because we hypothesize that criteria applied for route choice are related to the ones
governing choice set formation in the mind of people. It appeared that travel time,
transfers and waiting times are outstanding factors in�uencing route choice that should
be considered as factors playing a role in choice set formation.
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Our developed choice set generation approach (to be discussed in the next chapters)
therefore will be based on this hypothesis, meaning that route choice factors and be-
havioural parameters of travellers will determine the generation of route options for the
choice sets via a utility or cost function, called route generation function. Since there
exist signi�cant differences in choice factors and preferences between user groups and
between trip purposes, these route generation functions need to be speci�c for user
groups and trip categories.

Given the complexity of route choice in multi-modal networks, and the special problem
of overlap, only advanced choice models qualify for being applied in the supernetwork
approach. Since overlap and taste variation, essential for choice set generation and
route choice models, especially in a multi-modal context, can be handled by Mixed
Logit models, they appear to be the most suitable models, although speci�cation and
estimation of ML models are not always so straightforward.
The PCL model is one of the better options in this respect. Another potentially suitable
model is PS-logit. The PS-logit model seems to offer a consistent approach to the
route choice problem, but remains an approximation because it uses only one single
commonality factor for a route despite its varying degrees of overlap with other routes.

The use of choice sets is essential in determining the best parameter values of choice
models (estimation purpose) and in using these choice models for calculating the ex-
pected usage of alternatives in a network (prediction purpose). It is important to note
that estimation and prediction pose different requirements on the completeness and
composition of choice sets. For model estimation, the misspeci�cation of the choice set
may produce distorted parameter estimates when choice sets vary signi�cantly among
decision makers, which is true for route choice (Williams, H.C.W.L. and Ortuzar, J.D.,
1982). Equally, a correct speci�cation of choice sets has been shown to be important
Louviere, J.J. and Hensher, D.A. and Swait, J.D. (2003). On the other hand, for esti-
mation purposes, choice sets need not be exhaustive, a well-chosen sample may suf�ce
Ben-Akiva, M.E. and Lerman, S. (1985). An example of the impact of choice set com-
position in the case of estimating pedestrian route choice models is Van Der Waerden,
P. and Borgers, A. and Timmermans, H.J.P. (2004). For prediction purposes matters
are different. In that case, choice sets need be fairly complete in order to achieve
suf�ciently good estimates of the use of the routes.

The insights gained in this and previous chapters will be used in the establishment of
choice set generation algorithms to be deal with in the next chapters. Chapter 6 will
tackle this subject for uni-modal networks, while in Chapter 7 CSG models will be
developed speci�cally designed for application in multi-modal networks.
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Chapter 6

Route set generation in uni-modal
networks

6.1 Introduction

Having de�ned in Chapter 2 the role of choice sets in travel demand modelling, this
chapter will go into the details of choice set generation methods for route choice pre-
diction. This will be based on the choice set concepts developed in Chapter 4. As
a preparation to the establishment of a new choice set generation method, developed
in particular for multi-modal networks, this chapter will present a discussion of the
choice set generation (CSG) problem itself for uni-modal networks. The extension of
choice set generation approaches for multi-modal networks is provided in Chapter 7.
In this chapter we will address questions of what the speci�cations of an adequate route
choice set are, in particular in the context of demand prediction purposes, and which
requirements should be posed on such route choice sets to be adequate for that purpose.
A related question we will deal with is which requirements an appropriate choice set
generation approach should satisfy. In this chapter, we tackle these questions with an
application to uni-modal networks in mind.

Based on the established adequacy requirements, the main purpose of this chapter is to
discuss and evaluate a large number of route generation methods proposed in literature
and indicate which of these methods are potentially suitable for generating satisfactory
route choice sets. Therefore, apart from the notion of choice set generation (CSG) we
introduce in this chapter the notion of route set generation (RSG) which simply is the
generation of a set of routes not necessarily for the speci�c purpose of route choice
modelling and prediction.

The main contributions of this chapter are, �rst of all, the speci�cation of requirements
for adequate route choice sets for prediction of route and link �ows in uni-modal trans-
port networks. Secondly, we specify a generic CSG procedure for the purpose of
characterizing current route set generation procedures. Finally, using this generic pro-
cedure we give a comprehensive set of structured comparable descriptions of current

135
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route set generation methods and give a comparative evaluation of these for sake of
deriving desired properties of an adequate CSG method for use in travel demand pre-
diction.

The type of choice sets to be generated in most cases depends on the application pur-
pose. As stated in Chapter 4, apart from purely scienti�c analysis reasons, choice sets
might be generated for either estimation or prediction and forecasting purposes. The
differences between these two application purposes and their consequences for com-
position of choice sets and generation approaches will be explained in Section 6.2.
The rest of this chapter will focus on presenting and discussing choice set generation
approaches to be applied for prediction purposes only.

An important topic dealt with in this chapter is the discussion about the main character-
istics of adequate choice sets and of appropriate generation processes. In Section 6.3
we will deal with the notion of an adequate choice set, which kind of choice set is
most suitable for prediction purposes, and will formulate requirements an adequate
choice set should satisfy. Subsequently, we will specify requirements for an appro-
priate choice set generation process. Thirdly, we will de�ne quality criteria to assess
the quality of the resulting choice sets and the quality of the generation process (Sec-
tion 6.4).

Based on a developed dedicated generic generation scheme in Section 6.5, a classi�-
cation of the choice set generation methods known from literature will be given, after
which each of these methods will be described in a structured comparable way as a
basis for our evaluation of their adequacy for our purposes, on the basis of which rec-
ommendations are given for the best approach to be adopted.
We then will illustrate in Section 6.6 some of these CSG algorithms by applying them
to simple uni-modal networks, namely continuous networks such as road networks and
waterway networks. The generated choice sets will be analysed in order to establish
if the resulting choice sets match the de�ned requirements for adequate choice sets.
In a concluding section 6.7, the �ndings relevant for multi-modal applications will be
summarized and discussed.

6.2 Purposes and importance of choice set generation

We recall from Chapter 2 that for prediction applications, a priori generation of choice
sets for route and link �ow calculation is strongly favoured for several reasons. A ma-
jor advantage of a priori choice set generation for prediction purposes is that a priori
given choice sets allow much more �exibility and realism in behavioural assumptions
in the route choice models adopted. In that case, no restrictions exist on the type of
choice model or utility function speci�cation to be adopted. Applicability of advanced
analytical approaches, easy consideration of route overlap, non-linear utility functions,
and route-based attributes are only a few advantages of applying a priori generated
choice sets. In addition, a priori enumeration in a network context not only offers a
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number of theoretical advantages, but also implementation and computational advan-
tages in iterative network assignment approaches since repeated optimal route search
no longer is necessary, which saves computing time. An example of a priori route set
generation is given by Damberg, O. and Lundgren, J.T. and Patriksson, M. (1996).

Route choice sets may be generated mainly for the following three application pur-
poses:

• Scienti�c analysis of travel options in networks where the planner or researcher
is interested to know the availability of travel alternatives, their number, their
characteristics, their variety, their composition etc.;

• Demand model estimation (e.g. estimating behavioural parameters of utility
functions of choice models);

• Prediction of choice probabilities in a demand analysis for determining route
�ow and link �ow levels in networks using route choice models with known
parameters derived from estimation.

These different applications of choice sets appear to pose different requirements on
size and composition of the choice sets.

Whereas choice sets need not necessarily be exhaustive for estimation purposes, pre-
diction choice sets must include at least all attractive routes. For estimation pur-
poses, even if not all relevant alternatives are included in the choice set and small
well-sampled choice sets are considered in the estimation model, it may nevertheless
provide satisfactory results (Ben-Akiva, M.E. and Lerman, S., 1985), (Train, 2003).
On the other hand for prediction purposes, the choice sets should include quite all re-
alistic and reasonable alternatives; otherwise computed route choice probabilities may
produce wrong predictions.

In this thesis we will focus on the generation of choice sets for prediction of route
and link �ows, so we will devote our attention to the adequacy of choice sets for that
purpose.

In the context of a prediction application, the analyst is interested to achieve proper
predictions of route and link �ows, especially for those routes and links that have
special policy relevance. Such a prediction involves calculating the choice probabilities
of all non-zero OD-trips, maybe separately for user groups or trip purposes, and then
summing up the number of trips that will use each of the potentially feasible routes, and
derived from this, through a network assignment, the use of links. This would require
the speci�cation of choice sets in which each route that may attract trips is included.
In the case of predicting route �ows the requirements on the quality of choice sets
are very strict since in order to have correct route �ows, predicted choice sets should
include all relevant routes. Inclusion of some unattractive routes in the choice set may
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not necessarily distort the demand predictions, and may not have serious in�uence on
computational ef�ciency.

If only link �ow predictions are of concern to the analyst, less severe requirements on
the quality of choice sets are due since link �ows mostly are sums of very many dif-
ferent and often small route �ows from different OD pairs. In this case, it is suf�cient
to have the most important routes in the choice sets, while it is not a problem to have
some wrong routes in the choice sets, because there will be an error compensation. If
a link �ow is wrongly predicted having, for example, zero �ow, it means that this link
does not belong to any routes included in the choice sets. If that link is a crucial link for
the network (e.g. a bridge), it implies that some important (relevant) routes including
that link have incorrectly not been selected in the choice set generation process.

Therefore, for link �ow prediction, generated choice sets need to include the most at-
tractive routes but may miss some routes of less attractiveness. Given this, prediction
choice sets should be suf�ciently large, maybe even including some irrelevant unattrac-
tive routes, in order to bene�t from the compensation mechanism of erroneous predic-
tions of small route �ows. Consequently, a prediction choice set should likely consist
of all relevant routes with high probability of being chosen; inclusion of some unattrac-
tive routes may not necessarily introduce problems. An exception of this, however, is
the presence of overlap among routes, since unattractive routes via their overlap with
attractive routes may in�uence the choice probabilities of these routes (see for example
Bliemer, M.J.C. and Versteegt, E. and Castenmiller, R. (2004) and ).

6.3 Requirements for adequate choice sets for predic-
tion purposes

In this section we will discuss the requirements for an adequate choice set and an ap-
propriate choice set generation process. We will �rst look at properties of single routes
by specifying requirements for reasonable routes to be generated. On that basis we
then look at the composition of reasonable sets of routes from an individual traveller's
perspective, after which we consider the adequacy of route sets for groups of similar
travellers. On this basis, we will de�ne criteria for adequate choice sets for prediction
purposes, and de�ne quality criteria for the resulting choice set and for the generation
process.

6.3.1 Requirements for a reasonable route

Hoogendoorn-Lanser (2005) offers a systematic account of conditions that reasonable
routes should satisfy from the traveller's perspective to become a member of an indi-
vidual's choice set. These conditions can be grouped under the following headings:
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1. logical conditions;

2. feasibility conditions;

3. behavioural conditions;

4. perceptual conditions.

Logical conditions concern the topological form of routes in space and/or time. The
term 'logical' expresses that travellers don't undertake unnecessary or super�uous ac-
tions such as travelling in cycles or loops, or taking impossible actions (travelling
backwards in time). In this context, a loop is de�ned as a part of a trip visiting the
same node or link more than once. Illogical routes will not be selected in choice sets,
apart from the fact that most route search algorithms cannot generate illogical routes.

Feasibility conditions regard the suitability of a route alternative in terms of time,
space, vehicle availability, and physical (dis-)abilities. Feasibility in time can be ac-
counted for by explicitly considering time constraints at origin and / or destination
addresses. These types of constraints are especially relevant in a multi-modal con-
text with time-tabled services other than in a uni-modal context (see Chapter 7). For
example, in a multi-modal context maximum transfer time constraints can be used to
establish which runs of consecutive transport services can be taken. Feasibility in space
refers to availability of transport modes not only at origin and destination, but also at
transfer points that is especially relevant in multi-modal trip making (see Chapter 7).
Physical disabilities might restrict the use of private transport modes (for example,
walking and cycling) and public transport services. To account for physical disabilities
during the choice set generation, routes with certain types of transfers can be excluded
from the choice set and walking speeds can be adapted accordingly.

Behavioural conditions refer to individual traveller preferences with respect to trip
attributes, such as transport modes, waiting times, walking times, costs and number of
transfers, etc. A typical example is the distance and time detour relative to the straight
OD-connection. A basic premise behind these conditions is that travellers always try to
use the subjectively best route: they optimise their behaviour according to a personal
utility function. Travellers are not accepting excessive detours or multiple switches
between link types during the trip. Moreover, route alternatives that largely overlap
with others will not be identi�ed as a distinct route by the traveller, reason why such
routes might be excluded from the choice set. Another behavioural condition relates
to the hierarchical set-up of routes being preferably followed by travellers, see below.
Behavioural conditions speci�cally related to a multi-modal context will be discussed
in more detail in Chapter 7.

Perceptual conditions relate to the knowledge on the part of the traveller of available
alternatives and their attributes. Of course, these are dif�cult to specify, especially in
forecasting cases.

For a more elaborate account of these conditions see Hoogendoorn-Lanser (2005).
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Looking for implementations of these conditions in the literature, apart from Hoogendoorn-
Lanser (2005) only few sources are devoted to the speci�cation of reasonable routes
for route choice analysis. A summary is given in Bovy, P.H.L. (1988) and in Bovy,
P.H.L. and Stern, E. (1990).
The following reasonabless criteria from the literature are relevant for our purpose:

• ef�ciency (Dial, R.B., 1971);

• route detour (De La Barra, T. and Perez, B. and Anez, J. (1993) and many oth-
ers);

• optimal in a transportation sense (Ben-Akiva, M.E. and Bergman, M.J. and Daly,
A.J. and Ramaswamy, R., 1984);

• maximum size (Borgers, A. and Timmermans, H.J.P., 1984).

Dial, R.B. (1971), for example, de�ned a route as reasonable if it is �ef�cient�, mean-
ing pursuing to its destination without any backtrack. He operationalized his ef�ciency
principle with the following criteria: a route from origin O to destination D is reason-
able if every road segment (i, j) in the route takes the traveller:

1. either farther away from the trip origin FO(i) < FO( j);

2. or closer to the trip's destination FD( j) < FD(i);

3. or, more strict, farther away from the origin and at the same time closer to the
destination FO(i) < FO( j) & FD( j) < FD(i).

where F may represent any disutility measure such as time, distance, number of links
etc. and i and j are the begin and end nodes respectively of the link or road segment
(i , j). FO(x) may represent the shortest time or distance from origin O to node x while
FD(x) may represent the shortest distance or time from node x to the destination D.
These criteria should prevent from getting routes with loops.
The set of routes that satisfy these criteria can be generated by a single simple shortest
path tree search from the origin or destination or from both, reason why these criteria
have been implemented in many network assignment models. A recent application of
Dial's criteria to generate choice sets in a dynamic assignment context is given by Lim,
Y. and Heydecker, B.G. (2005).
Although these criteria seem reasonable a prima vista, they are not without problems.
First, in the same network, each of these three criteria will give rise to different choice
sets. Secondly, it appears that these criteria will overlook other attractive alternatives
in the network. A further problem is that the resultant choice set is dependent on the
chosen disutility measure for F (for details see Bovy, P.H.L. (1988)). Dial's criteria
are easy from a computational point of view (analyst) but not necessarily suitable from
a behavioural point of view (traveller).
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Figure 6.1: Examples of reasonable routes that may (not) satisfy Dial's criteria.

Figure 6.1 shows a grid network with two routes from origin O to destination D: route
1 (dashed line) and route 2 (solid line). Let us assume that all links in the grid network
have the same distance therefore the total distance of route 1 is smaller than that of
route 2, but some links in the grid network have different speeds in such a way that the
total travel time of route 2 is lower than that of route 1.
If we assume that function F represents the distance, route 1 is an ef�cient route sat-
isfying Dial's criteria, whereas route 2 is not. In this case the resultant choice set
contains route 1. However, if we assume that F represents the shortest time, route 2 is
reasonable and it does satisfy Dial's criteria, whereas route 1 does not. In this case the
resultant choice set includes route 2.
The problems with Dial's criteria indicate that additional criteria are needed. An often
used criterion is a maximum detour relative to the straight OD connection in distance
or relative to the shortest path in time between O and D. In many car traf�c applica-
tions a detour of 50% has been is implemented. A related criterion is the maximum
route length in terms of number of constituting links, which requires restrictions on
minimum and maximum link length (Borgers, A. and Timmermans, H.J.P., 1984). A
well-known route generation approach is 'labelling', meaning that every route between
O en D that is optimal in some travel disutility sense is eligible for the choice set Ben-
Akiva, M.E. and Bergman, M.J. and Daly, A.J. and Ramaswamy, R. (1984). Possible
optimality criteria are: shortest route, fastest route, cheapest route, safest route, maxi-
mum freeway route, etc. These routes can be easily generated by repeatedly applying
a shortest path search.
Apart from the reasonabless properties of routes explicitly discussed in the literature,
additional desired properties will be considered that are implicitly used by the route
set generation methods developed in the recent past, to be discussed in Section 6.5.
Based on the previous arguments, let us discuss our de�nition of reasonable1 route.

1Note that the term reasonable used in this thesis differs from the one de�ned by Dial, R.B. (1971)
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De�nition 9 A single route is de�ned reasonable meaning that this route is eligible as
member of the choice set if the following criteria are ful�lled:

Acyclic criterion A reasonable route does not contain loops.

Detour criterion A reasonable route does not exhibit a detour from the shortest pos-
sible connection in terms of one or more measures such as distance or time
between origin and destination larger than a maximum threshold α (e.g. 100%).

Hierarchic quality A reasonable route is constituted by a systematic sequence of
functional link levels in the network such as roads (collectors, arterials, and
freeways), waterways, avoiding route parts going from higher to lower level
links and back, such as for example, repeated entrance to and exit from the same
motorway.

All criteria listed in De�nition 9 refer to a single route.

The detour criterion derives from the fact that travellers try to optimise their routes,
which will not show a large detour from the shortest or quickest distance between the
origin and destination. We may expect a reasonable route to deviate from the shortest
or fastest one only to some maximum level.

In order to formalise the detour criterion let us introduce the following notation. Let
Γr = {l1, l2, , lz} denote the sequence of links of route r, which starts from the origin
node O and ends to the destination node D. Let F(l) be the function that maps link l to
its length, time or generalised cost. Let d[i, j] be the shortest connection (in distance,
time, or cost) between any nodes i and j. Let α≥ 1.

A route satis�es the detour criterion if the following holds:

∑
lz∈Γr

F(lz)≤ α ·d[O,D] (6.1)

This detour criterion refers to the full route and not to parts of the route.
Figure 6.2 shows network examples with reasonable routes and non-reasonable routes
from O to D. Again assuming that all links in the network have the same speed, two
routes with the same number of links will have the same travel time. Route A is rea-
sonable according to the acyclic and detour criterion, no loops are in the route. Route
B cannot be de�ned reasonable according to the acyclic criterion, because it contains a
cycle. Finally, route C is also not reasonable according to the detour criterion because
the route contains a large detour relative to the shortest possible distance. In addition,
please note that it does not satisfy the Dial-criteria.

The requirement of hierarchical quality is derived from the hierarchical structure in-
herent to transportation networks mostly consisting of different network parts having
different functional levels suited for facilitating speci�c trip speeds and trip lengths.
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Figure 6.2: Examples of reasonable (dashed) and non-reasonable (solid) routes.

For example, in Figure 6.3 four network levels are distinguished, from local streets
at the lowest network level being a spatially very detailed network, having high ac-
cessibility and low speeds via collectors and arterials to the motorway level showing
decreasing levels of spatial detail but increasing levels of speed and capacity.

Therefore, a reasonable route should have the systematic sequences of functional roads
(pyramidal set-up), whereas deviations from a pyramidal set-up (dashed lines) as shown
in Figure 6-3 are considered non-reasonable.

The other example in Figure 6.3 (solid line) is a typical example of a reasonable route
for speci�c interurban trip and for a speci�c location.
The hierarchical quality criterion is a dif�cult one to realize in a route set generation
procedure since it is a typical route property that requires the assessment of the route in
its entirety, which is not simply derivable from the properties of the constituent links.
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DO Distance

Network
levels

Local Street

Urban road

Regional road

Motorway

Figure 6.3: Example of a reasonable route and an unreasonable route (dashed
line) in a hierarchical network having four network levels.

One should note that the presented criteria are not mutually exclusive, the various
criteria to a certain extent overlap and may result in identical routes.

In the next Subsection 6.3.2, the de�ned requirements for single routes to be reasonable
routes will be extended towards the de�nition of an adequate set of routes for a single
individual traveller. Then also criteria related to choice set size and set composition
come into play. The formulation of requirements for the individual level serve as an
intermediate step towards the de�nition of the requirements of adequate choice sets for
a group of similar travellers (Subsection 6.3.3) In Subsection 6.3.4 the requirements
for choice sets for prediction purposes are summarised.

6.3.2 Requirements for adequate choice sets at individual level

Based on the reasonabless criteria for single routes, we now look at adequacy of gen-
erated complete choice sets from the perspective of a single traveller. Since we aim at
specifying choice sets generated for prediction purposes and thus for a group of similar
travellers, this subsection is an intermediate step.

As discussed in Chapter 4 (Section 4.3), from the viewpoint of a single traveller the
following characteristics of choice sets are important:

• the spatial structure of the set in terms of the degree of mutual overlap or, oppo-
sitely, their spatial difference;
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• the composition of the set in terms of comparability of the routes in the set or
oppositely their functional variety;

• the size of the set in terms of number of alternatives.

From these arguments the following de�nition is derived.

De�nition 10 A choice set generated for an individual traveller is adequate if all
routes of the choice set are reasonable according to De�nition 9, and additionally
satisfy the following criteria:

Overlap criterion Any two routes of the generated choice set should have a mutual
overlap (in terms of number of links, distance, or time) less than ∆ percent with
respect to the shorter one of the two routes.

Comparability criterion Any two routes of the choice set should be comparable in
travel disutility (time, distance, or cost) within a given threshold of θ1 percent
with respect to the shorter one of the two routes (irrespective of overlap).

Detour-max criterion The non-common parts of two partly overlapping routes in the
choice set should have a maximum detour (in disutility terms) not larger than a
given maximum percentage ωmax of the minimum of the two parts.

Detour-min criterion Any two partly overlapping routes in the choice set should have
a minimum detour (in disutility terms) between the two routes not smaller than
a given minimum percentage ωmin of the minimum total route length, (or time or
cost).

Choice set size The choice set should contain a limited number of alternatives, say
less than S (e.g. 10).

Instead of single routes considered in De�nition 9, now in De�nition 10 the mutual re-
lations between routes within the choice set are at stake. In De�nition 10, we �rst con-
sider the criteria referring to the comparison of full routes (overlap and comparability
criteria); secondly the criteria regarding the comparison of part of routes (detour-max
and detour-min criteria) and �nally criteria relevant for the entire choice set (choice
set size).

While the overlap criterion refers to the common route part of two routes, the detour-
max and detour-min criteria speci�cally refer to the non-common route parts of two
routes.

In order to specify these criteria let us introduce the following notation. Let Γr =
{l1, l2, · · · , la} denote the sequence (ordered set) of links of route r and Γp = {l1, l2, · · · , lb}
denote the sequence (oredered set) of links of route p. Let F(l) be the function that
maps link l to its length, time or generalised cost, and let F(l) = {0,1} representing
that link l does not or does belong to route Γr or Γp.
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Overlap criterion

Regarding the overlap criterion (see also Subsection 5.4.2), two routes that do not
visit precisely the same nodes in the same order are considered different (distinct and
non-overlapping). However, from a transportation perspective a less strict overlap de�-
nition is required where routes with large overlap might both be considered reasonable
alternatives whereas only small variations to a given route are not relevant for the ana-
lyst.

Hoogendoorn-Lanser (2005) introduces different measures to quantify overlap of alter-
natives in a choice set. Different �gures, indicating the amount of routes or the use of
links, can be derived from the so-called assignment map or link-path incidence matrix,
which can be constructed for each trip. The assignment map shows which links are
used in which alternatives and thus contains all information regarding route overlap.
The route overlap can be de�ned in terms of:

• Number of common links;

• Time of common links;

• Distance of common links.

Given the above de�nitions and let 0 ≤ ∆ ≤ 1, a route r satis�es the overlap criterion
with respect to route p in terms of length or time of the number of common links, or
in terms of the number of common links if the following holds:

∑
la∈Γr

T
Γp

F(la)≤ ∆ ·min
(

∑
la∈Γr

F(la), ∑
lb∈Γp

F(lb)
)

(6.2)

where ∆ is the overlap threshold.

If such criterion is not satis�ed the longest (in terms of number of links, or distance,
time or cost) route between route r and route p will be eliminated from the choice set.

To illustrate, Figure 6.4 depicts two routes r and p from O to D; the number of links of
route p is 6 whereas the number of links of route r is 8. Given the cost associated with
each link in Figure 6.4 the total cost of route r is 9 whereas the total cost of route p is
6. If we set ∆ to 0.8 (80% of overlap) and we apply Formula 6.2 we observe that route
r does not satisfy the overlap criterion. The cost of the links that are in common to the
two routes is 5, therefore by applying Formula 6.2:

5≤ 0.8 ·min{6,9}= 0.8 ·6 = 4.8

In this case routes r and p do not satisfy the overlap criterion because route r over-
laps route p for more than 80% of the shortest route (p), therefore route r has to be
eliminated.
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(1,1) (2,1) (3,1) (4,1) (5,1) (6,1)

(7,2) (8,2)

O D

Route r = {1,2,7,8,4,5,6}

Route p = {1,2,3,4,5,6}

Figure 6.4: Example of overlapping routes r and p. ( (l, c) represents the link
index and the link cost associated with each link).

Schnabel and Lohse (1997) in road network context, for example, propose that paths
that overlap for more than 50% are not identi�ed as separate paths. This can be veri�ed
by setting ∆ to 50% (0.5) in Formula 6.2.

Comparability criterion

The comparability requirement is based on the assumption that an individual traveller
only considers alternatives below a certain threshold of maximum travel time, travel
cost or disutility. Such a maximum might e.g. be double the value of the minimum
shortest route.

Given the above de�nitions and let 0 ≤ θ1 ≤ 1, a route r satis�es the comparability
criterion with respect to route p in terms of distance, time or generalized cost if the
following holds:

max
(

∑
la∈Γr

F(la), ∑
lb∈Γp

F(lb)
)
≤ (1+θ1) ·min

(
∑

la∈Γr

F(la), ∑
lb∈Γp

F(lb)
)

(6.3)

where θ is the comparability threshold.

Let assume that two routes r and p in the choice set have a total cost (for example, in
time) of 100 and 150 (minutes) respectively. The two routes satisfy the comparability
criterion if we set θ1 = 1, therefore the Formula 6.3 becomes: 150 ≤ 2 · 100 = 200.
The longest route is shorter than the double of the shortest, so the criterion is satis�ed.
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Detour-max and detour-min criteria

The detour-max requirement is somewhat similar to the detour criterion from De�ni-
tion 9. The main difference is that in the detour-max criterion non-overlapping parts of
two routes are considered to identify the level of maximum detour relative to the short-
est connection, whereas in De�nition 9 the entire route is considered and compared to
the shortest distance between the origin and destination. Moreover, in De�nition 9 a
single route is considered whereas in De�nition 10 always pairs of partly overlapping
routes are taken into account. The detour-max criterion includes spatial variability
among routes in the choice set. Routes should preferably differ but not too much.

The detour-min requirement is similar to the overlap criterion. The main difference is
that in the detour-min criterion non-overlapping parts of two routes are compared to
identify the level detour relative to the total length or cost of the other route, whereas in
the overlap criterion the full routes are taken into account and compared to each other.
The detour-min criterion is applied to eliminate routes that are largely overlapping
with only minor deviations however, such as, for example, routes via motorways using
off-ramps and on-ramps at the same interchange.

(1,1) (2,1) (3,1) (4,1) (5,1) (6,1)

(7,1) (10,1)

O D

Route r = {1,7,8,9,10,5,6}

Route p = {1,2,3,4,5,6}

(8,1) (9,1)

Figure 6.5: Route r satis�es the detour-max constraint relative to route p. ( (l,c)
represents the link index and the link cost associated with each link)

In order to specify the detour-max and detour-min criteria let us introduce the following
notation. Given the above de�nitions, let a and b be the diverging and converging links
of route r respectively, let �a and �b be the diverging and converging links of route
p and let ωmax ≥ 1 and ωmin ≥ 1. A route satis�es the detour-max criterion if for
any subsequence of links {la, la+1, · · · , lb} of route r and for any subsequence of links
{l �a, l �a+1, · · · , l�b} of route p the following holds:

max
(

b
∑
z=a

F(lz),
�b

∑
�z= �a

F(l�z)

)
≤ ωmax ·min

(
b
∑
z=a

F(lz),
�b

∑
�z= �a

F(l�z)

)
(6.4)
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where lz ∈ Γr, and l�z ∈ Γp and ωmax is the maximum detour threshold.
Given the above de�nitions, a route satis�es the detour-min criterion if for any subse-
quence of links {la, la+1, · · · , lb} of route r and for any subsequence of links {l �a, l �a+1, · · · , l�b}
of route p the following holds:

min
(

b
∑
z=a

F(lz),
�b

∑
�z= �a

F(l�z)

)
≥ ωmin ·min

(
b
∑
z=a

F(lz),
�b

∑
�z= �a

F(l�z)

)
(6.5)

where lz ∈ Γr, and l�z ∈ Γpωmin is the minimum detour threshold.

Figure 6.5 illustrates a case where the detour-max constraint is satis�ed. Route r satis-
�es the detour-max constraint by setting ωmax equal to 1.5 and applying Formula 6.4:

max{3,4} ≤ 1.5 ·min{3,4}= 4.5

(1,1) (2,1) (3,1) (4,1) (5,1) (6,1)

(7,1) (10,1)

O D

Route r = {1,2,7,8,9,10,5,6}

Route p = {1,2,3,4,5,6}

(8,1) (9,1)

Figure 6.6: Route r does not satisfy the detour-max constraint relative to route p.
( (l,c) represents the link index and the link cost associated with each link)

Figure 6.6 illustrates a case where the detour-max constraint is not satis�ed. Route r
does not satisfy the detour-max constraint by setting ωmax equal to 1.5 and applying
Formula 6.4:

max{2,4}= 4≤ 1.5 ·min{2,4}= 1.5 ·2 = 3

All routes in the previous examples are reasonable, whereas route r depicted in Figure
6-6 is eliminated by pair-wise comparison.

Schnabel and Lohse (1997) discuss how this type of constraints can be used to elim-
inate behaviorally unrealistic paths. They recommend a value ωmax = 1.40 for urban
networks and ωmax = 1.25 for motorway networks.

Threshold ωmin should be interpreted as the minimum required length that a detour
should have before the path containing this detour is recognized as a distinct alter-
native. Figure 6-7 illustrates that the detour-min constraint is not satis�ed, whereas
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Figure 6.8 shows an example in which the detour-min constraint is satis�ed. Route r
depicted in Figure 6.7 does not satisfy the detour-min constraint by setting ωmin equal
to 0.5 and applying Formula 6.5:
min{1,4} ≥ 0.5 ·min{6,12}

(1,1) (2,1) (3,1) (4,1) (5,1) (6,1)

(7,2) (8,2)

O D

Route r = {1,7,8,3,9,10,5,6}

Route p = {1,2,3,4,5,6}

(9,2) (10,2)

Figure 6.7: Route r does not satisfy the detour-min constraint relative to route p.
( (l,c) represents the link index and the link cost associated with each link)

Route r depicted in Figure 6.7 is rejected because it is the longer one. Compared to
route p the minimum of its detours is less than the threshold ωmin with respect to the
minimum of the entire route cost. Note that route r depicted in Figure 6.7 does satisfy
the overlap constraint with respect to route p meaning that route r is not relevant for
the analyst because of its small variations to route p.
Figure 6.8 illustrates a case where the detour-min constraint is satis�ed. Route r satis-
�es the detour-min constraint by setting ωmin equal to 0.5 and applying Formula 6.5:
min{3,4}= 3≥ 0.5 ·min{6,8}= 0.5 ·6 = 3

Choice set size

Finally, the requirement about the choice set size is derived from Chapter 4 showing
that the size of the objective choice set is proportional to the network density, whereas
the size of the subjective choice set depends on the limited ability of travellers in con-
sidering many alternatives. Thus, in modelling route choice sets for transport net-
works, large choice sets may be expected to be generated, whereas only small choice
sets maybe expected to be considered by the travellers. In fact, since the number of
routes that might be known or considered or used by the travellers is limited, a choice
set at individual level is expected to have also a limited number of route alternatives,
even very few alternatives as is observed in reality.
To a certain extent, the criteria developed and discussed above are overlapping in the
sense that different criteria may lead to rejection of the same route.
Table 6.1 summarizes the properties of the criteria introduced in this section. Four
types of comparison for route elimination are distinguished:
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(1,1) (2,1) (3,1) (4,1) (5,1) (6,1)

(7,2) (8,2)

O D

Route r = {7,8,9,10}

Route p = {1,2,3,4,5,6}

(9,2) (10,2)

Figure 6.8: Route r satis�es the detour-min constraint relative to route p. ( (l,c)
represents the link index and the link cost associated with each link)

• Comparison at level of a single route on its own;

• Pair-wise comparison of full routes;

• Pair-wise comparison of parts of routes;

• Comparison at level of the full choice set.

Some criteria such as Acyclic, Detour and Hierarchic from De�nition 9 are applied
at the level of a single route. The overlap and comparability criteria are applicable to
full route pairs, whereas the detour-max and detour-min criteria are applicable only to
parts of route pairs. The choice set size is applied at the level of the full choice set.

Table 6.1: Criteria classi�ed with respect to four types of route comparison.
Criterion Single route Full Parts of Full

route pairs route pairs choice set
Acyclic X
Detour X
Hierarchic X
Overlap X
Comparability X
Detour-max X
Detour-min X
Choice set size X
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6.3.3 Requirements for an adequate choice set at group level

The requirements for an adequate choice set for a group of similar trips directly relate
to our focus on the prediction application of choice sets. Therefore the arguments
related to the prediction of �ows (discussed in Section 6.2), will play an important role
in this section. Moreover, when a group of individuals is considered, which are likely
to be based on different preferences, aggregation of individual choice sets has to be
taken into account. Therefore, all criteria introduced in the previous subsection need
to be discussed again at aggregate level.

From the viewpoint of prediction of route choice, the following characteristics of
choice sets are important:

Overlap and comparability criteria In prediction purpose applications, the analyst
is much more interested in knowing the �ows in the main arterials of the net-
work than in collector and local links, which are mainly used in the network for
modelling purpose only. Therefore, an adequate choice set should contain the
routes consisting of these main arterials. Routes that overlap and are different
only for local links (for example, on/off ramps) might be rejected because only
variations of the main arterials are considered relevant for the prediction appli-
cation. Routes belonging to the prediction choice set should be comparable, but
at group level more variation in route types and route costs is allowed, because
individuals belonging to the same group may have difference preferences.

Detour-max and detour-min criteria Detour-max and detour-min requirements in-
troduced in De�nition 10 derive also from the prediction purposes for which
only variations of the main road arterials are relevant which might be included
in the choice set, whereas overlapping or non-overlapping of local links are not
relevant for the prediction choice set.

Choice set size As stated in Section 6.2 for link �ow prediction, generated choice sets
need to include all attractive routes but may miss routes of less attractiveness.
Given this, predicted choice sets should be suf�ciently large, possibly even in-
cluding 'wrong' (non-used) routes. Consequently, we can state that a prediction
choice set should likely consist of all reasonable routes with signi�cant proba-
bility of being chosen.

Spatial variability criterion The generated choice set should contain as different route
types (with respect to road type composition) as possible. This criterion, in ad-
dition to the detour-max and detour-min criteria, emphasises spatial variability
among routes, referring to variability with respect to road type composition and
other observable properties of roads. This criterion is especially relevant at the
group level (see below).

Preferential variability criterion This criterion takes into account the variability in
preferences among the groups of travellers. When several groups of travellers
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are taken into account, they are not homogenous within each others, but they
consist of homogenous travellers within the same group (i.e. same trip purpose,
transport mode available, etc.). The choice set should thus contain as many as
possible routes representing the taste variation of each single group of travellers.

From these arguments the following de�nition of an adequate route choice set gener-
ated for prediction purposes for a group of travellers is derived.

De�nition 11 A route choice set generated for a group of travellers is de�ned ad-
equate if all routes of this set are reasonable according to De�nition 9, the set is
adequate according to De�nition 10, with the following remarks:

Overlap criterion See De�nition 10

Comparability criterion Two routes belonging to the choice set should be compa-
rable in travel disutility (time, distance, or cost) within a given threshold of θ2
percent.

Detour-max and detour-min criteria See De�nition 10

Choice set size The choice set should contain a limited number of alternatives but
should include all attractive routes having a high probability of being chosen.

and ful�ls the following additional criteria:

Spatial variability Routes of the choice set should be spatially different (dissimilar)
with respect to the links used.

Preferential variability Routes of the choice set should represent the taste variation
of each group of travellers.

The comparability criterion has been adapted at the group level since routes in the joint
choice set are less comparable than routes in the individual choice set. In order to take
this into account different parameters s might be used. At the individual level the θ1
parameter may be used in the formula whereas at group level the θ2 parameter may be
applied, with θ1 < θ2.

This implies that at individual level routes are more comparable in terms of distance,
time or generalised cost, whereas at group level routes should be also comparable but
in a less restrictive way, more variation of route types and route costs is allowed at
group level, because individuals belonging to the same group may have difference
preferences.

The choice set size requirement follows from Chapter 4. The size limit should allow
the consolidation of different choice sets from various travellers at group level. In
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addition, the analyst is interested in selecting routes that vary as much as possible and
in excluding routes that are similar and largely overlapping.

The spatial variability requirement follows from the observation that choice sets of
different travellers in a group may strongly differ in composition due to the fact that
the group members have each their own knowledge, preferences, and perceptions of
the network. In addition, they travel between (slightly) different OD pairs with differ-
ent OD locations, so that different types of routes may be chosen even if knowledge,
preferences, and perceptions are equal. The main implication of this line of reasoning
is that the prediction choice sets should preferably consist of route alternatives that
are spatially different, and different with respect to cost and time or other attributes.
Because of this a broad variety of options should be available in the generated choice
set as far the transportation network allows. The spatial variability is already included
in the overlap, detour-max and detour-min criteria. By setting the ∆, ωmax, ωmin pa-
rameters of the overlap, detour-max, and detour-min criteria respectively in a proper
way, routes generated with those parameters values might contain enough spread in a
spatial sense.

From surveys it is known that many travellers choose routes so as to optimise a partic-
ular subjective criterion. Whereas some travellers try to use the shortest route in dis-
tance, others prefer to use the shortest route in time, or having minimum traf�c lights,
minimum right turns or minimising other route attributes. The preferential variabil-
ity criterion addresses this variability in preferences in the group by trying to achieve
differences in label routes in the choice set.

6.3.4 Summary of desired properties of adequate choice sets

Table 6.2 summarizes the required choice set properties de�ned in the previous subsec-
tions classi�ed by single route at individual level, and by choice set at individual and
group level respectively. These criteria will be used in the sequel to evaluate the quality
of the generated choice sets produced by the various choice set generation approaches.
Since the main aim of this thesis is to generate adequate choice sets for prediction pur-
poses, mainly the criteria for a group of travelers will be taken into account, additional
to the criteria for reasonable single routes.

In Section 6.5 an extensive overview of choice set generation approaches will be pre-
sented. Some of these methods use explicitly some of the quality criteria previously
de�ned for generating adequate choice sets. For each method described in the fol-
lowing subsections it will be indicated which of these quality criteria are ful�lled in
generating the choice sets, how they are applied by each approach, and which are the
results of the generation process.
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In Chapter 7 we will deal speci�cally with the operationalization (chosen threshold and
parameter values) of the developed criteria and introduce additional criteria for multi-
modal networks. In that chapter as well, the developed dedicated CSG for multi-modal
networks will be presented and discussed, and its performance quality evaluated.

Table 6.2: Requirements for a reasonable route and adequate choice set.
Individual (OD pair) Group level (OD zone level)

Single route Acyclic criterion
Detour criterion
Hierarchic quality

Choice set Overlap criterion Overlap criterion
Comparability Comparability
Detour-max criterion Detour-max criterion
Detour-min criterion Detour-min criterion
Choice set size Choice set size

Spatial variability
Preferential variability

6.4 Requirements for an appropriate choice set
generation process for prediction purposes

The generation process, �rst of all, should ideally generate what we de�ne as ade-
quate choice sets for prediction purposes, a choice set that matches partly (as much as
possible) or totally the quality criteria we de�ned in the previous sections.

Secondly, the generation approach should satisfy as much as possible the following
criteria:

1. the approach should be suitable for both single OD pair and multiple OD pairs;

2. the approach should be generic;

3. the approach should be �exible;

4. the approach should satisfy the parsimony requirement.

The �rst important requirement for generating choice sets for prediction purposes is to
have a generation process suitable both for one-to-one OD pair and one-to-many OD
pairs, which is especially relevant at group level. Since we are especially interested
in methods suitable for single and multiple OD pairs, in the following section we will
use this requirement in order to classify the generation methods. Unfortunately some
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generation methods are suitable only for single OD pairs, as we will see in the next
section.

The generation process should also be generic in the sense that it should be applicable
to different kinds of uni-modal networks (such as roadway or waterway networks) at
different spatial scales.

It should also be �exible, meaning that it may easily be adapted to be applied for dif-
ferent policy questions, under different network conditions, like peak/off-peak period
or for different groups of travellers, such as commuters, students or elderly people;
or the approach could be applied with different cost functions or search criteria. The
policy analysis context may set requirements on the composition of the choice set, for
example in the sense that particular alternatives that are relevant for the policy impact
assessment always should be part of the choice set. In such cases (e.g. tolling or P&R
policy studies) the policy analyst wishes to know the impact of such policies on travel
choice behaviour and demand. Network elements (links and nodes) that are subject of
such policies then might be required to be included in travel options. In such cases the
policy analyst is assumed to prescribe which alternatives should anyhow be included
in the generated choice set. The generation process should be �exible in the sense
that it might allow analysts to set the model in order to generate choice set including
alternatives that are required from a policy analysis point of view and alternatives that
are relevant for policy makers. A generation approach might be not �exible at all, or
might allow the analyst to set some given parameters in order to generate some speci�c
choice sets, or it also might force to use some speci�c links or nodes to be included in
the �nal solution.

Finally, the approach should not be too complex but at the same time include all rele-
vant alternatives; we refer to this as the parsimony requirement.

6.5 Overview of exact and heuristic RSG approaches

6.5.1 Principles of a generic RSG approach

In the following, we make a distinction between choice set generation (CSG) and route
set generation (RSG). Choice set generation approaches are aimed at generating route
sets that ful�l the requirements of an adequate choice set to be used in prediction,
whereas route set approaches generate sets of routes for some purposes, not neces-
sarily ful�lling the adequacy requirements. Since however RSG's may have attractive
properties for our purpose, and for gaining insight into the complexities of CSG, we
analyse and discuss available RSG approaches.

Apart from a few exact approaches, most approaches for generating route choice sets
presented in literature are heuristic since it is very complex to specify clear objective
functions for best prediction route choice sets. Nearly all procedures assume that the
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relevant route properties can suf�ciently be described by the properties of the con-
stituent links; no attempt is known of adopting route-based characteristics in generat-
ing or selecting routes. Route set generation approaches are based on the application
of some basic components that we will discuss in the following.
First of all, almost all route set generation approaches to be described in this section
are based on shortest path search, except the one based on enumeration approach with
Branch & Bound tecnique. Shortest path algorithms are very ef�cient to determine
routes between two given points in networks of some size. The minimum criterion is
mostly related to the traveller's choice criteria, such as minimum time and distance.
Two types of shortest path search algorithms are reported in the literature: the ap-
proaches that consider a single criterion and the ones that take into account multiple
objectives in the search function. The solution of the single-objective shortest path
problem determines the route, which optimises only one travel attribute, such as time
or distance. The solution of the multiple-objective shortest path problem, on the other
hand, obtains the route (set of routes), which optimises simultaneously more than one
travel attribute, for example time and distance. The idea of the multi-objective (or
multi-labelling) algorithm is that the search function equation is extended from a scalar
function to a vector-valued function such that all objectives under consideration are in-
cluded.
Abdelghany, K.F.S. (2001) presents an example of application of multi-objectives
shortest path search. It is well known that the multi-objectives shortest path is NP-hard
problem and it is dif�cult to solve. Abdelghany, K.F.S. (2001) found that the multi-
objectives approach may outperform a single-objective approach in terms of quality
of generated routes, but it needs much more computation time than a simple single-
objective approach. Moreover, as we will show in the coming sections single-objective
approaches may performs well not only in computation time but also in terms of qual-
ity of generated routes, therefore, for those reasons in this thesis we will focus only on
single-objective shortest path approaches.

6.5.2 Generic scheme of a RSG approach

The basic steps in most RSG algorithms are as follows:

• search a best route according to certain conditions;

• evaluate the route according to a set of route criteria;

• select or reject the generated route;

• evaluate the resulting route set according to a set of criteria.

Based on these steps and ingredients (search criteria, selection constraints, etc.) we
designed a generic route set generation approach that encompasses nicely all currently
available route set generation approaches.
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Figure 6.9 shows a generic procedure for generating route sets as a basis for choice
sets. As shown, the generic procedure requires six input boxes, namely: the network,
in which the paths are searched, a �restrictive criteria� that may force a route to pass
by a speci�c node or link, the OD list for which the paths have to be generated, the
search criteria that are applied in determining the shortest paths, and the constraints
set and the termination criteria boxes consist of the constraints used by the approach
to eliminate routes and the criteria applied to terminate the process respectively. The
OD list might consist of single OD pairs (one-to-one search) or a list of origins from
which to establish trees to all destinations (one-to-many search) at once, the multiple
OD pairs case. Two output boxes are distinguished in Figure 6.9, namely the �nal
route set and the intermediate route set, that is the set in which at each iteration a new
route may be included or replaced. The �nal route set consists of the characteristics
of the choice set (total number of routes generated, routes per OD pair, etc.) and the
characteristics of the route set generation process (total number of iterations, etc.)

All methods for generating route sets apply a speci�c Search criterion or multiple
search criteria on the basis of which the shortest paths are determined. The search cri-
teria might be related to the notion of the generalized cost of a route or to some other
attribute or combination of attributes. Assuming that an individual traveller takes a sin-
gle or several aspects of a route into account simultaneously and selects the best route
with respect to the combination of those aspects, leads us to the notion of generalized
cost of a route. The (stochastic) generalized cost C̄qk of a route alternative k perceived
by the individual traveller q is usually modelled as a weighted (linear) combination of
link attributes Xay:

C̄qk = ∑
a∈k

∑
y∈Y

(βqy + �εqy) · (Xay + �εay) (6.6)

where index a refers to links of route k, index y represents the index of the Y attributes
considered by individual q, while βqy are the weights of the link attributes y for indi-
vidual q. Xay is assumed to be the exact and true value of the attributes y for link a of
path k considered by the individual q.
For classi�cation purposes, we specify cost function 6.6 with two separate error terms,
one (�ε) attached to parameters β, while the other (�ε) is attached to attributes X .

Error terms �ε express the variations in parameter values β in the population of travellers
(taste variation) and the uncertainty about β on the part of the analyst, while error terms
�ε express perception errors of X in the population of travellers and uncertainty about
X on the part of the analyst.

Note that a path cost function based exclusively on travel time is a special case of a
generalised cost where the weights β of all attributes X except travel time are zero.
Therefore, the notion of shortest or least cost routes through a network is preferably
cast in terms of generalised cost. The least-cost route with respect to the generalised
cost function will be the route that best matches a particular set of attribute weights.
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Search criterion function 6.6 shows that by selecting attributes X , parameter values
β, error term speci�cations for �ε and �ε, and the search function speci�cation, many
different search function types may be speci�ed.

Next component that a route set generation algorithm might adopt is a Constraints Set
(see Figure 6.9). These constraints consist of two subsets to be applied successively.
The �rst group, so-called single route constraints, are to be adopted to check the va-
lidity of the optimal route found through the shortest path (SP) search to the single
route criteria, and if valid, the second group of so-called relational criteria (or pair-
wise route comparison) is adopted to compare the generated route with all previously
found routes. If the single route constraints are not satis�ed the new generated route
is rejected, if satis�ed, then the second group of constraints related to the pair-wise
comparisons are applied. If these constraints are not satis�ed because, for example,
one route in the choice set is overlapping with the new generated route, the two route
costs are compared and the route with the worst cost is rejected (or replaced) and the
route with the best cost is added to (or kept in) the choice set. If the constraints related
to the pair-wise comparison are all satis�ed the new route can be added to the choice
set. These constraints are non-compensatory: if one of the constraints is violated the
route under consideration is rejected. Please note that the only pair-wise comparison
constraint that could be applied during the generation process is the 100% overlap, due
to the random process of route generation it is better to apply the pair-wise compari-
son only after having generating all routes, in the so-called �ltering process. Finally,
termination criteria are applied (see Figure 6.9).

Each method might employ simple or complex Termination Criteria, for example,
required (exact, minimum or maximum) size of the generated route set, or quality of
the generated route set. The procedure might also terminate when the generated set is
exhaustive (no more new routes can be found). If the termination criteria are satis�ed
the �nal route set is ready, if not, three additional steps in the generation procedure
might be applied, separately or simultaneously depending on the kind of the approach.

One such additional component (Change Network Attributes action in Figure 6.9)
changes the network (structure or attributes) by applying some rules, such as elim-
inating some links from the network, or changing the value of some link attributes
X , for example the travel time of some speci�c links or randomising the error terms.
Another component (Change Routes Criteria action in Figure 6.9) changes the route
criterion function C.

Last additional component (Change Restrictive Criteria action in Figure 6.9) changes
the criteria that force a route to pass by certain nodes or links. At the beginning, the
set of restrictive criteria might be empty, during the generation process some links are
forced to be included in the route to be searched; therefore they are included in the
�restrictive criteria�. In the case that some links (close to the origin or close to the
destination) are forced to be included the new route to be searched may begin from a
different origin or may arrive to a different destination.
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6.5.3 Route set generation methods classi�ed

All known route set generation methods will be classi�ed using the generic scheme
shown in Figure 6.9. In this scheme, apart from the shortest path search, �ve ba-
sic components are distinguished as dimensions of our classi�cation, namely Change
Network Attributes, Change Routes Criteria, Change Restrictive Criteria, Check Con-
straints, and Check Termination Criteria. The generation methods to be discussed
below differ from one another depending on which combination of these basic compo-
nents is adopted.
In the following we will describe a sample of the most relevant methods to generate
route sets in transport networks (each method may be an exact or a heuristic approach
and may be applied to single or to both single and multiple OD pairs):

• k-shortest paths (KSP): exact method, only applicable to single OD pairs;

• Constrained k-shortest paths (CKSP): exact method, applicable to single OD
pairs;

• Constrained enumeration: exact method, applicable to single OD pairs;

• Link elimination method: heuristic method, only applicable to single OD pairs;

• Link penalty method: heuristic method, only applicable only to single OD pairs;

• k-dissimilar paths: heuristic method, only applicable to single OD pairs;

• Gateway method: heuristic method, only applicable to single OD pairs;

• Least-cost paths: heuristic method, only applicable to single OD pairs;

• Labelling method: heuristic method, applicable also to multiple OD pairs;

• Monte Carlo method: heuristic method, applicable also to multiple OD pairs;

• Accelerated Monte Carlo method: heuristic method, applicable to multiple OD
pairs;

• Monte Carlo Labelling combination method: heuristic method, applicable also
to multiple OD pairs;

• Accelerated Monte Carlo Labelling combination method: heuristic method, ap-
plicable also to multiple OD pairs.
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Table 6.3 shows for each indicated route set generation method which procedural com-
ponents (among Change Network Attributes, Change Routes Criteria, Change Restric-
tive Criteria, Check Constraints) are applied.

Moreover, the table shows for each method the type of simple or complex Termination
Criteria, and the type of single or multiple OD pairs that can be taken into account.
A termination criterion is de�ned simple if the process stops when, for example, a
speci�c number of paths is generated; it is de�ned complex when more conditions are
checked, for example, the number of iterations, the number of new routes found in the
last iterations, etc.

In the next section these route set generation methods are described using the generic
scheme depicted in Figure 6.9 and the procedural components reported in Table 6.3.
Table 6.4 extends on Table 6.3 by showing the type of approach and some sources for
each method.

Table 6.3: Basic procedure components applied in each RSG method.
RSG approaches Change Change Change Check Termin. OD pair

Network Routes Restric. Constr. Criteria
Attributes Criteria Criteria

k-shortest paths X X Simple Single
Constrained k- X X X Simple Single
shortest paths
Constrained X Simple Single
enumeration
Link elimination X Simple Single
Link penalty X Simple Single
k-dissimilar X X Simple Single
paths
Gateway method X Complex Single
Essentially least- X Complex Single
cost paths
Labelling X Simple Multiple
Monte Carlo (MC) X Simple Multiple
Accelerated MC X Complex Multiple
MC Labelling X X Complex Multiple
combination
AMC Labelling X X Complex Multiple

As shown in Table 6.3 (last column) some methods can be applied only to single OD
pairs, whereas some might be also applied to multiple OD pairs. We consider appli-
cability to multiple OD pairs an advantage, mainly because of saving computational
time, but also because to generate predicted choice set at group level is more relevant
to have approach suitable for multiple OD pairs.
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The aim of the following subsections is to describe in detail a fairly comprehensive set
of route set generation methods, for each of which a de�nition and the main principle
of the method are presented. Moreover, we compare the features of these methods
with our requirements of an adequate choice set generation presented in Section 6.3
and Section 6.4. For each generation method a table shows which choice set criterion
(for reasonable route and for adequate choice set) the generated choice set satis�es and
which choice set generation approach requirement is also satis�ed.

In this context, a criterion is considered satis�ed if and only if the criterion is explicitly
included and applied in the generation method. On the contrary, a criterion is con-
sidered not satis�ed if it can never be included and applied in the generation process,
otherwise ful�lment of the criterion remains an pre-question.

Based on this evaluation, for each method a list of advantages and disadvantages and
a �nal comment is provided (referring to the quality criteria of an adequate choice set
generation approach for prediction purposes). If possible, we will give some attention
to the empirical validity of each approach, in the sense whether a quality check of the
proposed approach with observations has been performed, and with what result.

Since we consider that generation methods suitable both for single and multiple OD
pairs are more important and especially relevant for generating choice set at group
level and for prediction purposes, in the following section we will divide the route
set generation descriptions in two subsections, one dedicated to the single OD pair
approaches, and the other to the approaches suitable for both single and multiple OD
pairs.
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Table 6.4: Exact and heuristic choice set generation approaches.
RSG approaches Approach References (sample)
k-shortest paths Exact Lawler, E.L. (1976); Akgün et al. (2000);

Fiorenzo-Catalano, S. and Van Der Zijpp, N.J. (2001);
Cascetta et al. (2002);
Ramming, M.S. (2002);

Constrained k- Exact Fiorenzo-Catalano, S. and Van Der Zijpp, N.J. (2001);
shortest Van Der Zijpp, N.J. and Fiorenzo-Catalano, S. (2002);
paths Van Der Zijpp, N.J. and Fiorenzo-Catalano, S. (2005);
Constrained Exact Prato, C.G. and Bekhor, S. (2006);
enumeration
Link Heuristic Martins, E.Q.V. (1984);
elimination Park, D. and Rilett, L.R. (1997);

Ramming, M.S. (2002);
Link Heuristic Johnson et al. (1992);
penalty De La Barra, T. and Perez, B. and Anez, J. (1993);

Park, D. and Rilett, L.R. (1997);
Scott et al. (1997);
Akgün et al. (2000); Ramming, M.S. (2002);

k-dissimilar paths Heuristic Akgün et al. (2000);
Gateway method Heuristic Lombard, K. and Church, R.L. (1993);

Akgün et al. (2000);
Essentially least- Heuristic Hunt, D.T. and Kornhauser, A.L. (1997);
cost paths
Labelling Heuristic BenAkiva et al. (1984); Dial, R.B. (2000);
Monte Carlo (MC) Heuristic Shef�, Y. and Powell, W.B. (1982);

Ramming, M.S. (2002);
Accelerated MC Heuristic Bliemer et al. (2004);
MC Labelling Heuristic Fiorenzo-Catalano, S. and Van Der Zijpp, N.J. (2001);
combination
AMC Labelling Heuristic Fiorenzo-Catalano, S. and Van Der Zijpp, N.J. (2001);
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6.5.4 RSG method descriptions of the single OD-pair group

Method: k-shortest paths (KSP)
Original source: Lawler (1976).
Application sources: Cascetta, E. and Russo, F. and Viola, F.A. and Vitetta, A. (2002),
Ramming, M.S. (2002), Akgün et al. (2000), Fiorenzo-Catalano, S. and Van Der Zi-
jpp, N.J. (2001).
Approach type: exact.
De�nition: Generated set consists of the k-shortest routes according to a given crite-
rion.
Principle: Repetitive applications of shortest path (SP) algorithm to successively changed
network. As shown in Table 6.3, in this method the Change Network Attributes proce-
dure is applied, in which the network is adapted by excluding some links. The Change
Restrictive Criteria component is also applied by forcing the shortest path to pass by
some links, such links are including in the restrictive criteria. The Change Routes Cri-
teria is not changed and no constraints are used, therefore the Check Constraints is not
applicable. Finally, the termination criterion is based on the given maximum number k
of paths to be generated: the choice set should be exhaustive with a maximum size of
k.
Advantage: This method �nds in an exact way the k shortest paths. It matches only
few requirements for generating adequate choice sets with reasonable routes. The re-
quirements matched are the acyclic criterion, routes do not contain any loops, and the
comparability criterion since the k shortest paths are variation of the shortest paths are
all comparable each other in terms of time or distance.
Disadvantage: All other requirements summarised in Table 6.5 are not satis�ed. For
example, the size of the choice set depends on the number k, which in some cases
might be much larger than the desired size. Moreover, the overlap and spatial variabil-
ity criteria are not satis�ed: generated paths tend to be very similar in spatial sense and
also largely overlapping (Fiorenzo-Catalano, S. and Van Der Zijpp, N.J., 2001). This
method is not �exible in the sense that it is dif�cult to force the method to generate
particular alternatives.
Empirical test: Fiorenzo-Catalano, S. and Van Der Zijpp, N.J. (2001) present empirical
tests with simulation networks. Ramming, M.S. (2002) and Cascetta, E. and Russo,
F. and Viola, F.A. and Vitetta, A. (2002) carried out empirical tests with real networks
and observations. Ramming, M.S. (2002) states that routes generated with KSP result
in a good coverage (about 80%) with the observed routes, however it does take a large
amount of computation time (about 3 days of computation).
Comment: This method is applicable only to single OD pairs. Because of this and
other reasons, �nding the k shortest paths tends to be computationally expensive on
a network basis, also because this method is complex, especially due to the Change
Network Attributes and the Change Restrictive Criteria procedures, which take com-
putational time (parsimony criterion not satis�ed). We conclude that the KSP method
is not useful for generating choice sets.
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Table 6.5: Satis�ed quality criteria for the KSP approach.
Quality Criteria Satis�ed Not Satis�ed

Reasonable Acyclic criterion X
route Detour criterion X

Hierarchic quality X
Adequate Overlap criterion X
Choice set Comparability X

Detour-max criterion X
Detour-min criterion X
Choice set size X
Spatial variability X
Preferential variability X

Appropriate Generic X
CS generation Flexible X
approach Parsimony X

Method: Constrained k-shortest paths (CKSP)
Original sources: Fiorenzo-Catalano, S. and Van Der Zijpp, N.J. (2001), Van Der Zi-
jpp, N.J. and Fiorenzo-Catalano, S. (2002).
Application source: Van Der Zijpp, N.J. and Fiorenzo-Catalano, S. (2005).
Approach type: exact.
De�nition: Route set contains the k-shortest routes each of which satis�es prede�ned
constraints in an exact way.
Principle: Repetitive applications of shortest path (SP) algorithm to successively changed
network. As shown in Table 6.3, in this method the Change Network Attributes compo-
nent is applied adapting the network by excluding some links. The Change Restrictive
Criteria component is also applied by forcing the shortest path to pass by some links,
such links are including in the restrictive criteria. Whereas the Change Routes Criteria
box is not applied, the constraints set is de�ned (the so-called overlap, detour-max,
and detour-min constraints) in such a way that the generated paths are more spatially
different; therefore the Check Constraints Set is applicable. Finally, the termination
criterion is based on the given maximum number k of paths to be generated: the choice
set should be exhaustive with a maximum size of k.
Advantage: This method �nds in an exact way the k shortest paths that match some
of the requirements for generating adequate choice sets with reasonable routes. The
requirements matched are the acyclic criterion routes do not contain any loops, and the
comparability criterion since the k shortest paths are variations of the shortest paths
being all comparable to each other in terms of time or distance. The overlap and spa-
tial variability criteria are also satis�ed since the application of constraints guarantees
the generation of more spatially different paths compared to the paths generated by the
KSP method.
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Table 6.6: Satis�ed quality criteria for the CKSP approach.
Quality Criteria Satis�ed Not Satis�ed

Reasonable Acyclic criterion X
route Detour criterion X

Hierarchic quality X
Adequate Overlap criterion X
Choice set Comparability X

Detour-max criterion X
Detour-min criterion X
Choice set size X
Spatial variability X
Preferential variability X

Appropriate Generic X
CS generation Flexible X
approach Parsimony X

Disadvantage: Several other requirements summarised in Table 6.7 are not satis�ed.
For example, the size of the choice set depends on the number k, which in some cases
might be much larger than the desired size. This method is not �exible in the sense
that it is dif�cult to force the method to generate particular alternatives.
Empirical test: Fiorenzo-Catalano, S. and Van Der Zijpp, N.J. (2001), Van Der Zijpp,
N.J. and Fiorenzo-Catalano, S. (2002), Van Der Zijpp, N.J. and Fiorenzo-Catalano, S.
(2005) carried out empirical tests with simulation networks showing that this method
performs better than the simple KSP, however is not completely useful for generating
choice sets.
Comment: This method is applicable only to single OD pairs. The check of all con-
straints during the generation process may slow down the performance of the method
(parsimony criterion not satis�ed). Application of this method has shown that results
are depending on the parameters settings of the method.

Method: Constrained enumeration
Original source: Prato, C.G. and Bekhor, S. (2006).
Application source: Prato, C.G. and Bekhor, S. (2006).
Approach type: exact.
De�nition: Finds route set based on a Branch & Bound (B&B) technique, which enu-
merates paths by generating a tree of routes connecting an origin node O to a destina-
tion node D.
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Table 6.7: Satis�ed quality criteria for the Constrained enumeration approach.
Quality Criteria Satis�ed Not Satis�ed

Reasonable Acyclic criterion X
route Detour criterion X

Hierarchic quality X
Adequate Overlap criterion X
Choice set Comparability X

Detour-max criterion X
Detour-min criterion X
Choice set size X
Spatial variability X
Preferential variability X

Appropriate Generic X
CS generation Flexible X
approach Parsimony X

Principle: In a pre-processing phase of the algorithm all elements of the network, such
as links and path segments, are processed. After determining those path segments,
given the origin node O, all possible consecutive links of each node are considered.
A new node of the next link is inserted into the tree if, and only if some constraints
are satis�ed. In this phase the Check Constraints Set is applied to eliminate all links
of non-adequate alternatives. Finally, the termination criterion is based on processing
all nodes into the tree. The methods ends if no more nodes into the tree might be ex-
plored.
Advantage: This method �nds in an exact way the route set that matches some of
the requirements for generating adequate choice sets with reasonable routes. The re-
quirements matched are the acyclic criterion routes do not contain any loops, and the
comparability criterion. The overlap, detour and spatial variability criteria are also sat-
is�ed since the application of temporal, loop and similarity constraints proposed by
the authors guarantees the generation of more spatially different paths.
Disadvantage: Several other requirements summarised in Table 6.7 are not satis�ed.
For example, the size of the choice set based on the size of the B&B tree in some
cases might be much larger than the desired size. This method is not generic in the
sense that the speci�cation of the constrains might be determined by the application
under consideration. Moreover, in some cases this method may delete some attractive
alternatives; therefore it requires being very careful on de�ning and applying such con-
straints, since some relevant alternatives might be cut off.
Empirical test: Prato, C.G. and Bekhor, S. (2006) carried out empirical tests with real
urban (car) networks and observations showing that the algorithm generates realistic
and heterogenous routes. This method performs better (in reproducing the observed
routes) than the simple labelling or link elimination approaches.
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Table 6.8: Satis�ed quality criteria for the Link elimination approach.
Quality Criteria Satis�ed Not Satis�ed

Reasonable Acyclic criterion X
route Detour criterion X

Hierarchic quality X
Adequate Overlap criterion X
Choice set Comparability X

Detour-max criterion X
Detour-min criterion X
Choice set size X
Spatial variability X
Preferential variability X

Appropriate Generic X
CS generation Flexible X
approach Parsimony X

Comment: This method is applicable only to single OD pairs. It is computationally
inef�cient (parsimony criterion not satis�ed) because of the possible complex size of
the B&B tree. Moreover, the check of all constraints during the generation process
may slow down the performance of the method (parsimony criterion not satis�ed).
For these reasons and because of the type and size of transport networks, exhaustive
methods that try to determine and enumerate all available paths within constraints are
not considered as realistic candidates.

Method: Link elimination method
Original sources: Bellman and Kabala (1968), Martins, E.Q.V. (1984).
Application sources: Azevedo, J.A. and Costa, M.E.O.S. and Maderia, J.J.E.R.S. and
Martins, E.Q.V. (1993), Park, D. and Rilett, L.R. (1997), Ramming, M.S. (2002).
Approach type: heuristic.
De�nition: Route set contains routes that are variations of the shortest path by deleting
some or all links of the shortest path.
Principle: Repetitive applications of shortest path (SP) algorithm to successively changed
network. As shown in Table 6.3, in this method the Change Network Attributes pro-
cedure is applied, in which the network is adapted by eliminating according to some
rules some or even all links of the shortest paths. The search criterion is not changed
and no constraints are used, therefore the Check Constraints is not applicable. Finally,
the exhaustive termination criterion is applied; the method ends if no more paths are
found because of link elimination.
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Advantage: This method matches only few requirements for generating adequate choice
sets with reasonable routes. The requirements satis�ed are the acyclic criterion; routes
do not contain any loops, and the comparability criterion since the k-shortest paths are
variations of the shortest paths being all comparable to each other in terms of time or
distance. The variability criterion is also satis�ed since the elimination of links from
the shortest path guarantees the generation of spatially different paths.
Disadvantage: Many other requirements summarised in Table 6.8 are not satis�ed.
One danger of eliminating all (or some) links on the shortest path at once is removal of
'essential' links resulting in a disconnected network such that no more paths may be
found. On the other hand, eliminating one link at a time might result in very similar,
highly overlapping paths. This method is not �exible in the sense that it is dif�cult
to force the method to generate particular alternatives that are relevant for the policy
impact assessment.
Empirical test: Park, D. and Rilett, L.R. (1997) present empirical tests with simulation
networks. Ramming, M.S. (2002) carried out empirical tests with real networks and
observations.
Comment: This method is applicable only to single OD pairs. It may be computation-
ally very ef�cient compared to the k-shortest path methods; however, the quality of
the choice set might be very poor. Based on the results presented by all authors we
conclude that the link elimination method is not a proper method for generating choice
sets.

Method: Link penalty method (Iterative penalty method - IPM)
Original source: Johnson, P.E. and Joy, D.S. and Clarke, D.B. and Jacobi, J.M. (1992).
Application sources: De La Barra, T. and Perez, B. and Anez, J. (1993), Park, D. and
Rilett, L.R. (1997), Scott et al. (1997), Akgün et al. (2000), Scott and Bernestein
(2001).
Approach type: heuristic.
De�nition: Generated set consists of k routes that are variations of the shortest path by
successively applying a penalty at each link of the shortest path.
Principle: Repetitive applications of shortest path (SP) algorithm to successively changed
link attribute values (increased impedances). As shown in Table 6.3, this method ap-
plies the Change Network Attributes procedure, in which the network is adapted ac-
cording to some rules by changing the value of link travel time or by adding a penalty
on the impedance of all links of the shortest path (see De La Barra, T. and Perez, B. and
Anez, J. (1993)). Park, D. and Rilett, L.R. (1997) propose not to increase impedances
of the links in the vicinity of the origin and destination in order to avoid producing
minor deviations at the start and end of the route. Moreover, in this method the search
criterion is not changed and the constraint set is empty. Finally, the termination crite-
rion is based on the given maximum number k of paths to be generated: the choice set
should be exhaustive with a maximum size of k.
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Table 6.9: Satis�ed quality criteria for the Link penalty approach.
Quality Criteria Satis�ed Not Satis�ed

Reasonable Acyclic criterion X
route Detour criterion X

Hierarchic quality X
Adequate Overlap criterion X
Choice set Comparability X

Detour-max criterion X
Detour-min criterion X
Choice set size X
Spatial variability X
Preferential variability X

Appropriate Generic X
CS generation Flexible X
approach Parsimony X

Advantage: This method matches several requirements for generating adequate choice
sets with reasonable routes. The requirements satis�ed are the acyclic criterion, routes
do not contain any loops, and the hierarchic criterion applied by Park, D. and Rilett,
L.R. (1997), by searching for a new path on those links that have a higher functional
classi�cation before examining links with a lower classi�cation. For example, the ma-
jor arterial roadways and highways would be examined �rst, the collectors second, and
local streets last. The comparability criterion is also satis�ed since the k shortest paths
are variations of the shortest path all comparable to each other in terms of time or
distance. The spatial variability criterion is also satis�ed since the increasing of links
impedances of the shortest path guarantees the generation of spatially different paths.
Links are not deleted as in the link elimination algorithm. If a crucial link belongs to
the shortest path (i.e. a bridge) the link penalty discourages the use of this link but that
link may still be part of the new generated routes.
Disadvantage: Many requirements summarised in Table 6.9 are not satis�ed. The
method does not take into account the evaluation of the quality of the set of the gener-
ated paths in terms of satisfaction of the requirements previously de�ned, for example,
overlap, detour-max, and detour-min criteria. This method is not �exible in the sense
that it is dif�cult to force the method to generate particular alternatives that are relevant
for the policy impact assessment.
Empirical test: Park, D. and Rilett, L.R. (1997) and Akgün et al. (2000) present em-
pirical tests with simulation networks. Ramming, M.S. (2002) carried out empirical
tests with real networks and observations.
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Table 6.10: Satis�ed quality criteria for the k dissimilar paths approach.
Quality Criteria Satis�ed Not Satis�ed

Reasonable Acyclic criterion X
route Detour criterion X

Hierarchic quality X
Adequate Overlap criterion X
Choice set Comparability X

Detour-max criterion X
Detour-min criterion X
Choice set size X
Spatial variability X
Preferential variability X

Appropriate Generic X
CS generation Flexible X
approach Parsimony X

Comment: This method is applicable only to single OD pairs. As stated by Akgün
et al. (2000), the Link penalty method satis�es the parsimony criterion because it is
computationally much faster than k-shortest path because of its simplicity. Especially
the change network procedure is very simple to be applied compared to the one applied
to the k-shortest path methods. However, in this method several penalty strategies
might be applied. For example, the level of the penalty might be too small or too large.
A small penalty might not achieve suf�cient dissimilarity, whereas a large penalty may
eliminate many feasible paths from consideration. The elements to which the penalty
might be applied might be only links, or also nodes. The penalty might be additive or
multiplicative. All those settings make the method strictly problem-dependent and not
easily portable (generic criterion not satis�ed). Based on the results presented by all
authors we conclude that the link penalty method is not a proper method for generating
choice sets.

Method: k dissimilar paths
Original source: Akgün et al. (2000).
Application sources: Akgün et al. (2000), Carotenuto et al. (2004), Dell'Olmo et al.
(2002).
Approach type: heuristic.
De�nition: Finds a subset of k routes within the set of K > k shortest paths so that the
dissimilarity between any two selected paths is maximised above a certain minimum.
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Principle: Repetitive applications of shortest path (SP) algorithm to successively changed
network. As shown in Table 6-2, in this method the Change Network Attributes com-
ponent is applied, in which the network is adapted by applying the same rules of either
the k-shortest path algorithm or the penalty method. Moreover, in this method the
search criterion is not changed. In this method the constraints set is de�ned in such
a way that among the generated paths only suf�ciently spatially dissimilar paths are
selected according to some criteria. Finally, the termination criterion is based on the
given maximum number of k paths to be generated: the choice set should be exhaustive
with a maximum size of k.
Advantage: This method matches only few requirements for generating adequate choice
sets with reasonable routes. The requirements matched are the acyclic criterion, routes
do not contain any loops. The overlap and variability criteria are also satis�ed since
this method explicitly compares pairs of paths to check the spatially dissimilarity con-
straints criteria and avoids selecting paths similar to each other.
Disadvantage: Many other requirements summarised in Table 6.10 are not satis�ed.
For example, the size of the choice set depends on the number k, which in some cases
might be much larger than the desired size. Some very long paths might be selected
in the �nal set. This method is not �exible in the sense that it is dif�cult to force the
method to generate particular alternatives that are relevant for the policy impact assess-
ment.
Empirical test: Akgün et al. (2000) present empirical tests with simulation networks.
Carotenuto et al. (2004) and Dell'Olmo et al. (2002) carried out empirical tests with
real networks.
Comment: This method is applicable only to single OD pairs. It is not ef�cient (parsi-
mony criterion not satis�ed) because �rst the k-shortest paths are generated and after-
wards a selection of all spatial dissimilar paths is made; from a computational point of
view it may be slower compared to the Constraints k-shortest paths method. Based on
those results we conclude that the k dissimilar paths method is not a proper method for
generating choice sets.

Method: Gateway method
Original source: Lombard, K. and Church, R.L. (1993).
Application source: Akgün et al. (2000).
Approach type: heuristic.
De�nition: Finds routes that are spatially dissimilar variations of the shortest path from
a given origin to destination (OD pair) through a search of �gateway shortest path� be-
ing the shortest path between the OD that is constrained to go through a speci�c node
(or link), called gateway.
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Table 6.11: Satis�ed quality criteria for the Gateway approach.
Quality Criteria Satis�ed Not Satis�ed

Reasonable Acyclic criterion X
route Detour criterion X

Hierarchic quality X
Adequate Overlap criterion X
Choice set Comparability X

Detour-max criterion X
Detour-min criterion X
Choice set size X
Spatial variability X
Preferential variability X

Appropriate Generic X
CS generation Flexible X
approach Parsimony X

Principle: Repetitive applications of shortest path (SP) algorithm using successively
changed gateways according to some rules. As shown in Table 6.3, in this method
the Change Restrictive Criteria procedure is applied by including all gateway nodes or
links. All gateway links are determined at the beginning of the process and included in
the restrictive criteria. In this case two shortest paths are searched, namely one from
the origin to the gateway node (link) and the other from the gateway node (link) to
the destination, together constituting the new generated OD-path. Moreover, in this
method the Check Constraints box is not applicable since the constraint set is empty.
Finally, the termination criterion is based on the total number of gateway nodes (links)
given as input to the shortest path search; the method ends if all gateway nodes (links)
are processed.
Advantage: This method matches only very few requirements for generating adequate
choice sets with reasonable routes. Generation of large number of alternative paths by
going through different gateways by using a SP search twice. It is possible to evaluate
the similarity between two paths. The method produces an ef�cient set of paths in
terms of their lengths and their dissimilarity but only from the shortest path. It is one
of the very few methods that easily can address speci�c policy questions by specifying
particular nodes or links (e.g. tolled links) as gateways (�exible criterion satis�ed).
Disadvantage: All other requirements summarised in Table 6.11 are not satis�ed.
Some of the gateway paths may even contain loops (acyclic criterion). It is impossible
to identify some dissimilar paths. The overlap, detour-max, and detour-min criteria
are also not satis�ed since very similar paths may be generated, because the method
focuses only on the similarity check of candidates' paths to the shortest paths and not
to the other paths found. It is unclear how to choose the best gateway nodes (links).
Empirical test: Akgün et al. (2000) present empirical tests with simulation networks.
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Table 6.12: Satis�ed quality criteria for the Essentially least-cost-paths approach.
Quality Criteria Satis�ed Not Satis�ed

Reasonable Acyclic criterion X
route Detour criterion X

Hierarchic quality X
Adequate Overlap criterion X
Choice set Comparability X

Detour-max criterion X
Detour-min criterion X
Choice set size X
Spatial variability X
Preferential variability X

Appropriate Generic X
CS generation Flexible X
approach Parsimony X

Comment: This method is applicable only to single OD pairs. It is also not generic
since the list of gateway nodes or links has to be established for each different network,
and this may be slower from a computational point of view (parsimony criterion not
satis�ed). Based on those results we conclude that the gateway method is not a proper
method for generating choice sets.

Method: Essentially least-cost paths
Original source: Hunt, D.T. and Kornhauser, A.L. (1997).
Application source: Hunt, D.T. and Kornhauser, A.L. (1997).
Approach type: heuristic.
De�nition: Finds route set of all routes that have locally acceptable detours from the
shortest path within a given cost threshold. This is different from the classical k least-
cost path problem in that it operates on a cost threshold as opposed to a predetermined
number of paths.
Principle: In a preliminary phase a repetitive application of shortest path (SP) search
is applied to determine all detours that are acceptable within a given cost threshold,
and that might be used in a path going from O to D. These detours are included as
constraints in the constraints set and used in the next phase to determine all essentially-
least-cost-paths. In this method, the constraints set is the set of all locally acceptable
detours in the network for a given OD pair. All those detours form the basic build-
ing blocks for generating essentially-least-cost-paths. After determining the detours,
the shortest path from O to D is searched and the Check Constraints Set is applied
to �nd, based on those detours, all combinatorial route possibilities associated with
the shortest paths. Finally, the termination criterion is based on the total number of
detours within a given threshold belonging to the constraints set. The methods ends
if no more paths might be constructed based on that detour list and on the shortest path.



202

176 TRAIL Thesis series

Advantage: This method matches many requirements for generating adequate choice
sets with reasonable routes. This method generates paths that are within a certain level
of acceptability of detour from the shortest path based on a given cost threshold. Trav-
ellers might accept (tolerate) only a certain threshold of maximum travel time, or travel
cost. Therefore, routes that exceed such value will not be generated. The overlap and
spatial variability criteria are also satis�ed since this method explicitly compares pairs
of paths to check the overlap. The detour and comparability constraint criteria, which
avoid selecting paths similar to each other, are also satis�ed.
Disadvantage: Few other requirements summarised Table 6.12 are not satis�ed. For
example, the size of the choice set depends on the number of the detours, which in
some cases might be much larger than the desired size. This method is not �exible in
the sense that it is dif�cult to force the method to generate particular alternatives.
Empirical test: As far as we know there are no empirical tests done and presented in
the literature regarding this method.
Comment: This method is applicable only to single OD pairs. It is computationally
inef�cient (parsimony criterion not satis�ed) because of the possible combinatorial
explosion of the generation of the essentially-least-cost-paths based on the detour gen-
erated in the network. Although this method seems attractive from several points of
view is not good enough for complexity and application in real case.

6.5.5 RSG methods description of single and multiple OD-pairs
group

Method: Labelling approach
Original source: Ben-Akiva, M.E. and Bergman, M.J. and Daly, A.J. and Ramaswamy,
R. (1984).
Application sources: Ben-Akiva, M.E. and Bergman, M.J. and Daly, A.J. and Ra-
maswamy, R. (1984), Ramming, M.S. (2002).
Approach type: heuristic.
De�nition: Finds route set that consists of all labelled shortest routes that each are
optimal for a speci�c label from a given set of labels.
Principle: Repetitive applications of shortest path (SP) algorithm according to succes-
sively changed search criterion. As shown in Table 6.3, in this method the network is
not changed. However, different Search Criteria are applied successively through the
identi�cation of so called label criteria such as: minimum time, minimum distance,
minimum cost, maximum scenery, etc. in order to generate multiple possible paths
that representing the fact that different travellers may have different objective func-
tions in seeking best routes. For each label a speci�c search criterion (cost function)
is de�ned and a related SP search is applied. In this method no constraints are con-
sidered; therefore the Check Set Constraints is not applicable. Finally, the termination
criterion is based on the total number of labels considered.
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Table 6.13: Satis�ed quality criteria for the Labelling approach.
Quality Criteria Satis�ed Not Satis�ed

Reasonable Acyclic criterion X
route Detour criterion X

Hierarchic quality X
Adequate Overlap criterion X
Choice set Comparability X

Detour-max criterion X
Detour-min criterion X
Choice set size X
Spatial variability X
Preferential variability X

Appropriate Generic X
CS generation Flexible X
approach Parsimony X

Advantage: This method matches several requirements for generating an adequate
choice set with reasonable routes. The labelling approach (Ben-Akiva, M.E. and
Bergman, M.J. and Daly, A.J. and Ramaswamy, R., 1984) takes variation of taste
into account by including in the path set all paths that are optimal with respect to a
particular label. Heterogeneous choice alternatives are included in the choice set. The
preferential variability criterion is then satis�ed. This method is also �exible because
it can easily address speci�c policy questions by specifying dedicated labels (e.g. by
giving obligatory links or link types speci�c cost values).
Disadvantage: Several other requirements summarised in Table 6.13 are not satis�ed.
For example, identical routes may be generated with different labels. The spatial vari-
ability criterion is not satis�ed.
Empirical tests: Ben-Akiva, M.E. and Bergman, M.J. and Daly, A.J. and Ramaswamy,
R. (1984) and Ramming, M.S. (2002) performed empirical tests with real networks
and observations by applying the labelling method. Ramming (2002) states that this
method results in a good coverage (about 80%) of observed routes only by taking into
account many attributes and labels. Results presented in those studies show that this
method performs well in generating reasonable routes.
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Table 6.14: Satis�ed quality criteria for the Monte Carlo approach.
Quality Criteria Satis�ed Not Satis�ed

Reasonable Acyclic criterion X
route Detour criterion X

Hierarchic quality X
Adequate Overlap criterion X
Choice set Comparability X

Detour-max criterion X
Detour-min criterion X
Choice set size X
Spatial variability X
Preferential variability X

Appropriate Generic X
CS generation Flexible X
approach Parsimony X

Comment: This method is applicable not only to single OD pairs, but also to multiple
OD pairs simultaneously at once (tree search from origin). The number of network
attributes needed to de�ne the labels may be a problem. It depends on the type of
application and on the type of network; in some cases it is easy to de�ne such labels
(for example, in the waterway network and multi-modal network) in other cases it is
not (generic criterion not satis�ed). Form a computational point of view, this method
is very easy and ef�cient (parsimony criterion satis�ed). Based on those results we
conclude that the labelling method is a proper method for generating choice sets.

Method: Monte Carlo approach
Original source: Shef�, Y. and Powell, W.B. (1982).
Application sources: Shef�, Y. and Powell, W.B. (1982), Ramming, M.S. (2002),
Nielsen, O.A. (2002).
Approach type: heuristic.
De�nition: Finds a route set by successive SP search on the network after randomisa-
tion of link attributes.
Principle: Repetitive applications of shortest path (SP) algorithm on same randomised
network. As shown in Table 6.3, in this method the network is changed by randomly
changing the attribute value of all links (e.g. travel times). The search criterion is not
changed and the constraint set is empty. Finally, the termination criterion is based on
the maximum number of iterations only.
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Advantage: This method matches some requirements for generating an adequate choice
set with reasonable routes. This method appears to �nd suf�cient paths that are within
a certain level of acceptability of the travellers (comparability criterion is satis�ed).
Ramming, M.S. (2002) has used utility functions in combination with simulation to
generate a choice set.
Disadvantage: Several other requirements summarised in Table 6.14 are not satis�ed.
For example, the detour-max, detour-min and the spatial variability criterion are not
satis�ed. Randomising the link attributes only may determine more differentiation of
the routes in terms of distance, time, or cost, for example, but not necessarily in terms
of spatial difference.
Empirical tests: Nielsen, O.A. (2002) and Ramming, M.S. (2002) performed empirical
tests with real networks and observations by applying the Monte Carlo method. Ram-
ming, M.S. (2002) states that the method results in a good coverage (about 80%) of
observed routes with a reasonable amount of computation time (about 20 hours). Re-
sults presented show that this method performs well in generating reasonable routes.
Comment: This method is applicable not only to single OD pairs, but also to multiple
OD pairs simultaneously as well (tree search from origin). This method is also generic
and �exible in the sense that the number of randomised variables to be included in the
search criterion may be varied. Finally, this method may be a bit slow from a compu-
tational point of view (parsimony criterion not satis�ed) because of the high number
of iterations needed for generating an adequate choice set.
Because it is a probabilistic method, there is no guarantee for exhaustiveness of all
attractive alternatives. However, most non-probabilistic methods have a similar draw-
back since most of these are heuristics (for a discussion see Section 7.4.4 ??). Based on
those results we conclude that the Monte Carlo method is a proper method for generat-
ing choice sets, especially if some additional criteria (such as overlap and detour-max,
detour-min criteria) are applied after the generation process.

Method: Accelerated Monte Carlo approach
Original sources: Bliemer, M.J.C. and Versteegt, E. and Castenmiller, R. (2004).
Application source: Bliemer, M.J.C. and Versteegt, E. and Castenmiller, R. (2004).
De�nition: Finds a route set by successive SP search with randomisation of link at-
tributes and by successively increasing the variance of the random variables. If after
a given number of iterations a new path has not been found the variance is increased.
The method is called accelerated since more paths are generated with less or the same
number of iterations than the Monte Carlo approach due to the increase of the variance.
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Table 6.15: Satis�ed quality criteria for the Accelerated Monte Carlo approach.
Quality Criteria Satis�ed Not Satis�ed

Reasonable Acyclic criterion X
route Detour criterion X

Hierarchic quality X
Adequate Overlap criterion X
Choice set Comparability X

Detour-max criterion X
Detour-min criterion X
Choice set size X
Spatial variability X
Preferential variability X

Appropriate Generic X
CS generation Flexible X
approach Parsimony X

Principle: Repetitive applications of shortest path (SP) algorithm on same randomised
network. As shown in Table 6.3, in this method the network is changed by randomly
changing the attribute value of all links (e.g. travel times or costs). The accelerated
version of the Monte Carlo approach uses a gradually increasing of the variance of the
random components in the search criteria. The variance is increased if no more paths
are found after a given number of iterations. In this method the search criterion is not
changed and no constraints are applied. Finally, the termination criterion is based on
the maximum total number of iterations.
Advantage: This method matches many requirements for generating adequate choice
sets with reasonable routes. This method appears to �nd paths that are within a certain
level of acceptability of the travellers (comparability criterion is satis�ed).
Disadvantage: Other requirements summarised in Table 6.15 are not satis�ed. For
example, the detour-max, detour-min and the spatial variability criteria are not satis-
�ed. Randomising the link attributes may determine more differentiation of the routes
in terms of distance, time or cost, for example, but not necessarily in terms of spatial
difference. Because of the increasing of the variance this method may generate much
more routes than the simple Monte Carlo approach (the size of the �nal choice set
might be much larger than the desired size).
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Empirical tests: Bliemer, M.J.C. and Versteegt, E. and Castenmiller, R. (2004) present
empirical outcomes for real networks but without observations.
Comment: This method is applicable not only to single OD pairs, but also to multi-
ple OD pairs simultaneously (tree search from origin). This method is very �exible
because the number of variables to be included in the search criterion as well as the
level of variance of each may be varied. From a computational point of view, this
method is faster than the simple Monte Carlo approach (parsimony criterion is satis-
�ed); since the same number of routes might be generated with a lower number of
iterations, because of the increasing variance. Because it is a probabilistic method,
there is no guarantee for exhaustiveness of all attractive alternatives. Based on those
results we conclude that this method may be applied for generating choice sets.

Method: Monte Carlo Labelling combination approach
Original source: Fiorenzo-Catalano, S. and Van Der Zijpp, N.J. (2001).
Application source: Fiorenzo-Catalano, S. and Van Der Zijpp, N.J. (2001).
De�nition: Finds a route set by successive SP search with both randomisation of link
attributes and search criteria.
Principle: Repetitive applications of shortest path (SP) algorithm on same randomised
network successively using adapted search criteria. As shown in Table 6.3, in this
method the network is changed by randomly changing the attribute values of all links
(e.g. travel times or costs). Moreover, in this method the Change Routes Criteria is
applied through the adoption of different label criteria such as: minimum time, min-
imum distance, minimum cost, maximum scenery, etc. in order to generate multiple
possible paths meaning that different travellers may have different objective functions
in seeking routes. For each label, a speci�c search criterion (cost function) is de�ned
and a related SP search is applied. In this method no constraints are applied; therefore
the Check Constraints box is not applicable. Finally, the termination criterion is based
on the maximum number of iterations for the randomisation of the network and on the
maximum number of iterations for the randomisation of link attributes.
Advantage: This method matches some requirements for generating adequate choice
sets with reasonable routes. This method appears to �nd paths that are within a cer-
tain level of acceptability of the travellers (comparability criterion is satis�ed). This
method appears also to �nd suf�cient paths that are spatially different due to the vari-
ation in search criteria that correspond to variation of travellers' preferences (spatial
and preferential variability criteria are satis�ed).
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Table 6.16: Satis�ed quality criteria for the Monte Carlo Labelling approach.
Quality Criteria Satis�ed Not Satis�ed

Reasonable Acyclic criterion X
route Detour criterion X

Hierarchic quality X
Adequate Overlap criterion X
Choice set Comparability X

Detour-max criterion X
Detour-min criterion X
Choice set size X
Spatial variability X
Preferential variability X

Appropriate Generic X
CS generation Flexible X
approach Parsimony X

Disadvantage: Other requirements summarised in Table 6.16 are not satis�ed. For ex-
ample, because of the variation in the network and in the search criteria this method
may generate much more routes than the simple Monte Carlo approach (the size of
the �nal choice set might be much larger than the desired size). The size of the �nal
choice set might be overestimated, but it is well known that generated choice sets for
prediction purposes need to include the most attractive routes but may also including
unattractive (non-used) routes (see Section 6.3.3). Overlapping routes might be also
generated (overlap, detour-max, and detour-min criteria are not satis�ed).
Empirical tests: Fiorenzo-Catalano, S. and Van Der Zijpp, N.J. (2001) present empiri-
cal results for real networks.
Comment: This method is applicable not only to single OD pairs, but also to multi-
ple OD pairs simultaneously (tree search from origin). It is very �exible because the
number of variables to be included in the search criterion as well as the variance of
the parameter of each attribute may be varied. From a computational point of view,
this method is more time-consuming than the simple Labelling or Monte Carlo ap-
proaches (parsimony criterion is satis�ed). Because it is a probabilistic method, there
is no guarantee for exhaustiveness of all attractive alternatives. Based on those results
we conclude that this method is a good method for generating adequate choice sets
with reasonable routes, especially if a �lter process is applied after the generation pro-
cess, in order to apply some important criteria such as the overlap, and detour-max,
and detour-min criteria.
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Method: Accelerated Monte Carlo Labelling combination approach
Original source: Fiorenzo-Catalano, S. and Van Der Zijpp, N.J. (2001).
Application source: Fiorenzo-Catalano, S. and Van Der Zijpp, N.J. (2001).
De�nition: Finds a route set by successive SP search with randomisation of link at-
tributes, search criteria, and by successively increasing the variance of the random
variables. If after a given number of iterations a new path has not been found the vari-
ance is increased. The method is called accelerated since more paths are generated
with less or the same number of iterations than the simple Monte Carlo Labelling ap-
proach due to the increase of the variance.
Principle: Repetitive applications of shortest path (SP) algorithm on same randomised
network successively using adapted search criteria. As shown in Table 6.3, in this
method the network is changed by randomly changing the attribute value of all links
(e.g. travel times or costs). Moreover, in this method the Change Routes Criteria is ap-
plied through the adoption of different label criteria such as: minimum time, minimum
distance, minimum cost, maximum scenery, etc. in order to generate multiple possible
paths meaning that different travellers may have different objective functions in seek-
ing routes. For each label, a speci�c search criterion (cost function) is de�ned and a
related SP search is applied. The accelerated version of the Monte Carlo Labelling
approach uses a gradually increasing of the variance of the random components in the
search criteria. The variance is increased if no more paths are found after a given num-
ber of iterations. In this method no constraints are applied. Finally, the termination
criterion is based on the maximum total number of iterations and on the maximum
number of iterations for the randomisation of link attributes.
Advantage: This method matches some important requirements for generating ade-
quate choice sets with reasonable routes. This method appears to �nd paths that are
within a certain level of acceptability of the travellers (comparability criterion is satis-
�ed).
Disadvantage: Other requirements summarised in Table 6.17 are not satis�ed. For ex-
ample, because of the increasing of the variance this method may generate much more
routes than the simple Monte Carlo Labelling approach (the size of the �nal choice
set might be much larger than the desired size). The size of the �nal choice set might
be overestimated, but it is well known that generated choice sets for prediction pur-
poses need to include the most attractive routes but may also including unattractive
(non-used) routes (see Section 6.3.3). Some important criteria are not satis�ed such
as detour-max, detour-min and overlap criteria. Empirical tests: Fiorenzo-Catalano, S.
and Van Der Zijpp, N.J. (2001) present empirical tests on simulation networks.
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Table 6.17: Satis�ed quality criteria for the Accelerated Monte Carlo Labelling
approach.

Quality Criteria Satis�ed Not Satis�ed
Reasonable Acyclic criterion X
route Detour criterion X

Hierarchic quality X
Adequate Overlap criterion X
Choice set Comparability X

Detour-max criterion X
Detour-min criterion X
Choice set size X
Spatial variability X
Preferential variability X

Appropriate Generic X
CS generation Flexible X
approach Parsimony X

Comment: This method is applicable not only to single OD pairs, but also to multiple
OD pairs simultaneously (tree search from origin). This method is very �exible be-
cause the number of variables to be included in the search criterion as well as the level
of variance of each may be varied. From a computational point of view, this method
is faster than the simple Monte Carlo Labelling approach, since the same number of
routes might be generated with a lower number of iterations, because of the increas-
ing variance. Anyway, the parsimony criterion is not satis�ed because this method
is more time-consuming than the simple Monte Carlo or Labelling method. Because
it is a probabilistic method, there is no guarantee for exhaustiveness of all attractive
alternatives. Based on those results we conclude that this method may be applied for
generating choice sets, especially if some not satis�ed criteria during the generation
process are applied after the generation process.

6.5.6 Comparative evaluation of route set generation methods

In this section, the methods described above are compared based on their matching
of requirements described in Sections 6.3 and 6.4. Some requirements appear to be
met only very seldom such as hierarchic quality and �exible criteria. The main aim is
to establish which methods match better our requirements of generating an adequate
choice set and therefore which are the most suitable methods. Our comparison of the
methods and the requirements is made on the basis of two tables from which the best
methods are selected.
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For sake of simplicity we distinguish two groups: one is the group of methods ap-
plicable only to generate paths for a single OD pair, and the other for simultaneously
generating paths for single and multiple OD pairs. Table 6.18 lists the methods appli-
cable to single OD-pair while Table 6.19 shows the methods applicable to single and
multiple OD-pairs. In both tables all examined quality criteria are listed and for each
method it is indicated which criteria are satis�ed. Please, note that the Constrained
enumeration method based on B&B technique is not taken into account in this com-
parative evaluation since it is not considered as realistic candidate for generating choice
sets.

With respect to the quality criteria only very few appear to be considered by nearly all
methods. This holds for Acyclic routes and Spatial variability. The important criterion
of Hierarchic Quality is only addressed by one method (Link Penalty). On the other
hand, there are a few methods that succeed in addressing a majority of the proposed
criteria.

Single OD-pair group (Table 6.18): Among all previously described methods appli-
cable to a single OD pair, the CKSP, the constrained enumeration, and the least-cost
paths are the three methods that match the majority (7 criteria over 10 are satis�ed) of
the requirements to generate an adequate choice set. However, the constrained enumer-
ation and the least-cost paths method are computationally very cumbersome while the
CKSPT is computationally much more ef�cient because the check of the constraints is
applied during the generation process, without generating non-feasible paths. There-
fore, we conclude that the CKSP is the best method among all methods applicable to
single OD pair.
The Gateway method is one of the two procedures in this group that easily can ful�l
the �exible criterion. This method therefore may be a useful pre-processor for other
methods in generating initial solutions.

Single and Multiple OD-pairs group (Table 6.19): Among all previously described
methods applicable to single and multiple OD pairs the Monte Carlo Labelling com-
bination (MCL) and the Accelerated Monte Carlo Labelling (AMCL) combination are
the only two methods that satisfy 4 criteria over 10. The number of criteria satis�ed
by those methods seems to appear little; however, we should notice that some criteria,
such as the overlap, detour-max and detour-min criteria, even if they are not satis�ed
during the generation process, might be applied after the generation process, in a �l-
tering process, in order to obtain a much better adequate choice set.
Indeed, not all criteria introduced in Section 6.3 and Section 6.4 have the same rele-
vance, meaning that some criteria, such as the spatial and preference variability and the
�exible criteria, appear to be more important since they can be satis�ed only if explic-
itly applied and included in the generation process, such as the MCL and the AMCL
approaches do.
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Table 6.18: Satis�ed quality criteria for Single OD-pair approaches.
Single KSP CKSP Const. Link Link k-diss. Gate- Least-
OD pair enum. elim. penalty paths way cost
methods paths

QC
Reaso- A X X X X X X X
nable D X X X
route H X
Ade- O X X X X
quate C X X X X X X
Choice Dx X X X
set Dn X X X

CS
SV X X X X X X X
PV

Appropr. G X X X X X
CS gener. F X X
approach P X X

Whereas other criteria that are not satis�ed during the generation process can be easily
applied after the generation process as it is shown in Figure 6.10, this is the case for the
overlap, detour-max and detour-min constraints. The �ltering process is a procedure,
which compares the routes generated by the generation process by taking into account
the constraints that must be satis�ed and it produces as result a more adequate choice
set that satis�ed also the constraints. During the �ltering process, pair-wise compar-
isons of the generated routes are applied and checked, routes that do not satisfy the
constraints are eliminated form the choice set.

A special concern of the probabilistic methods in this group is that there is no guaran-
tee that all attractive alternatives are indeed generated (no guaranteed exhaustiveness).
Even with very many iterations, there remains always a non-zero probability that one
or more important alternatives may not have been generated (see for a discussion Sec-
tion 7.4.4).

The question of exhaustiveness reached with each method is not addressed in the
method descriptions. Not only probabilistic methods suffer from this issue, also with
all other non-probabilistic methods no guarantee can be given that all attractive alter-
natives will have been generated after a certain number of steps. It is a subject of future
empirical research to derive conclusions on the level of exhaustiveness achievable with
the various methods.
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Table 6.19: Satis�ed quality criteria for Single and Multiple OD pair approaches.
Multiple OD Label. Monte AMC MCL AMCL
pair methods Carlo

(MC)
Quality Criteria (QC)

Reasonable Acyclic (A) X X X X X
route Detour (D)

Hierarchic (H)
Adequate Overlap (O)
Choice set Comparab. (C) X X X X

Detour-max (Dx)
Detour-min (Dn)
Choice set size (CSS) X X
Spatial variab. (SV) X X
Preferential var. (PV) X X X

Appropriate Generic (G) X X X X
CS generation Flexible (F) X X X X X
approach Parsimony (P) X X

Finally, among all approaches for generating choice sets described in this chapter only
few methods have been implemented and tested on real networks and only very few
generation methods have tested using empirical route set data (only Ben-Akiva, M.E.
and Bergman, M.J. and Daly, A.J. and Ramaswamy, R. (1984), Ramming, M.S. (2002),
Cascetta, E. and Russo, F. and Viola, F.A. and Vitetta, A. (2002), Nielsen, O.A. (2002),
Fiorenzo-Catalano, S. and Van Der Zijpp, N.J. (2001), Prato, C.G. and Bekhor, S.
(2006)).

In the case that a �lter process is applied after the generation process for all methods
listed in Table 6.19, the following conclusions can be drawn from the comparison of
those methods.
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1. The Labelling approach has a limited coverage of the generated routes, since the
number of labels taken into account is limited.

2. The Monte Carlo approach tends to generate routes that have small variation and
do not vary from a spatial point of view.

3. The Accelerated Monte Carlo (AMC) approach generates routes that similar spa-
tial variability of the ones generated by the Monte Carlo approach. However, the
computation time of the AMC might be reduced because of the increasing of
the variance, but a huge number of routes might be generated with this method,
therefore a �ltering process is really necessary to obtain a choice set with a work-
able size.

4. The Monte Carlo Labelling (MCL) combination approach generates a more ad-
equate choice set with respect to the choice set requirements (especially spatial
and preferential variability are satis�ed during the generation process), since
both labels and variation in network link attributes and travellers preferences are
applied.

5. The Accelerated Monte Carlo Labelling (AMCL) combination tends to generates
also an adequate choice set as the one generated by the MCL method, even with
less computation time. However, the choice set size of the AMCL approach
might also be greater than the one obtain with the MCL method, therefore in this
case a �ltering process is highly recommended.

To summarize, route sets generated by the MCL and AMCL methods can be considered
adequate if and only if a �ltering process is applied after the generation process, in
which some criteria, such as the overlap and detour-max and detour-min criteria are
satis�ed; other most important criteria such as the �exible criteria and the spatial and
preference variability are satis�ed during the generation process. In this case, those
two methods can be considered the most relevant approaches for generating choice
sets at group level and for prediction purposes. In Chapter 7 only the MCL method is
taken into account since the AMCL is an extended version of the MCL approach and
it can be always applied.

Based on this qualitative evaluation, we can conclude that the Monte Carlo Labelling
combination approach is the one to be preferred from the other methods in order to
generate an adequate choice set for prediction purposes and for groups of travellers.
Please note that in this case it is highly recommended to apply a �ltering process just
after the generation process in order to obtain a much more adequate choice set that
satis�es the requirements introduced in Section 6.3.
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Figure 6.10: Filtering process applied after the RSG.

6.6 Applications of CSG approaches to uni-modal net-
works

Some of the choice set generation approaches described in the previous sections have
been implemented and tested on two real networks: the Dutch waterway network and
the Dutch main road network. The selected approaches are the following �ve:

1. KSP tested on the Dutch waterway network.

2. CKSP tested on the Dutch waterway network.

3. Monte Carlo Labelling (MCL) tested on the Dutch waterway network.

4. Accelerated Monte Carlo Labelling (AMCL) tested on the Dutch waterway net-
work.

5. Accelerated Monte Carlo (AMC) tested on the Dutch main road network.
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Only the last approach is tested on the Dutch main road network while all the others
on the Dutch waterway network. The last three approaches have been selected for their
capabilities in generating adequate choice set with reasonable routes suitable for both
single and multiple OD pairs. The other two methods have been implemented mainly
for sake of comparison to the results of the previous good methods and among the re-
sults of the two KSP and CKSP methods, which are mainly methods suitable only for
single OD-pair.
Some characteristics of the real networks used for those applications are presented in
Table 6.20 such as number of links, nodes, and OD pairs and so on.

In the following subsections, �rst, the networks and the application's purposes are
described in more details, and then the characteristics of the adopted CSG methods
are presented and described, while �nally the results of the generated choice sets of all
methods are presented.

Table 6.20: Sample of characteristics of the networks analysed with the CSG ap-
proaches.

Network characteristics Main road network Waterway network
Network length [km] 42,662 11,472
# directed links 25,434 2,500
# nodes 10,801 1,000
# zones 400 (345) 6
# non-zero OD pairs 109,292 30

6.6.1 Networks and applications characteristics

Two applications have been carried out on two different transport networks: one ap-
plied on the Dutch waterway network and the other on the Dutch main road network.

The purpose of the application on the waterway network (see Figure 6.11) is related
to the forecasting model of freight transport demand (Fiorenzo-Catalano, S. and Van
Der Zijpp, N.J., 2001). Its main aim is the prediction of vessel movements over the
waterway network. One component of this application deals with the generation of
route sets to be used in the assignment framework.
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Characteristic for this freight assignment model is the presence of a ship choice model
that not only determines the ship type but also the amount of tons for each trip. Depth
is an important constraint in the route choice process. The depth of a ship mainly
depends on the weight of its cargo. Therefore it is important that the cargo size de-
termined by the ship choice model is responsive to the depth attributes of the network
links.
The test network considered in this application is the waterway network of The Nether-
lands consisting of about 1,000 nodes and 2,500 directed links (see Figure 6.12). The
cost associated with each links is simply its distance. A few OD pairs (30 OD pairs)
were identi�ed on the basis of the most frequent inland navigation trips and some con-
straints on the aspects of height and width were associated with a certain numbers of
links.

Figure 6.11: Waterway network of The Netherlands.



218

192 TRAIL Thesis series

 

57 

2017 

1813 

2938 

1369 

2962 

Figure 6.12: Waterway network of The Netherlands with six OD pairs.

The six origins and six destinations shown in Figure 6-12 are the following:

57 Groningen

1369 Amsterdam

1813 Rotterdam

2017 Duisburg (border with Germany)

2938 Antwerp (border with Belgium)

2962 Liege (border with Belgium)

In contrast, the purpose of the application on the main road network is to perform a
dynamic traf�c assignment (Bliemer, M.J.C. and Versteegt, E. and Castenmiller, R.,
2004). Its main aim is to show the validity of a new route-based analytical multiclass
DTA model and its capability of dealing with large networks. One component of this
application deals with the generation of route sets to be used in the assignment frame-
work.

Figure 6.13 shows the road network considered for the experiment that is the Dutch
national road network, which consists of all freeways in The Netherlands and other
main arterials and urban roads, with in total 25,434 directed links (with given capacity,
speed limit, and road type), 10,801 nodes, and 400 zones, to be more precise 345 are
the zone with non-zero traf�c �ows (see Table 6.20). The costs associated with each
link are distance and time.
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In this case, choice alternatives are de�ned as sequences of road segments, which can
be represented as routes in a network. The de�nition of choice set is particularly rel-
evant since the topological complexity of the network might generate an unrealistic
high number of routes connecting a single origin-destination pair.

Figure 6.13: National road network of The Netherlands

6.6.2 Characteristics of the selected CSG methods

Table 6.21 illustrates the main characteristics of the �ve selected methods.

In the KSP method applied to the Dutch waterway network, Formula 6.7 is applied as
generation function while distance D is the only link attribute considered as search cri-
terion. In this case the cost function is given by the sum of all link distances belonging
to the path.

C̄k = ∑
a∈k

Da (6.7)

The KSP method does not apply any speci�c constraint for the detour-max, detour-min,
and overlap criteria. The termination criterion applied is the total number of generated
paths for each OD pair, set to 100 in this speci�c application.

In the CKSP method applied to the Dutch waterway network, the same Formula 6.7
of the KSP method is applied as generation function while distance D is the only link
attribute considered as search criterion. In this case the cost function is given by the
sum of all link distances belonging to the path.
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The CKSP method does apply the detour-max and detour-min criteria, but does not the
overlap criterion. The value of the parameters used for the detour-max and detour-min
criteria are ωmax = 2 and ωmin = 50km respectively. We refer to Van Der Zijpp, N.J.
and Fiorenzo-Catalano, S. (2005) for more details about the type of constraints adopted
in this method. The termination criterion applied is the total number of generated paths
for each OD pair, set to 100 in this speci�c application.

In the Monte Carlo Labelling method (MCL) applied to the Dutch waterway network,
Formula 6.8 is applied as generation function. In this case, k represents the path index,
a the link index, distance D is the only link attribute considered as search criterion.

C̄k = ∑
a∈k

(Da + εa) (6.8)

Where εa is the standardized random term associated with the link distance attribute
being random normal distributed in (0,σ2

a). The variance of the error terms σ2
a is equal

to:

σ2
a = ϕ ·Da (6.9)

Where ϕ is the variance parameter and the error term εa is de�ned as follows:

εa = ρ ·σa = ρ ·
√

ϕ ·Da (6.10)

Where ρ is the standardized random term being random normal distributed in (0, 1).
Therefore, by substituting Formula 6.10 in Formula 6.8:

C̄k = ∑
a∈k

(
Da +ρ ·

√
ϕ ·Da

)
(6.11)

The MCL method does not apply any speci�c constraint for the detour-max and detour-
min criteria, only the overlap constraint has been adopted; only routes that have all
links (exactly 100% of the links) of a previously generated route in common are re-
jected (note that in this speci�c case the costs of the two routes are not compared, the
rejected route is simple the last found, and not the longest). The termination criterion
applied is the total number of iterations, set to 2,500,000 in this speci�c application.
At each iteration the all-to-all shortest paths are computed for all OD pairs and several
ship sizes (as route labels) are considered to simulate some speci�c preferences, in
order to generate routes that are spatially different.

In the Accelerated Monte Carlo Labelling method (AMCL) applied to the Dutch wa-
terway network the same Formula 6.8 of the MCL approach is applied as generation
function while distance D is the only link attribute considered as search criterion. In
this accelerated version of the method, if no new path is found after 15 sec. (of CPU
time) variance parameter ϕ at iteration it is increased proportional to the parameter λ
as follows:



221

Chapter 6. Route set generation in uni-modal networks 195

ϕit = λ ·ϕit−1 (6.12)

where λ is the variance increase parameter, with the initial value equal to 1.001 and the
value of the variance parameter ϕ0 equal to one.

The AMCL method does not apply any speci�c constraint for the detour-max and
detour-min criteria, only the overlap constraint has been adopted; routes that have
all links (exactly 100% of the links) of a previously generated route in common are
rejected. Note that in this speci�c case the random costs of the two routes are not
compared, the rejected route is simply the last found and not the longest. However, it
is very probable that the latter one is the longer one. The termination criterion applied
is the total number of iterations set to 150,000 in this speci�c application. In this case
also, at each iteration the all-to-all shortest paths are computed for all OD pairs and
several ship sizes (as route labels) are considered to simulate some speci�c preferences,
in order to generate routes that are spatially different.

In the Accelerated Monte Carlo method (AMC) applied on the Dutch main road net-
work, Formula 6.13 is applied as generation function. Accelerated means that the
variance in the randomisation process can successively be increased in order to im-
prove the generation process. In this case, k represents the path index, a the link index,
and time T is the only link attribute considered as search criterion.

C̄k = ∑
a∈k

(Ta + εa) (6.13)

Where ε is the standardized random term associated with the time attribute being ran-
dom normal distributed in (0, σ2

a). The variance of the error terms σ2
a is equal to:

σ2
a = ϕit ·Ta (6.14)

Where ϕit is the variance parameter at iteration it and the error term εa is de�ned as
follows:

εa = ρ ·σa = ρ ·
√

ϕit ·Ta (6.15)

Where ρ is the standardized random term being random normal distributed in (0, 1).
Therefore, by substituting Formula 6.15 in Formula 6.13:

C̄k = ∑
a∈k

(
Ta +ρ ·

√
ϕit ·Ta

)
(6.16)

Since the approach is �accelerated�, at each iteration variance parameter ϕ at iteration
it is increased proportional to the variance increase parameter λ as follows:
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ϕit = ϕit−1 +λ (6.17)

with the initial value of ε0 equals to zero and the value of the parameter λ equals to
0.005.

The AMC method does not apply any speci�c constraint for the detour-max and detour-
min criteria, only the overlap constraint has been adopted; routes that have more than
90% of links of a previously generated route in common are rejected. Note that in this
speci�c case the costs of the two routes are not compared, the rejected route is simply
the last found and not the longest. However, it is very probable that the latter one is
the longer one. The termination criterion applied is the total number of iterations, set
to 50 in this speci�c application.

Table 6.21: Characteristics of adopted CSG approaches for Dutch waterway and
main road networks (N.A. Not Applicable).

CSG characteristics Waterway network Main road
network

CSG method KSP CKSP MCL AMCL AMC
Generation 6.7 6.7 6.8 6.8 6.13
function 6.12 6.17
Search criteria Distance Distance Distance Distance Time
Detour-max N.A. ωmax = 2 N.A. N.A. N.A.
Detour-min N.A. ωmin = 50km N.A. N.A. N.A.
Overlap N.A. N.A. < 100% < 100% < 90%
Termination # paths #paths #iterations #iterations #iterations
criterion
Max # N.A. N.A. 2,500,000 150,000 50
iterations
#paths per 100 100 N.A. N.A. N.A.
OD pair
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6.6.3 Results of the selected CSG approaches

A certain number of routes and a certain type of choice set have been generated by
each implemented method for a given number of OD pairs.

Table 6.22 summarizes the results of the applications.

In the case of the KSP approach applied to the Dutch waterway network, a total number
of 3,000 paths has been generated for a total number of 30 OD pairs, since 100 was set
as input value for the total number of paths to be generated for each OD pair. It may
include highly overlapping paths.

Table 6.22: Results from CSG applications to Dutch transport networks.
CSG results Waterway network Main road network
#analysed OD pairs 30 109,292
Method KSP CKSP MCL AMCL AMC
# Generated routes 3,000 540 562 20,869 181,567
Average # of generated 100 18 19 696 1.66
routes per OD pair
Minimum # of generated 100 6 1 12 1
routes per OD pair
Maximum # of generated 100 48 58 5,066 14
routes per OD pair
Median # of generated 100 13 9.5 195.5 1
routes per OD pair

In the case of the CKSP approach applied to the Dutch waterway network, a total
number of 540 paths has been generated for a total number of 30 OD pairs, which is
on average 18 routes per OD pair. In this case, the minimum and maximum number
of generated routes for a single OD pair appears to be 6 and 48 respectively and the
median number for all OD pairs is 13. It may include some overlapping paths.

In the case of MCL approach applied to the Dutch waterway network, a total number
of 562 paths has been generated for 30 OD pairs, which is on average 19 routes per
OD pair. In this case, the maximum number of generated routes for a single OD pair
appears to be 58 and the median number for all OD pairs is 9.5.

In the case of AMCL approach applied to the Dutch waterway network, much more
routes are generated: in total 20,869 paths for the same 30 OD pairs, which is on
average 696 routes per OD pair, which seems a very huge number, but it becomes
reasonable if we look at the median number that is 195.5. In this case the maximum
number of generated routes for a single OD pair appears to be 5,066.
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In the case of the Accelerated Monte Carlo approach applied to the Dutch national
road network (Bliemer, M.J.C. and Versteegt, E. and Castenmiller, R., 2004), the route
generation model produced 181,567 routes in just 5 minutes for the 109,292 OD pairs,
which is on average 1.66 route per OD pair. This may seem little, but taking into
account that for long distance trip the only network feasible is mostly a freeway system
with many triangular shapes, there are many OD pairs for which only one route is
actually a realistic option. Such small average number of routes per OD pair depends
also on the assumed error variance, which is in the reported example is very little with
very small variation in the accelerated version (only 0.005 for the variance increase
parameter λ). The maximum number of routes generated for an OD pair is 14.

As we can see from Table 6.22 (and also Table 6.23 for the waterway network) the size
of the route choice set strongly depends on the type of network and the type of CSG
approach. On the one hand, the enormous density of the waterway network with many
possible detours and overlapping routes leads to a multitude of routes (see, for example,
Figure 6.17 the huge number of 5,066 generated routes by the AMCL approach); on
the other hand, in a very sparse network such as the road network used for the AMC
approach only few alternatives are commonly available.

Table 6.23 shows the choice set sizes for each OD pair generated by each approach in
the case of the waterway network. We will analyse the results of the generated choice
sets in the waterway network, since only 30 OD pairs are considered in that case. The
paths of the choice sets generated for the 10th OD pair will be plotted in the following,
and their choice set sizes are highlighted in bold. Excluding the choice set size of the
KSP, which are all equal to 100, and the one of the AMCL, for some of them the size is
very huge, we now analyse in more detail the choice set sizes generated by the CKSP
and MCL approaches.
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Table 6.23: Choice set size for each OD pair and each generation method applied
to the waterway network.

OD Pair KSP CKSP MCL AMCL
1 100 8 5 61
2 100 11 8 22
3 100 12 3 26
4 100 11 9 49
5 100 41 44 411
6 100 11 9 107
7 100 15 2 93
8 100 10 3 53
9 100 20 5 306

10 100 30 58 5066
11 100 9 8 22
12 100 9 1 57
13 100 12 24 682
14 100 8 16 192
15 100 18 12 265
16 100 32 4 37
17 100 26 2 41
18 100 21 36 839
19 100 6 6 13
20 100 48 40 2403
21 100 10 10 48
22 100 17 3 208
23 100 10 16 199
24 100 6 4 12
25 100 10 33 840
26 100 44 42 432
27 100 30 57 4986
28 100 16 23 367
29 100 25 44 2204
30 100 14 35 828
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Figure 6.14: Resulting choice set sizes generated by the MCL and the CKSP ap-
proach for the waterway network (30 OD-pairs).

If we look more into detail to the choice sets generated by the CKSP approach, we
can notice that only few OD pairs have a choice set size more than 40 routes (see
Figure 6.14).

If we look more into detail to the choice sets generated by the MCL approach, we can
notice that about 50% of the OD pairs (16 over 30) has a choice set size less than 10
(see Figure 6.15). By grouping the choice set size by 10 (from 10 up to 60) only very
few OD pairs (2 or 4) have big choice sets (up to 58 alternatives). Moreover, Table 6.24
shows the number of OD pairs for each choice set size, from which it can be seen that
only few OD pairs have big choice set sizes, while most of the OD pairs have choice
sets with small sizes, in particular only one OD pair has a choice set of one alternative
only. These outcomes are in line with the ones about choice set sizes and composition
shown in Chapter 4.

If we plot the paths generated by each approach for a speci�c OD pair we can make
some interesting notes. Figure 6.16 and Figure 6.17 show the paths generated by the
KSP, CKSP, MCL, and AMCL approaches respectively for the speci�c 10th OD pair
(from Groningen to Antwerp) listed in Table 6.23.
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Figure 6.15: Resulting choice set sizes generated by the MCL approach per OD
pair.

Looking at those pictures we can observe the following. The KSP approach generates
100 routes that are very overlapping and with little spatial variability (spatial criterion
not satis�ed). On the contrary for the same OD pair the CKSP approach generates only
30 routes with a much more spatial variability. Based on these results we can state that
the CKSP approach outperforms the KSP approach. The MCL approach generates 58
routes with a spatial variability similar to the one generated by the KSP approach.

Finally, the AMCL approach generates a huge number of routes 5066 with a better
spatial variability of the one generated by the CKSP approach. Ideally the RSG ap-
proach should generate an adequate choice set having, for example, a good choice set
size (5066 is really too much) with a good spatial variability and not too much overlap,
according to the de�ned criteria in Section 6.3.

Comparing the results of these approaches we can state that among the approaches
suitable only for single OD pair the CKSP approach generates an adequate choice
set, and among the approach suitable for both single and multiple OD pairs the MCL
approach generates an adequate choice set with respect the choice size and the spatial
variability and the AMCL approach generates a much better choice set with respect to
the spatial variability, but in this case the number of generated routes is very huge, since
they are also much overlapping. Both methods generate overlapping routes. To obviate
this problem an extra process is needed to �lter off all routes that do not satisfy, for
example, the overlapping criterion. In the next section an example of �ltering process
is applied to a simple case to show how the quality of the choice set might be improved.
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Groningen

Antwerp

(a) KSP

Groningen

Antwerp

(b) CKSP

Figure 6.16: Choice set paths generated by the KSP approach (a) (100 paths) and
the CKSP approach (b) (30 paths) from Groningen to Antwerp (OD n. 10).
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Groningen

Antwerp

(a) MCL

Groningen

Antwerp

(b) AMCL

Figure 6.17: Choice set paths generated by the MCL approach (a) (58 paths) and
the AMCL approach (b) (5066 paths) from Groningen to Antwerp (OD n. 10).
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Groningen

Duisburg

Figure 6.18: Choice set paths generated by the MCL approach (33 paths) from
Groningen to the German city of Duisburg (OD 25).

6.6.4 Application of a �ltering process to the MCL choice set

As shown in the previous section, the sizes of the choice sets generated by the MCL
and the AMCL approach are quite big, and in some cases also huge for the choice
sets generated by the AMCL approach, with a maximum size of 5066 routes. As we
will show in this section, this fact is mainly due to the overlapping problem. Routes
generated by the MCL and AMCL approaches are largely overlapping; indeed those
methods do not satisfy the overlap criterion de�ned in Section 6.3. As stated in Sec-
tion 6.5.6, in order to obviate this problem a �lter process needs to be applied after
the generation process in order to obtain a much more adequate choice set, reducing
the number of overlapping routes and maintaining the same spatial variability. The
�lter process consists of the application of one or more selection criteria de�ned in
Section 6.3, such as the overlap criterion.
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Figure 6.19: Detail of two overlapping paths of the choice set generated by the
MCL approach from Groningen to the German city of Duisburg (OD 25).

In order to show the effectiveness of the �ltering process, we consider the choice sets
generated by the MCL approach as example. We apply the �ltering process, which
consists of the application of the single overlap constraint to a speci�c OD pair. The
idea of the �ltering is to compare two routes, check which does not satisfy the overlap
criterion, and eliminate those routes from the choice set, in order to obtain a more
adequate choice set. For sake of simplicity we decide to consider the 25th OD shown
in Table 6.23, in which 33 paths are generated from Groningen to the German city of
Duisburg. Figure 6.18 shows the set of 33 paths generated for this relation, from which
it seems that it would be much less. Actually, as we zoom in this picture we can see
from Figure 6.19 that in the waterway network a lot of detours and small variations
are possible, this is the reason of the huge amount of overlap generated by the MCL
approach.

In order to analyse the overlapping routes the following data were computed; �rst, the
number of links and the total objective distance for each path (see Table 6.26), then
the link-path incidence matrix was built, a path-path matrix was computed in which
the number of links in common between two paths were calculated and �nally the total
number of two overlapping paths of a given overlap percentage was computed (see
Table 6.25).
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Table 6.24: Frequency of choice set size generated by the MCL approach.
Choice set size # of OD pairs

1 1
2 2
3 3
4 2
5 2
6 1
8 2
9 2

10 1
12 1
16 2
23 1
33 1
35 1
36 1
40 1
42 1
44 2
57 1
58 1

After computing the mutual overlap as the percentage of the number of links in com-
mon between each of the 33 paths generated by the MCL approach for the 25th OD
pair, from this path-path matrix the total number of two paths overlapping each other
was computed. Given the 33 paths the total number of path couples is given by the
formula n · (n− 1)/2, in this case 528, which are the non-zero elements of the path-
path matrix. Given those percentages, they were grouped from 10% to 100% with a
10% step and the total number of overlapping paths were computed based on those
groups percentages (see Table 6.25). For example, from the path-path matrix, paths
2 and 3 have 6% of common links with path 1, paths 4 and 5 have 40% of common
links with path 1, and path 22 has up to 98% of common links with path 1. From
Table 6.25 we can see that most of the paths are largely overlapping (202 paths in total
are overlapping more than 90%).

As we can see from Table 6.26 some paths have almost similar number of links and
length (in some cases, such as paths 4 and 5, 10 and 11, 20 and 21, exactly the same
number of links and the same length).
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Table 6.25: Total number of two overlapping paths for each range of overlap
percentage for all 33 paths generated by the MCL (OD 25).

# Overlap paths % Overlap
104 10%

96 20%
5 30%

29 40%
12 50%
2 60%

18 70%
60 80%

102 90%
100 100%
528

Therefore, we decide to apply the �ltering process to obtain a more adequate choice
set. In the �ltering process the overlap criterion de�ned in Section 6.2 has been applied
with the Formula 6.2 taking into account the distance of the common links and ∆ = 0.9;
meaning that during the �ltering process when two routes overlap for more than 90%
the longest route is eliminated.

The result of the �ltering process is that about 80% of routes (27) were eliminated. The
6 remaining ones are shown in Table 6.27. Comparing Figure 6.18 and Figure 6.20,
please note that the spatial variability of the 6 routes is exactly the same of the 33
routes shown in Figure 6.18.

Table 6.28 shows the number of �ltered paths for each OD pair. In bold you can �nd
the 10th OD pair with 58 routes without applying the �lter process and with only 6
routes after applying the �lter process. With the application of the �ltering process
there is a reduction of 73% of the number of routes.

As shown in Table 6.28 the statistics data about the choice set generated by the MCL
approach are the following: a total number of 562 paths has been generated for 30 OD
pairs, which is on average 19 routes per OD pair. In this case, the maximum number
of generated routes for a single OD pair appears to be 58 and the median number for
all OD pairs is 9.5.

After applying the �lter process the following results are achieved. After removing 408
paths (73% of reduction), a total number of 154 paths result for 30 OD pairs, which
is on average 5.1 routes per OD pair. In this case, the maximum number of generated
routes for a single OD pair appears to be 12 (the minimum is still 1 as the previous
case), and the median number for all OD pairs is 5.
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Table 6.26: Number of links and total distance for each of the 33 paths generated
by the MCL approach for the relation Groningen-Duisburg (OD 25).

Path n. Num. Links Length (km)
1 50 267.5
2 61 351.0
3 60 369.8
4 69 267.8
5 69 267.8
6 61 351.2
7 59 351.2
8 60 369.9
9 58 369.9

10 60 215.2
11 60 215.2
12 71 267.9
13 59 351.3
14 69 267.9
15 71 267.9
16 57 215.7
17 58 370.1
18 66 268.2
19 60 215.4
20 62 215.4
21 62 215.4
22 51 267.9
23 66 268.4
24 69 267.9
25 60 215.4
26 71 268.1
27 62 215.6
28 71 268.1
29 62 215.5
30 61 215.6
31 57 215.9
32 70 268.2
33 70 268.1
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Table 6.27: Routes resulting from the �ltering process for OD 25.
Path Num. Links Length (km)

1 50 267.5
2 61 351.0
3 60 369.8

11 60 215.2
15 71 267.9
16 57 215.7

Groningen

Duisburg

Figure 6.20: Selected routes after applying the �ltering process to the choice set
generated by the MCL approach from Groningen to the German city of Duisburg
(OD 25).

As shown in this section, the empirical outcomes show the validity for the implemented
approaches. In the case of approaches suitable only for single OD pairs, such as KSP
and CKSP, the generated choice sets generally �t the quality criteria introduced in
Section 6.3, in the case of KSP a large amount of overlapping paths are generated,
whereas in the case of CKSP a more adequate choice sets are generated, especially in
terms of spatial variability and choice set size.

In the case of approaches suitable for both single and multiple OD pairs, the generated
choice sets also �t the quality criteria for adequate choice sets. As we have shown in
the case of the MCL and AMCL approaches a huge number of paths are generated,
some of which are very overlapping, which is due also to the network structure. The
spatial variability criterion is almost satis�ed, whereas the overlap criterion mostly is
not satis�ed. For these reasons, it is highly recommended to apply a �ltering process
to reduce the number of overlapping routes and obtain a more adequate choice set.
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Comparing the two types of approaches, one suitable only for single OD pairs (such
as the CKSP), the other suitable both for single and multiple OD pairs (such as the
MCL), we observe that the MCL approach �ts much better the generation process cri-
teria (introduced in Section 6.4) than the CKSP approach, since the MCL pproach is
more �exible. Therefore, in the case of generating choice sets at group level and for
prediction purposes in the case of uni-modal networks, the MCL and the AMCL ap-
proaches result to be the most appropriate RSG methods to be applied, in combination
with a �ltering process, which produces a more adequate choice set.

Finally, since the AMCL approach is the accelerated version of the MCL method in
which increasing the variance might even further enhance its performance, but it also
generates a huge number of routes compared to the ones generated by the MCL ap-
proach. Therefore, we conclude that Monte Carlo Labelling combination is the pre-
ferred method among all methods applicable to multiple OD pairs. However, it must
be noticed that this method may require large amounts of computation time. This
method may be even further improved by including speci�c constraints that exclude
unsatisfactory routes and address the hierarchic property.

Based on the results about the generation process in the uni-modal case, we can con-
clude that also for the multi-modal case, in which the network is much more compli-
cated, the multi-modal paths are much more complex, and �exibility in the genera-
tion process is needed, a stochastic RSG approach (mainly an extension of the MCL
method) appears to be most suitable in order to generate adequate choice sets.
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Table 6.28: Routes resulting with overlap < 90% after the �ltering process for all
30 OD pairs (N.A. Not Applicable).

OD MCL MCL Rejected
Pair without with

Filter Filter
1 5 2 3
2 8 6 2
3 3 3 0
4 9 4 5
5 44 11 33
6 9 3 6
7 2 2 0
8 3 3 0
9 5 3 2

10 58 6 52
11 8 6 2
12 1 1 0
13 24 5 19
14 16 9 7
15 12 3 9
16 4 4 0
17 2 2 0
18 36 9 27
19 6 6 0
20 40 5 35
21 10 4 6
22 3 2 1
23 16 8 8
24 4 4 0
25 33 6 27
26 42 12 30
27 57 6 51
28 23 6 17
29 44 6 38
30 35 7 28

Total 562 154 408
Average 19 5 N.A.

Max 58 12 N.A.
Min 1 1 N.A.
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6.7 Conclusion

Following a systematic approach, a set of quality criteria have been derived for assess-
ing the adequacy of generated choice sets suitable for prediction application in travel
demand modelling. The criteria are above all based on behavioural premises on the part
of the individual traveller with respect to choice set size, route composition, and choice
set composition. The criteria to be applied to choice set generation at aggregate level
re�ect the high variability of choice sets between user groups and trip types. Adequate
choice sets for prediction therefore should not be too small and should preferably have
a rich variety of their composition in terms spatial distribution and route properties. A
choice set generation approach should allow responding to speci�c requirements.

Using these criteria, a large set of route set generation approaches have been analysed
for their suitability as a choice set generation method. It turns out that a wide spectrum
of methods exists based on a rich variety of route generation principles. Most of the
methods do not meet the criteria for achieving adequate choice sets. From a systematic
comparative evaluation only very few methods appear to be potentially suitable as a
choice set generation method for our purposes. These are the Monte Carlo Labelling
combination approach for multiple OD pairs if extended with a �lter process applied
after the generation process, and the Constrained K-Shortest Paths for the single OD-
pair generation if extended with a pre-processor (e,g, Gateway method) to make the
method much more �exible.

The feasibility of the Monte Carlo Labelling combination and the CKSP methods has
been demonstrated by several applications to two uni-modal networks, namely the
Dutch national road and waterway networks respectively. The effectiveness of the
�lter process applied to the choice sets generated by the MCL approach has also been
demonstrated and in the case that a �lter process is applied after the generation process
a reduction of 73% is achieved.

Based on this quantitative evaluation, we can conclude that the Monte Carlo Labelling
combination approach is the one to be preferred from the other methods in order to
generate an adequate choice set at group level for prediction purposes. Please note that
in this case it is highly recommended to apply a �ltering process after the generation
process in order to obtain more adequate choice sets that satisfy the quality criteria.

The MCL approach has been also successfully applied in a number of different net-
works. Recent applications are done on the Dutch national main road network in the
course of traf�c �ow predictions with dynamic assignment model (see Bliemer, M.J.C.
and Taale, H. (2006)). The stochastic choice set generation approach is a separate ex-
plicit step prior to the route choice modelling and route �ow assignment. This appli-
cation demonstrated that the way of explicit a priori route generation is feasible, even
for very large networks.
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In the next chapter the MCL method will be extended for use in multi-modal transport
networks. In that chapter a preliminary calibration and in-depth testing of the new
generation methods using also empirical route set data is presented.
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Chapter 7

Route set generation in multi-modal
networks

7.1 Introduction

This chapter deals with the extension of choice set generation approaches to multi-
modal networks. This will be based on the choice set requirements and generation
approaches presented in Chapter 6. In this chapter we will address the speci�cations
of an adequate route choice set, in particular in the multi-modal context, and which re-
quirements should be posed on such route choice sets to be adequate for the prediction
purpose. A related question deals with the requirements an appropriate multi-modal
choice set generation approach should satisfy. Other questions relate to the de�nition
of the performance quality of the multi-modal choice set generation approach, the cal-
ibration of the model, and the analysis of the quality of the choice set. In this chapter,
we tackle these questions speci�cally with an application to a multi-modal network in
mind.

Based on the established adequacy requirements introduced in Chapter 6, this chap-
ter will deal with the introduction of the speci�c aspects associated with multi-modal
transportation, the extension of the requirements described in Chapter 6 for an ade-
quate choice set and an appropriate choice set generation method in multi-modal net-
works, and the presentation of route choice generation methods proposed in literature
for multi-modal transit networks and for mixed private and public multi-modal net-
works. The main purpose of this chapter is then to introduce and describe the new
doubly stochastic approach for generating choice sets in a multi-modal network, to
present a demonstration case of the application of the generation approach focusing on
the analysis of the performance quality of the approach. The rest of this chapter will
focus on the calibration of the model, the impact of the stochasticity of the approach,
and the quality of the generated choice sets.

215
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The main contributions of this chapter are, �rst of all, the newly developed route choice
set generation algorithm, the so-called doubly stochastic approach, applicable to uni-
modal and multi-modal networks, which is actually an extension of the MCL combi-
nation approach (presented in Chapter 6) where not only the link attributes but also the
preference (or behavioural) parameters of the cost function are randomized; second,
the speci�cation of the requirements for adequate route choice sets for prediction of
route and link �ows in multi-modal transport networks.

The feasibility of the developed multi-modal choice set generation (MM-CSG) ap-
proach has been demonstrated by applying the method to the multi-modal network of
the Rotterdam-Dordrecht Region in The Netherlands. In order to prove the effective-
ness of the MM-CSG method, the generated choice sets were compared with observed
chosen routes and reported choice sets in this multi-modal network. In order to achieve
adequate choice sets that satisfy most of the de�ned requirements, a �ltering process
after the generation is needed as in the uni-modal case. The MM-CSG approach pro-
duces an exhaustive base route set (master set) that needs to be freed from super�uous
and non-ef�cient, routes in order to arrive at choice sets that ef�ciently suit a partic-
ular purpose, in our case the prediction purpose. To that end, a variety of selection
constraints may be additionally applied.

The structure of the chapter is as follows. The speci�c aspects of the choice set gener-
ation in multi-modal networks and the requirements for adequate multi-modal choice
sets are presented in Section 7.2 while Section 7.3 presents an overview of existing
route choice set generation algorithms for multi-modal networks. The doubly stochas-
tic approach to MM-CSG is introduced in Section 7.4 after which the demonstration
case applied to the Rotterdam-Dordrecht corridor of the generation approach with the
results of its performance are presented in Section 7.5. The calibration of the MM-CSG
model is discussed in Section 7.6, while the impacts of stochasticity on the quality of
the choice set are analysed in Section 7.7 and the results of the application of a �ltering
process are reported in Section 7.8. The main conclusions of the chapter are drawn in
Section 7.9.

7.2 Choice set generation in multi-modal networks

7.2.1 Speci�c aspects for CSG in multi-modal networks

In Chapter 6, choice set generation has been dealt with directed at uni-modal networks.
In this Chapter 7, focusing speci�cally on CSG for multi-modal networks, we will
elaborate on those aspects that are speci�c for multi-modal networks on top of those
that hold for uni-modal networks.
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First-of-all, in multi-modal networks we have a combination of several continuous-type
transport service systems (all private modes such as walk, bicycle, car) and discontin-
nous-type transport service systems (most public transport modes such as bus, tram,
metro, train, etc). Typical for the discontinuous-type systems is, for example, the need
to wait for departure of the services and the need to transfer between various services
and lines. In order to make these various service types compatible within a single
route from origin to destination, special nodes and links have to be added to the basic
networks in such a way that a consistent supernetwork results that facilitates classical
shortest route search algorithms as the chosen base for CSG. The speci�cation of a
multi-modal supernetwork has been elaborated in Chapter 3.

A second typical aspect of multi-modal networks is the transfer between modes. Since
we know that transferring is a crucial factor in travel choice behaviour (see e.g. Hoogen-
doorn-Lanser (2005)), the treatment of transfers in route generation needs special at-
tention. This relates to the description of the transfer process in the multi-modal net-
work by using special nodes and link types enabling a correct path search in the net-
work (see also Chapter 3). This relates as well to the speci�cation of the transfer
process in the generation function with which the attractiveness of generated paths is
determined. Transfers and related times and distances need special disutility parame-
ters in the generation function.

A third typical aspect is the sequence of modes within a multi-modal trip. From logic
and from observations we can deduce that these sequences of modes within a multi-
modal trip obey certain regularities and conditions. For example, high speed modes are
used for the line haul part of the trip whereas low speed modes are used in the networks
near to the origin and destination, while home-based modes such as car and bicycle
will not be used for legs in-between public transport legs. Also private mode access
distances to PT stops as well as private mode egress distances from PT stops to the
destination are characterized by maximum acceptable values. For an in-depth account
of the behavioural peculiarities in multi-modal trip-making, see Hoogendoorn-Lanser
(2005). Another important aspect of choice sets for multi-modal trips is the variation
in transport mode compositions. In order to generate routes in a multi-modal context
it is very important to consider this aspect and try to achieve this variation.

A number of other aspects appear typical in multi-modal networks: these networks
are very large (in terms of numbers of nodes and links) and exhibit very many po-
tential route alternatives. Because of the discontinuous PT services, the same spatial
route with the same multi-modal composition may have nearly identical alternatives
at various different departure times of these services. Also the route overlap problem
(see Section 5.4.2) appears highly different from the overlap problem in uni-modal
continuous networks (see Hoogendoorn-Lanser, S. and Van Nes, R. and Bovy, P.H.L.
(2005)).
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The consequences of these typical multi-modal aspects for a prediction-oriented choice
set generation approach for multi-modal trips are the following (compared with Fig-
ure 6.9 Classi�cation scheme of generation methods in Chapter 6):

• the need for a speci�c network description called supernetwork, as presented in
Section 3.7;

• the need for speci�c constraints in checking the reasonabless of routes and ade-
quacy of choice sets (see this chapter);

• the need for a speci�c generation function (or search criterion) to be used in the
choice set generation algorithm (see this chapter);

• the need for speci�c termination criteria of the generation algorithm (see this
chapter).

7.2.2 Speci�c requirements for an adequate choice set in multi-
modal networks

In this section we will discuss the requirements for a reasonable multi-modal route, an
adequate choice set, and an appropriate choice set generation process, speci�cally in
the case of multi-modal networks. Following the typical multi-modal aspects discussed
in Section 7.2.1, we will focus on those criteria that are typical for multi-modal cases
in addition to the criteria for uni-modal networks already elaborated in Section 6.3.

We will �rst look at such additional properties of single routes by specifying require-
ments for reasonable multi-modal routes to be generated. On that basis we then look at
the composition of reasonable sets of routes from an individual traveller's perspective,
after which we consider the adequacy of route sets for groups of similar travellers. On
this basis, we will de�ne criteria for adequate multi-modal choice sets for prediction
purposes, and de�ne quality criteria for the resulting choice set and for the generation
process given a multi-modal network.
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Requirements for a reasonable (multi-modal) route

Hoogendoorn-Lanser (2005) offers a systematic account of conditions that reasonable
routes should satisfy from the traveller's perspective to become a member of a choice
set. These conditions can be grouped under the following headings:

• logical conditions;

• feasibility conditions;

• behavioural conditions;

• perceptual conditions.

Logical conditions concern the topological form of routes in the multi-modal time-
space domain. The term logical expresses that travellers will not undertake unneces-
sary or super�uous actions such as travelling in cycles or loops, and cannot take impos-
sible actions (travelling backwards in time, transferring to an earlier train). In public
transport networks, loops may happen without being illogical from a behavioural point
of view, namely if different services are used to reach the destination. For example,
the express train may pass through the envisaged alighting stop of a traveller while at
the next stop the traveller takes a local train to his alighting station that he already had
passed through before. Illogical routes will not be selected in choice sets, apart from
the fact that most route search algorithms cannot generate illogical routes.
Feasibility conditions concern the suitability of a (multi-modal) route alternative in
terms of time, space, vehicle availability, and physical (dis-)abilities. Feasibility in
time refers to time constraints at origin and / or destination addresses and to con-
straints with respect to transferring between services. These types of constraints are
especially relevant in a multi-modal context with time-tabled services. For example,
in a multi-modal context, maximum transfer time constraints can be used to establish
which runs of consecutive transport services can be taken. Feasibility in space refers
to availability of transport modes not only at origin and destination, but also at trans-
fer points which is especially relevant in multi-modal trip making. Maximum walking
and cycling distance constraints determine the candidate boarding stops within reason-
able access distances and candidate alighting stops within reasonable egress distances,
thus, which consecutive transport modes are feasible to be used. Physical disabilities
might restrict the use of private transport modes (for example, walking and cycling)
and public transport services. To account for physical disabilities during the choice set
generation, routes with certain types of transfers can be excluded from the choice set
and walking speeds can be adapted accordingly.
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Behavioural conditions refer to the individual traveller's preferences with respect to
trip attributes, such as combinations of transport modes, PT waiting times, transfer
times walking times, costs and number of transfers, etc. Empirical research (Van Nes
(2002) and Hoogendoorn-Lanser (2005)) has shown that travellers have individual
preferences with respect to such trip attributes, have bounds on values of trip attributes,
do not distinguish highly similar alternatives, and tend to travel in the direction of the
�nal destination. In the context of multi-modal trip making, behavioural conditions
may be formulated speci�cally in relation to complete trips, access and egress parts,
train trip part, or transfers. Table 7.1 and Table 7.2 show such conditions and to which
trip part they apply.
A basic premise behind these conditions is that travellers always try to use the subjec-
tively best route: they optimise their behaviour according to a personal utility function.
Travellers are not accepting excessive detours or multiple switches between link types
during the trip. Moreover, route alternatives that largely overlap with others will not be
identi�ed as a distinct route by the traveller, reason why such routes might be excluded
from the choice set. Another behavioural condition relates to the hierarchical set-up of
routes being preferably followed by travellers (see Section 6.3.1).
Perceptual conditions relate to the knowledge on the part of the traveller of available
alternatives. Because of the complexity of public transport systems, the cognition of
multi-modal alternatives maybe assumed limited. Of course, these are dif�cult to spec-
ify, especially in forecasting cases.

In the multi-modal case, because of multiple modes and public transport services, we
need to introduce a hierarchy of six movements levels, as follows from high to low
level:

1. tour from base (mostly home) to carry out one or more activities and then back
to base;

2. trips within a tour;

3. possible (multi-modal) routes to perform the trips;

4. division of trips (and thus also routes) into three basic trip parts, namely, main
trip part and access-egress trip parts;

5. legs within trip parts that are therefore separated by between-leg transfers also
called inter-modal transfers;

6. links, the smallest parts within a route.

All these concepts have been introduced and de�ned in Chapter 2. Table 2.1, which
summarizes these de�nitions, will also be used in this chapter.
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Table 7.1: Behavioural conditions for choice set composition in multi-modal trip
making (adapted from Hoogendoorn-Lanser, 2005).
Trip parts Conditions
Complete trip and Travellers accept only a limited detour; alternatives with larger
separate trip parts detours are disregarded in the choice process. A detour may be

measured in distance, time, or number of transfers.
Travellers have different preferences with respect to the various
transport services within a trip, which are, among other things,
based on image and seating comfort.
Travellers value the distinct time-elements (in-vehicle time,
waiting time, walking time and transfer time) and cost-elements
(parking costs, PT-fares and fuel costs) differently.

Transfers Travellers only accept maximum total transfer times,
maximum transfer-waiting times, and maximum
transfer-walking times.
Travellers prefer transferring in higher-order stops and railway
stations. Higher-order railway stations and stops offer higher
frequencies than lower-order railway stations and stops.
Travellers do not make unnecessary transfers. For example,
transfer to a lower-order or equal train service is considered
unnecessary if the current service takes the traveller to the
preferred railway station.

Access / egress - Travellers choose the closest access point to a speci�c UPT line
UPT modes (based on the fact that in-vehicle time is considered less negative

than walking time).
Travellers do not use UPT for short distances. The walking time
to and the waiting time at the UPT stop take more time than directly
walking towards the destination.
Travellers do not board (at the beginning of the trip) at stops that
are further away from the destination than the destination itself.
Travellers walk to UPT access and from UPT egress points.
Travellers have different maximum acceptable access and egress
distances to stops.
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Table 7.2: Behavioural conditions for choice set composition in multi-modal trip
making for access/egress modes (adapted from Hoogendoorn-Lanser, 2005).

Trip parts Conditions
Access / egress - Travellers choose the closest access point to a speci�c UPT line
UPT modes (based on the fact that in-vehicle time is considered less negative

than walking time).
Travellers do not use UPT for short distances. The walking time
to and the waiting time at the UPT stop take more time than directly
walking towards the destination.
Travellers do not board (at the beginning of the trip) at stops that
are further away from the destination than the destination itself.
Travellers walk to UPT access and from UPT egress points.
Travellers have different maximum acceptable access and egress
distances to stops.

Access / egress - Travellers do not use a bike for short distances. Retrieving and
private modes parking a bicycle takes more time than walking directly to the

railway station.
Travellers have different minimum and maximum acceptable walking,
cycling and car distances at home-ends and activity-ends of trips.
Travellers use only a single private transport mode instead of
combinations of private modes) to go to railway stations.

Access / egress - Travellers use UPT (metro, tram and bus) or private
general transport modes (walking, cycling and car) to go to railway stations.

Combinations of UPT and bicycle / car are not used to go to railway
stations (Van Nes, 2002).

A tour consists of a series of trips departing from home to carry out one or more
activities and coming back home. A tour may be divided into a series of trips and a
trip may be divided into a series of alternative (multi-modal) routes.

The composition of a multi-modal trip might be quite complex as it may consist of
a series of several different travel modes connected by walking legs. In general in
a multi-modal network different network levels might be distinguished, from higher
to lower levels. The higher levels are characterized by higher speed, lower network
density and lower access density. Higher-level parts are usually used for the main
part of the trip while for access/egress lower network levels are used. Given that, in
a (multi-modal) route we may distinguish three parts: namely, the main part and the
access and egress parts, since usually a multi-modal route consists of a part performed
over the largest distance and other one or two parts at the beginning and/or at the end
of the trip that are made over shorter distances.
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Each of these trip parts may consist of several uni-modal legs, and since in our multi-
modal formulation walking is always considered a travel mode and therefore a leg
(see Chapter 2), it can be always distinguished three parts in a multi-modal trip. The
main trip part is that part performed over the largest distance with the highest possible
speeds compared to the access and egress trip parts.

A Leg is the part of a multi-modal trip for which a single mode is used without inter-
mediate transfers. In Chapter 2, intra-modal and inter-modal transfers are introduced;
from a behavioural point of view, the two types of transfers (inter-modal and intra-
modal) are different, the intra-modal transfers can be less restrictive since the trans-
fer is within the same transport system with similar frequencies and the same ticket;
whereas the inter-modal transfers involve more dif�culties for transferring between
different transport systems, with different frequencies and tickets. However, it is very
complex to take into account both types of transfer in modelling travel choices; there-
fore, in this chapter, the word 'transfer' is used for inter-modal as well as intra-modal
transfers for sake of simplicity. Furthermore, we assume that a leg has the same service
network, same frequency, and same ticket and therefore there are no transfers within
a leg. Because of the de�nition of legs, being uni-modal by de�nition, leg and mode
mostly are synonymous terms. Each leg has its own mode, but a particular mode may
serve multiple legs within a trip or within trip parts.

Finally, we have links being the smallest parts of the network (for uni-modal private
networks) and services (for PT networks or parallel lines). Since public modes use
�xed routes, it is suf�cient to de�ne links as being direct connections between nodes
or between PT stops.
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Based on the previous arguments (see also Section 6.3), let us discuss our de�nition of
reasonable1 route in multi-modal networks.

De�nition 12 A single multi-modal route is de�ned reasonable if the following crite-
ria are ful�lled:

Acyclic criterion A reasonable multi-modal route does not contain loops.

Detour criterion A reasonable multi-modal route does not exhibit a detour from the
shortest possible connection in terms of one or more measures such as distance
or time between origin and destination larger than a maximum threshold α (e.g.
100%).

Hierarchic quality A reasonable multi-modal route is constituted by a systematic se-
quence of functional levels in the multi-modal network such as transport services
(including private modes). For example, an urban bus service may be used for
access to a train station, an IC train service may be used to perform the main
part of the trip and �nally a tram service may be used as egress mode.

Multi-modal feasibility A reasonable route is uni-modal, or, if it is multi-modal, the
number of different modes used in the route is limited and the availability of
modes meets given constraints, for example it is unusual to have a car available
at the activity-end railway station.

The �rst three criteria are similar to the ones de�ned in De�nition 9 of Chapter 6. If
the �rst two criteria are valid for the whole multi-modal route then they are also valid
for smaller parts of a multi-modal route such as trip parts and legs. The third (Hier-
archic) criterion is applicable to the whole multi-modal route. Finally, these criteria
are not mutually exclusive. To a certain extent they overlap and may result in identical
generated routes.

An extra criterion is added for the multi-modal case at the single-route level namely
the feasibility concerning the multi-modal composition of the route.

1Note that the term reasonable used in this thesis differs from the one de�ned by Dial, R.B. (1971)
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Multi-modal feasibility criterion In order to illustrate the feasibility in the multi-
modal route composition the following de�nitions are needed. As stated above, in a
multi-modal route three parts of the route might be distinguished:

• Main part: part of the multi-modal route performed over the largest distance with
the highest possible speeds and low interchange density.

• Access part: part of multi-modal trip connecting the trip's origin to the start node
of the main trip part (often a transfer point).

• Egress part: part of multi-modal trip connecting the end node of main trip part
(often a transfer point) to the trip's destination.

In order to introduce generic de�nitions we also propose the following classi�cation of
functional mode types and vehicular modes. We may distinguish main modes, home-
based modes and activity-based modes as functional mode types.

Main modes are characterized by their ability to be suited for long distances and long
travel times because of their higher vehicle speeds, higher comfort, etc. Typical exam-
ples of main modes are airplane, train, and car; sometimes also bus instead of train.
The service type 'train' can be distinguished in Intercity (IC), Express and Local ser-
vices. IC and Express services are usually used as main modes, whereas Local train
can be used as access mode; the combination of Local and IC/Express services can be
considered as main mode, since they are part of the same system with same ticket.

Home-based modes are characterized by their ability to serve access to and from a
base which mostly is the home. To that end, home-based modes often are owned by or
easily accessible by the traveller at his base. Typical home-based modes are walking,
bicycle, car, metro, bus and tram.

Activity-based modes are characterized by their suitability for short distances and
mostly non-ownership by the traveller. Typical examples are walking, bus, tram, metro
and taxi. In some countries often other vehicular modes are available for the distin-
guished trip parts such as a shared taxi (sjarut) for the main trip part in Israel.

The main trip part is in-between two end nodes that connect the access and egress trip
parts to the trip origin and trip destination respectively. The main part of the trip is the
most dif�cult part to be identi�ed. It can be seen from a functional perspective, such
as the long distance of a trip belongs to the main part; but if two parts of a trip have the
same distance, which is the main part? If we consider spatial aspects, the main modes
should touch at least two different regions, but still there are exceptions. In general it
is very dif�cult to de�ne and identify in a generic way the main part of the trip, but in
particular, Van Nes (2002) observes that looking at multi-modal trips, train is the most
important transport mode, if the main mode is de�ned as the mode which is used to
traverse the largest distance (80% of all train trips are multi-modal trips); the shares
of bus and car trips that are multi-modal trips are much smaller (20.4% respectively
2.1%).
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Table 7.3: Currently available modes assigned to different network levels.
Transport Modes International National Interregional Regional Local
Airplane X X
Intercity train X X X
Local train X X
Interregional Bus X
Car X X X X X
Taxi X X X
Regional Bus X
MRT/Metro X
UPT Bus X
UPT Tram X
Bicycle X
Walking X

With each of the three distinguished trip parts (access, main, egress) we may associate
corresponding vehicular travel modes. In principle, all modes may ful�l the role of
an access, an egress, or a main mode. For example, walking is the main mode in a
walking-only uni-modal trip, while the bike maybe the main mode in a walk-bike-
walk uni-modal trip. In the practice of interregional trips, typical main modes in multi-
modal trips are car, train or regional bus, whereas typical access and egress modes
are walking, bike, bus, tram, metro, etc. In principle, car may also play a role as an
access-egress mode, such as in car-train-walk trips or walk-train-taxi trips.

Because of their properties, some vehicular modes may well serve for more than one
trip part type, depending on the spatial conditions. By introducing the network lev-
els present in a transportation network, such as international, national, interregional,
regional and local levels, Table 7.3 gives an example of the assignment of currently
available modes to those network levels.

As illustrated in Table 7.3, each vehicular travel mode may be used at different net-
work levels. Depending on the type of trip, if it is international, or regional, or national
or interregional, different travel modes may be associated with each of the three dis-
tinguished trip parts (access, main, egress). In case of an international trip, the same
travel mode (train or airplane) might be used as access and as main mode.

Since our analysis focuses on interregional trips, we can state that some travel modes
are more likely to be used for the main trip part, and others are less likely to be used as
access and egress mode. For example, IC train can be used as main mode, but not as
access mode for an interregional trip.
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The following generic constraints specify the possible combinations of the three trip
parts in the speci�c case of interregional trips:

• a main mode cannot be an access/egress mode in the same trip, and vice versa;

• home-bound modes cannot be used as main modes except for car;

• activity-bound modes cannot be used as main modes except for car;

• home-bound modes cannot be an activity bound mode in the same trip except
for walking, UPT, taxi, and bike;

• home-bound modes such as car and bicycle cannot be used for legs in-between
public transport legs.

In addition we may have the following speci�c constraints specifying limitations within
each of the three trip parts:

• high speed modes are used for the main part of the trip;

• low speed modes are used in the networks near the origin and destination;

• walking and private mode access distances from the origin to PT stops as well as
walking and private mode egress distances from PT stops to the destination are
characterized by maximum acceptable values;

• a trip part consisting of multi-leg should have a limit number of transfers;

Because of these constraints and the possible functional mode types of the vehicular
modes, in a multi-modal case, many multi-modal routes are possible but not all multi-
modal routes are feasible. For this reason, we need to de�ne when a multi-modal route
is feasible. Before introducing the de�nition we need the following notation:

• t p indicates the trip part of a route, such as the main part, the access and the
egress parts;

• NT t p
max indicates the maximum number of allowed transfers within trip part t p;

• rOD indicates the complete route r from origin O to destination D;

• NT r
max indicates the maximum number of allowed transfers within route r.
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De�nition 13 A multi-modal route is de�ned as follows:
HM(−HM)−MM(−MM)−AM(−AM) where:

• Three parts are distinguished: the main part (MM=Main Modes), the access
(HM= Home-based Modes) and egress parts (AM=Activity-based Modes);

• The expressions (-HM), (-MM) and (-AM) indicate the repetition of the same
expression n times with n ∈ {0,NT t p

max} where NT is the maximum number of
transfers within a trip part (t p), such as the main, access and egress parts;

• MM are the main modes of the trip consisting of one or multiple legs;

• HM are the home-based modes of the trip consisting of one or multiple legs;

• AM are the activity-based modes of the trip consisting of one or multiple legs.

A multi-modal route is feasible if the following constraints (previously introduced) are
satis�ed:

• generic constraints specifying the possible combinations of these three trip parts;

• speci�c constraints within each trip part or leg;

• speci�c constraints related to speci�c vehicular modes;

and the number of transfers within the route r is limited by the maximum number of
allowed transfers:
NT (rOD)≤ NT r

max
For instance, depending on the cases under consideration, such as the case of consider-
ing interregional trips, the main modes, home-based modes, and activity-based modes
might be de�ned based on Table 7.3 as follows:

• MM={IC train, Interregional bus, Car, MTR/Metro}.

• HM = {Car, Local train, Taxi, MRT/Metro, UPT Bus, UPT Tram, Bicycle, Walk-
ing}.

• AM = {Taxi, Local train, MRT/Metro, UPT Bus, UPT Tram, Bicycle, Walking}.

Please note that according to this de�nition, the following trips are feasible multi-
modal trips:

• Trip where car is used to access a metro station;

• Trip where car is used to access a railway station;

• Trip where a bicycle is used for egress from a railway station to the destination;

• Trip where a city bus is used for egress from a railway station to destination;

• Trip where a local train is used to access an IC railway station; in this case
local train and IC train are considered main modes since they belong to the same
transport and fare system.
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According to this de�nition, the following two trips are also multi-modal trips:

• Trip using two urban bus lines;

• Trip where two IC train services are used and walking is used as a feeder mode.

Depending on the individual's vehicle availability, car or bike might be excluded from
the sets HM, MM, and AM. Examples of multi-modal routes satisfying the multi-
modal composition criteria are the following, where the main part of the route is de-
noted within square brackets [ ]:

1. Car-[Metro]-Walk

2. Car-[Train]-Tram

3. Walk-Bus-[Train]-Metro-Tram

4. Bike-[Local Train-IC Train]-Walk

In the �rst case, car is the only mode used at the home side of the trip and in the main
part of the trip; metro and walk are used as egress modes. In the fourth case, the local
train could be considered as access mode, but in our de�nitions the local and IC trains
that are considered the main modes, since they belong to the same transport services
and fare systems.

In the previous examples the number of transfers among travel modes is limited at
maximum 3 transfers (third alternative: walk-bus is not considered a transfer). The
travel leg sequence is logical for all given alternatives, whereas routes such as Car-
Bike-Tram-Bike-Train-Bus-Bike-Tram are not reasonable, since some constraints of
De�nition 13 are not satis�ed.

Van Nes (2002) analysed National Travel Survey Data2 and showed that of multi-
modal trips consist of two different modes, while of them is comprised of three or more
different modes. Train is often the main mode (59%) in multi-modal trips, followed by
bus (14%).

In the next subsection, the de�ned requirements for reasonable single multi-modal
routes will be extended towards the de�nition of an adequate set of multi-modal routes
for a single traveller.

Requirements for adequate multi-modal choice sets at individual level

Based on the reasonabless criteria for single multi-modal routes, we now look at ad-
equacy of generated complete choice sets from the perspective of a single traveller.
Since we aim at specifying multi-modal choice sets generated for prediction purposes
and thus for a group of similar travellers, this subsection is an intermediate step.

2The Dutch National Travel Survey is conducted by CBS, which collects travel data for more than
70.000 households annually, resulting in 600.000 trip records.
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As discussed in Chapter 4 (Section 4.3), from the viewpoint of a single traveller the
following characteristics of choice sets are important:

• the spatial structure of the set in terms of the degree of mutual overlap or, oppo-
sitely, their spatial difference;

• the composition of the set in terms of comparability of the routes in the set or
oppositely, their variety;

• the size of the set in terms of number of alternatives;

• the composition of the set in terms of multi-modal variety.

From these arguments the following de�nition is derived (for details see Section 4.3).

De�nition 14 A multi-modal choice set generated for an individual traveller is ade-
quate if all multi-modal routes of the choice set are reasonable according to De�ni-
tion 12 and 13, and additionally satisfy the following criteria:

Overlap criterion Any two routes of the generated choice set should have a mutual
overlap (in terms of number of links, distance, or time) less than ∆ percent with
respect to the shorter one of the two routes.

Comparability criterion Any two routes of the choice set should be comparable in
travel disutility (time, distance, or cost) within a given threshold of θ1 percent
with respect to the shorter one of the two routes.

Detour-max criterion The non-common parts of two partly overlapping routes in the
choice set should have a maximum detour (in disutility terms) not larger than a
given maximum percentage ωmax of the minimum of the two parts.

Detour-min criterion Any two partly overlapping routes in the choice set should have
a minimum detour (in disutility terms) between the two routes not smaller than
a given minimum percentage ωmin of the minimum total route length, (or time or
cost).

Choice set size The choice set should contain a limited number of alternatives, say
less than S (e.g. 10).

Multi-modal variety The generated set should consist of different uni-modal routes
and different multi-modal routes, depending on the type of multi-modal network
under consideration.
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Figure 7.1: Examples of multi-modal routes in a multi-modal network (n nodes,
m modes).

Instead of single multi-modal routes considered in De�nitions 12 and 13, now in
De�nition14 the mutual relations between multi-modal routes within the choice set
are at stake. In De�nition 14 we �rst consider the criteria referring to the comparison
of full routes (overlap and comparability criteria); secondly the criteria regarding the
comparison of parts of routes (detour-max and detour-min criteria) and �nally criteria
relevant for the entire choice set concerning the choice set size and the multi-modal
variety within the choice set.

While the overlap criterion refers to the common route part of two multi-modal routes,
the detour-max and detour-min criteria speci�cally refer to the non-common route parts
of two multi-modal routes.

The �rst four criteria are similar to the ones de�ned in De�nition 9 of Chapter 6. If
the �rst two criteria are valid for the whole multi-modal route then they are also valid
for smaller parts of a multi-modal route such as trip parts and legs. To a certain extent,
the adequacy criteria are overlapping in the sense that different criteria may lead to
rejection of the same route.

Overlap criterion at route level In order to satisfy the overlap criterion, any two
routes of the generated choice set should have a mutual overlap (in terms of number
of links, distance, or time) less than ∆ percent with respect to the shorter one of the
two routes (see De�nition 14). This de�nition is similar to the one for the uni-modal
case; however, in the multi-modal case the application of this criterion is much more
complex than in the uni-modal case.
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As de�ned in Chapter 6, the overlap criterion refers to full route-pair comparison. We
assume that two routes are considered equal (or similar) only if all their constituting
links are equal. Therefore, in order to check the similarity of two routes a detailed
check at link level is needed. Let assume the multi-modal network representation
proposed and described in Chapter 3, it is simple to show that the overlap criterion
may be easily applied by considering the link representations of the two routes and
by applying the overlap criterion de�ned for the uni-modal case (see De�nition 10 in
Chapter 6).

For example, the multi-modal network shown in Figure 7.1 contains four multi-modal
routes with different modes (m) and different nodes (n) that are not overlapping. In our
network representation a different link corresponds to each mode; therefore, two routes
may overlap only if exactly the same modes are used along the routes with exactly the
same boarding and alighting nodes. For example, in the case shown in Figure 7.1 if
mode m3 is the same mode as m5 (e.g. IC train) and nodes n3 = n7 and nodes n4 = n8
and nodes n5 = n10 and nodes n6 = n11 are the same multi-modal transfer nodes then
the two routes are also overlapping at link level, otherwise they can be considered
different.

Comparability criterion at route level In the multi-modal case, we assume that the
comparability criterion can be applied only at route level. Routes are comparable only
at route level, since in the multi-modal case, several main travel modes can be used and
two routes are comparable only if similar main transport modes are used; for example,
routes using train as main mode are comparable with similar routes using train, and
vice versa routes using car as main mode are comparable with similar routes using car.

In order to specify the comparability criterion in the multi-modal case, let us introduce
the following notation. Let Lr = {lm1, lm2, . . . , lmi} denote the sequence of links of
route r and Lp = {lm1, lm2, . . . , lm j} denote the sequence of links of route p, and index
m denotes the travel mode m associate with link i or j. Let θ1 be between 0 and 1.
Please note that in this case routes r and p belong to the subset of all routes having the
same main mode, such as car, or train.

Given the above de�nitions and letting F(lm) be the function that maps link lm of mode
m to its length, time or generalized cost, and let F(lm) be also equal to 0, 1 representing
that link lm of mode m does not or does belong to route Lr or Lp.
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In the case of multi-modal networks, a route r satis�es the comparability criterion with
respect to route p in terms of distance, time or generalized cost if the following holds:

max
(

∑
m∈M

∑
h∈Lr

F(lmh), ∑
m∈M

∑
k∈Lp

F(lmk)

)
≤

(1+θ1) ·min
(

∑
m∈M

∑
h∈Lr

F(lmh), ∑
m∈M

∑
k∈Lp

F(lmk)

)
(7.1)

where r and p are routes with the same main mode MM. Modes belonging to set MM
refer to modes listed in Table 7.3. Note that access and egress modes might be different
for both trips.

Detour-max and detour-min at link level In the multi-modal case, we assume that
the detour-max and detour-min criteria can be applied only at link level. If two routes
are compared at leg level (see section over the overlap criterion) while being com-
pletely overlapping at leg level, a more detailed check is needed at link level.

All criteria de�ned for the uni-modal case in Chapter 6, such as the overlap, compara-
bility, detour-max, and detour-min criteria, can be applied also to each leg component
(the uni-modal part) of the multi-modal route. For this reason it makes sense to apply
the detour criteria at link level.

These criteria can be applied to check if large or small variations of some parts of the
multi-modal routes are present in the route and if they can be removed from the choice
set.

For example, in the case of the detour-min criterion and in the case of having small
variations within the same transport mode, the longest route can be excluded.
Figure 7.2 shows an example in which route r does not satisfy the detour-min constraint
relative to route p. If we consider the sequence of legs of the two routes, they are as
follows:

Route p = Walk-Tram-IC Train-Metro-Walk

Route r = Walk-Tram-IC Train-Metro-Walk

The two routes are apparently identical, however if we check the two routes at link
level, they are as follows:

Route p = Walk-Tram-IC Train-Metro-Walk-Walk

Route r = Walk-Walk-Tram-IC Train-Metro-Walk-Walk-Walk
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(1,1,W) (2,1,T) (3,1,IC) (4,1,M) (5,1,W) (6,1,W)

(7,2,W) (8,2,T)

O D

Route r = {1,7,8,3,9,10,5,6}

Route p = {1,2,3,4,5,6}

(9,2,M) (10,2,W)

W=Walk; T=Tram; IC=IC Train; M=Metro;

Figure 7.2: Route r does not satisfy the detour-min constraint relative to route p
in the multi-modal case at link level. ((l, c, m) represents the link index and the
link cost and the transport mode associated with each link).

As we can see from Figure 7.2 there are small variations in the access and egress parts
of the trip, therefore the detour-min criterion is clearly not satis�ed. In this case the
longest route can be excluded from the generated choice set.

Choice set size criterion The requirement about the choice set size is derived from
Chapter 4 and Chapter 6 showing that the size of the objective choice set is proportional
to the network density, whereas the size of the subjective choice set depends on the
limited ability of travellers in considering many alternatives. Thus, in modelling route
choice sets for transport networks, large choice sets may be expected to be generated,
especially in the case of multi-modal networks, whereas only small choice sets maybe
expected to be considered by individual travellers. In fact, since the number of routes
that might be known or considered or used by the travellers is limited, a choice set at
individual level is expected to have also a limited number of route alternatives, even
very few alternatives; as it is observed in reality (Bovy, P.H.L. and Stern, E., 1990).

Multi-modal variety Finally, the choice set at individual level consists of several
uni-modal and multi-modal routes. An individual might have different preferences for
using transport modes; therefore, a variety of routes (uni-modal and multi-modal) is
expected in the generated choice set.

However, the multi-modal variety criterion makes sense at individual level only if the
multi-modal routes are consistent with the individual preference and with the applica-
tion of the route generation process in the multi-modal network. At individual level,
the travel preferences and the vehicle availability of the individual traveler must be
considered for the satisfaction of this criterion. This criterion plays a more important
role at group level as we will discuss in the next section.
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To a certain extent, the criteria developed and discussed above are overlapping in the
sense that different criteria may lead to rejection of the same route.

Table 7.4 summarizes the properties of the criteria introduced in this section. Four
types of comparison for route elimination are distinguished:

• Comparison at the level of a single route on its own.

• Pair-wise comparison of full routes, at route level and leg level.

• Pair-wise comparison of parts of routes, at link level.

• Comparison at level of the full choice set.

Some criteria such as Acyclic, Detour, Hierarchic, and multi-modal (feasibility from
De�nition 12 are applied at the level of a single route. The overlap and comparability
criteria are applicable to full route pairs at route and link levels; whereas the detour-
max and detour-min criteria are applicable only to parts of route pairs, at link level.
Choice set size and multi-modal variety criteria are applicable at the level of the full
choice set.

Table 7.4: Criteria classi�ed with respect to four types of comparison in the multi-
modal case.
Criterion Single Full Parts of Full

route route pairs route pairs choice set
(route level) (link level)

Acyclic X
Detour X
Hierarchic X
Multi-modal feasibility X
Overlap X X
Comparability X X
Detour-max X
Detour-min X
Choice set size X
Multi-modal variety X
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Requirements for an adequate multi-modal choice set at group level

The requirements for an adequate multi-modal choice set for a group of similar trips
directly relate to our focus on the prediction application of choice sets. Moreover,
when a group of individuals is considered, which are likely to be based on different
preferences, aggregation of individual choice sets has to be taken into account. There-
fore, all criteria introduced in the previous subsections need to be discussed again at
aggregate level.

From the viewpoint of prediction of route choice, the following characteristics of
choice sets are important:

Overlap and comparability criteria In a prediction purpose application, the analyst
is much more interested in knowing the �ows of the main transportation modes
than in the access and egress modes. Therefore, an adequate multi-modal choice
set should contain the routes consisting of these main transport services. Routes
that overlap and are different only for access and egress modes might be re-
jected because only variations of the main modes are considered relevant for the
prediction application. Routes belonging to the prediction choice set should be
comparable, but at group level more variation in route types and route costs is
allowed, because individuals belonging to the same group may have different
preferences.

Detour-max and detour-min criteria Detour-max and detour-min requirements in-
troduced in De�nition 14 derive also from the prediction purposes for which
only variations of the main services are relevant which might be included in the
choice set, whereas overlapping or non-overlapping of access ande egress modes
are not relevant for the prediction choice set.

Choice set size As stated already in Section 6.2 for link �ow prediction, generated
choice sets need to include all attractive routes but may miss routes of less attrac-
tiveness. Given this, predicted choice sets should be suf�ciently large, possibly
even including 'wrong' (non-used) routes. Consequently, we can state that a pre-
diction choice set should likely consist of all reasonable routes with signi�cant
probability of being chosen. Moreover, given the complexity of multi-modal
routes, the choice set is likely to be larger than in the uni-modal case.

Spatial variability criterion The generated choice set should contain as different route
types (with respect to road type composition) as possible. This criterion, in ad-
dition to the detour-max and detour-min criteria, emphasizes spatial variability
among routes, referring to variability with respect to road type and service lines
composition and other observable properties of roads, train lines and UPT lines.
This criterion is especially relevant at the group level (see below).
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Preferential variability criterion This criterion takes into account the variability in
preferences within the group of travellers. The choice set should contain as many
as possible routes representing the taste variation of the group of travellers.

Multi-modal variety The generated choice set should contain suf�cient different route
types with respect to mode type composition. This criterion, in contrast with the
spatial variability criterion, emphasizes modal variability among routes, refer-
ring to variability with respect to mode type composition within and between
routes. This criterion is especially relevant at the group level (see below).

From these arguments the following de�nition of an adequate multi-modal route choice
set generated for prediction purposes for a group of travellers is derived.

De�nition 15 A route choice set generated for a group of travellers in a multi-modal
network is de�ned adequate if all routes of this set are reasonable according to Def-
inition 12 and 13, the set is adequate according to De�nition 14, with the following
remarks:

Overlap criterion See De�nition 14

Comparability criterion Two routes belonging to the choice set should be compa-
rable in travel disutility (time, distance, or cost) within a given threshold of θ2
percent.

Detour-max and detour-min criteria See De�nition 14

Choice set size The choice set should contain a limited number of alternatives but
should include all attractive routes having a high probability of being chosen.

and ful�ls the following additional criteria:

Spatial variability Routes of the choice set should be spatially different (dissimilar)
with respect to the links used.

Preferential variability Routes of the choice set should represent the taste variation
of the group of travellers.

Multi-modal variety The choice set should contain suf�cient different route types
with respect to mode type composition within and between routes. The gener-
ated set should contain several uni-modal and multi-modal routes, depending
on the type of multi-modal network under consideration.
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The comparability criterion has been adapted at the group level since routes in the joint
choice set are less comparable than routes in the individual choice set. In order to take
this into account different parameters θs might be used. At the individual level a θ1
parameter may be used in the formula whereas at group level a θ2 parameter may be
applied, with θ1 < θ2.

This implies that at individual level routes are more comparable in terms of distance,
time or generalised cost, whereas at group level routes should be also comparable but
in a less restrictive way, more variation of route types and route costs is allowed at
group level, because individuals belonging to the same group may have difference
preferences.

The choice set size requirement follows from Chapter 4 and Chapter 6. The size limit
should allow the consolidation of different choice sets from various travellers at group
level. In addition, the analyst is interested in selecting routes that vary as much as
possible and in excluding routes that are similar and largely overlapping.

The spatial variability requirement follows from the observation that choice sets of
different travellers in a group may strongly differ in composition due to the fact that
the group members have each their own knowledge, preferences, and perceptions of
the network. In addition, they travel between (slightly) different OD pairs with differ-
ent OD locations, so that different types of routes may be chosen even if knowledge,
preferences, and perceptions are equal. The main implication of this line of reasoning
is that the prediction choice sets should preferably consist of route alternatives that
are spatially different, and different with respect to cost and time or other attributes.
Because of this a broad variety of options should be available in the generated choice
set as far the transportation network allows. The spatial variability is already included
in the overlap, detour-max and detour-min criteria. By setting the ∆, ωmax, ωmin pa-
rameters of the overlap, detour-max, and detour-min criteria respectively in a proper
way, routes generated with those parameters values might contain enough spread in a
spatial sense.

From surveys (Bovy, P.H.L. and Stern, E. (1990)) it is known that many travellers
choose routes so as to optimise a particular subjective criterion. Whereas some trav-
ellers try to use the shortest route in distance, others prefer to use the shortest route
in time, or having minimum traf�c lights, minimum right turns or minimising other
route attributes. The preferential variability criterion addresses this variability in pref-
erences in the group by trying to generate as many as possible minimum label routes
in the choice set.

Finally, at group level much more variety in mode type composition within and be-
tween routes is expected. The generated choice set should also satisfy the multi-modal
variety criterion.
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Table 7.5: Requirements for a reasonable multi-modal route and adequate choice
set.

Individual (OD pair) Group level (OD zone level)
Single route Acyclic criterion

Detour criterion
Hierarchic quality
Multi-modal
feasibility

Choice set Overlap criterion Overlap criterion
Comparability Comparability
Detour-max criterion Detour-max criterion
Detour-min criterion Detour-min criterion
Choice set size Choice set size
Multi-modal variety Spatial variability

Preferential variability
Multi-modal variety

Summary of desired properties of adequate multi-modal choice sets

Table 7.5 summarizes the requirements de�ned in the previous subsections, classi�ed
by single route at individual level, and by choice set at individual and group level
respectively. These criteria will be used in the sequel to evaluate the quality of the
generated choice sets produced by the various available multi-modal choice set gener-
ation approaches. Since the main aim of this thesis is to generate adequate multi-modal
choice sets for prediction purposes, mainly the criteria for a group of travellers will be
taken into account, additional to the criteria for reasonable single routes.

We will use these desired properties for the establishment of our new choice set gener-
ation approach for multi-modal networks (see Section 7.4).

These criteria will be adopted in Section 7.5.5 to check to which extent our new ap-
proach indeed ful�ls these requirements.

7.2.3 Speci�c requirements for an appropriate choice set genera-
tion approach in multi-modal networks

As already introduced in Section 6.4, the generation process should ideally generate
what we de�ne as adequate multi-modal choice sets for prediction purposes, a choice
set that matches partly (as much as possible) or totally the quality criteria we de�ned
in the previous sections.
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Secondly, the generation approach should satisfy as much as possible the following
criteria that have been introduced in Section 6.4:

1. the approach should be suitable for both single OD pair and multiple OD pairs;

2. the approach should be generic;

3. the approach should be �exible;

4. the approach should satisfy the parsimony. requirement

In Section 7.3 an overview of multi-modal choice set generation approaches will be
presented. Some of these methods use explicitly some of the quality criteria previously
de�ned for generating adequate multi-modal choice set. For each method described in
the following section it will be indicated which of these quality criteria are ful�lled in
generating the choice sets, how they are applied by each approach, and which are the
results of he generation process.

In Section 7.5 and 7.6 we will deal speci�cally with the operationalization (chosen
thresholds and parameter values) of the developed criteria. In that section as well, the
developed dedicated CSG for multi-modal networks will be presented and discussed,
and its performance quality evaluated.

7.3 Route choice set generation algorithms for multi-
modal networks

In this section, an overview of existing multi-modal choice set generation approaches
is presented.

We will describe a sample of the most relevant methods to generate route sets in multi-
modal transport networks, in which for sake of simplicity we distinguish between ap-
proaches applied to transit networks only and methods applicable to mixed private and
public transport networks. Most of these approaches are based on shortest path search
as already discussed in Section 6.5.

All these methods are based on one of the approaches described in Section 6.5; there-
fore we refer to these basic methods to illustrate the main aspects of the multi-modal
approaches. Some of these methods use explicitly some of the quality criteria pre-
viously de�ned for generating adequate multi-modal choice sets. For each method
described in the following it will be indicated which of these quality criteria are ful-
�lled in generating the choice sets, how they are applied by each approach, and which
are the results of the generation process.
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7.3.1 Route generation methods for multi-modal transit networks

A limited number of publications report on the generation of routes in multi-modal
transit networks. For example, Lo, H.K. and Yip, C.W. and Wan, K.H. (2003), Mon-
tella et al. (1999), Nielsen, O.A. (2000) and Nuzzolo (2003) model travellers' com-
bined modal-route choices in a network of multi-modal transit services, but the ap-
proaches are developed to be used in assignment problems and do not explicitly gen-
erate a priori choice sets. These approaches explicitly account for aspects related to
transferring; Lo, H.K. and Yip, C.W. and Wan, K.H. (2003) also take differences in
fare structures between transit modes into account.

Publications dealing explicitly with the generation of routes in multi-modal transit net-
works are listed in Table 7.6 and grouped according to the type of approach applied
for the generation process. Most of these methods are based on shortest path search as
indicated in Section 6.5, whereas two are based on the application of path-composition
rules while two others are based on the enumeration method based on branch & bound
technique.

Table 7.6: Route generation approaches for transit multi-modal networks.
Type of RSG approach Reference
Shortest path search Lozano and Storchi (2001)
with path composition rules Nuzzolo and Crisalli (2004)
Shortest path search Ziliaskopoulos and Wardell (2000)

Horn, M.E.T. (2002)
Florian (2004)

Enumeration technique Friedrich et al. (2001)
based on branch & bound Hoogendoorn-Lanser (2005)

Lozano and Storchi (2001) generate hyperpaths in a multi-modal network by applying
a shortest path algorithm. The generation approach explicitly takes into account path-
composition rules and a maximum number of transfers in order to generate feasible
multi-modal routes. Nuzzolo and Crisalli (2004) generate multi-modal routes by �rst
combining uni-modal alternatives generated for separate trip parts (access, egress, etc)
and subsequently applied so-called path-composition rules, related to the traveller's
perception of alternatives, to evaluate the resulting alternatives.

Ziliaskopoulos and Wardell (2000) present a time-dependent intermodal optimum path
algorithm for multi-modal (transit and freight) networks that accounts for delays at
mode and link switching points. Horn (2002) uses a generalized cost function and
Dijkstra's shortest path algorithm to generate alternatives in a multi-modal network by
considering different cost functions.
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Florian (2004) introduces the so-called event dominance which he uses to ef�ciently
implement schedule-based transit shortest paths. In this approach, the concept of domi-
nance between two events at the same network element (node or link) is used to reduce
the number of alternatives to be explored, because a dominated event does not need
be considered further. Florian de�nes event dominance in terms of time and utility
constraints, but implements this in EMME/2 in terms of time and costs constraints.

Friedrich et al. (2001) explicitly generate choice sets using a run-based, selective enu-
meration method (so-called branch & bound algorithm).

Hoogendoorn-Lanser's choice set generation approach extends that of Friedrich and
differs in a number of respects, especially since the former approach is typically for
multi-modal networks. Generated objective choice sets are 'all' relevant door-to-door
trip alternatives given an origin and destination address and a time frame around a
preferred departure or arrival time. Thus, not only 'best' but also 'second-best', 'third-
best' etc. alternatives are included in the choice set. In a multi-modal context, this
further means that alternatives may vary with respect to combinations of used trans-
port modes (Hoogendoorn-Lanser, S. and Van Nes, R., and Bovy, P.H.L., 2006) and
(Hoogendoorn-Lanser, S. and Bovy, P.H.L., and Van Nes, R., 2007).

7.3.2 Route generation methods for mixed private and public multi-
modal networks

In literature, examples of choice set generation in mixed private and public transport
networks are rare. Abdelghany, K.F.S. and Mahmassani, H.S. (2001) generate choice
sets in such a multi-modal network using a k-shortest path algorithm. In Abdelghany,
K.F.S. and Mahmassani, H.S. (1999) and Abdelghany, K.F.S. (2001) the labelling ap-
proach or multi-objective shortest path approach is used to generate choice sets in this
type of network.

Benjamins et al. (2002) use simulation methods to generate choice sets in mixed private
and public transport networks. To this end, network attributes are randomly drawn
from distributions, while accounting for differences in perceptions and preferences of
link attributes among travellers by distinguishing user classes. All these applications
are route-based approaches, where a multi-modal alternative is represented by a route
in a single integrated multi-modal network - constructed by interconnecting several
uni-modal networks via walking and waiting links.

Publications dealing explicitly with the generation of routes in mixed private and public
multi-modal networks are listed in Table 7.7. All these methods are based on one of the
approaches described in Section 6.5; therefore, we explicitly refer to those approaches
in order to list all relevant publications.
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Table 7.7: Route generation approaches for mixed multi-modal networks.
Type of RSG approach Reference
K-Shortest path Abdelghany, K.F.S. and Mahmassani, H.S. (2001)
Labelling approach Abdelghany, K.F.S. and Mahmassani, H.S. (1999)
M.O. Shortest path search Abdelghany, K.F.S. (2001)
Simulation methods Benjamins et al. (2002)
Branch & Bound Hoogendoorn-Lanser (2005)

7.3.3 Advantages and disadvantages of the CSG methods for multi-
modal networks

This section shortly discusses the main properties of the generation approaches, point-
ing out their advantages, but also their weaknesses in the case of applying the algorithm
in generating choice sets in multi-modal transport networks (including private modes
and public transport services) to be used in the choice set prediction.

The following approaches might be distinguished (see Section 6.5):

1. The K shortest path approach;

2. The shortest path search with constraints / with path composition rules;

3. The multi-objective (M.O.) shortest path search;

4. The enumeration technique based on Branch & Bound;

5. The labelling approach;

6. The simulation method.

In order to establish which of the approaches introduced in the previous sections are
more appropriate to generate route choice sets in a multi-modal network, we make use
of the main conclusions of Chapter 6.

The analysis of Chapter 6 concludes that the k shortest path with constraints is the best
method among all methods applicable to a single OD pair. In the case of multi-modal
networks we can also exclude the simple k shortest path since none of the quality
criteria de�ned for the multi-modal case (such as multi-modal feasibility and multi-
modal variety) are explicitly accounted for in the k shortest path search; in this method
also the size of the choice set depends on the number k, which in some cases might be
much larger than the desired size.
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Moreover, the overlap and spatial variability criteria are not satis�ed and generated
paths tend to be very similar in spatial sense and also largely overlapping, mainly for
the k shortest path approach, while the shortest path search with constraint is more
adequate for the spatial variability (as shown in Chapter 6). The main disadvantage of
the �rst two approaches based on shortest path search (with constraints, or path com-
position rules) and the k shortest path search is that those methods are applicable only
to single OD pairs and are not very �exible (see de�nitions in Section 6.4). Because
of this and other reasons, those methods tend to be computationally expensive on a
network basis, especially in the case of multi-modal networks. We can conclude that
those methods are not useful for generating choice sets in a multi-modal network.

Multi-Objective (M.O.) shortest path search is well known to be a NP-hard problem
and dif�cult to solve. Abdelghany, K.F.S. (2001) found that the multi-objective ap-
proach may outperform a single-objective approach in terms of quality of generated
routes, but it needs much more computation time than a simple single-objective ap-
proach. However, as it is shown in Chapter 6, single-objective approaches may per-
form well not only in computation time but also in terms of quality of generated routes,
therefore, in this thesis we will focus on single-objective shortest path approaches also
in the case of multi-modal networks.

The enumeration approach applied, for example, by Friedrich et al. (2001) uses a
utility function to select the best routes and a Branch & Bound technique to apply
some constraints to eliminate non-adequate alternatives. However, in some cases
Friedrich deletes a lot of alternatives; therefore it requires to be very careful in de�n-
ing and applying such constraints, since some relevant alternatives might be cut off.
Hoogendoorn-Lanser (2005) implements various variations of cost functions and vari-
ous constraint types in order to have more alternatives. Basically Hoogendoorn-Lanser
uses similar types of constraints as introduced by Friedrich. However, these constraints
are loosened, meaning that they are applied to each combination of transport modes
separately. Roughly speaking, for each combination of transport modes, the best alter-
natives satisfying the constraints are established. By loosening the original constraints,
'irrelevant' alternatives, i.e. alternatives that are counter-intuitive from a behavioural
perspective, might end up in the choice set. In order to exclude these alternatives from
the choice set, additional constraints were formulated, based on logical as well as be-
havioural assumptions.
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An advantage of the algorithm introduced by Friedrich et al. (2001) and extended by
Hoogendoorn-Lanser (2005) is that it does not require the same type of parameters
that will be included in the utility functions. Another advantage is that the generated
choice sets can easily be reproduced, because no stochasticity is involved in the choice
process. The approach is also �exible in a sense that the core of the algorithm consists
of a set of constraints which should be satis�ed by separate trip parts and complete
trips, and new constraints can easily be added to this set in order to account for speci�c
aspects of travellers' behaviour (Hoogendoorn-Lanser, S. and Van Nes, R., and Bovy,
P.H.L., 2006).

Based on the conclusions of Chapter 6 we can state that among all the approaches
described in this section the labelling and the simulation methods are the best methods
for generating adequate choice sets with reasonable multi-modal routes. It is preferable
to have a combination of the two approaches, since among all methods described in
Chapter 6 and applicable to single and multiple OD pairs the Monte Carlo Labelling
combination (MCL) is the best method that satis�es most of the criteria.

Based on this evaluation, we can conclude that also in the multi-modal case the Monte
Carlo Labelling combination approach is the one to be preferred from the other meth-
ods in order to generate an adequate multi-modal choice set at group level and for
prediction purposes. Note that in this case it is highly recommended to apply a �lter-
ing process just after the generation process in order to obtain a more adequate choice
set that satis�es the quality criteria.

Since no choice set generation approach exists that satis�es all requirements listed in
Section 7.2.3, a new choice set generation algorithm based on the MCL approach needs
to be developed which is applicable to mixed private and public transport networks.
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7.4 Doubly stochastic generation approach to MM-CSG

This section describes the model approach developed in this thesis for generating
choice sets in multi-modal networks, the so-called MM-CSG approach.

7.4.1 Principles of proposed MM-CSG method

The MM-CSG approach is based on the MCL combination approach, fully described
in Chapter 6, since it results to be the best method satisfying the most quality criteria
compared with the other approaches in generating adequate choice sets in multi-modal
networks (see Section 7.2.3). The doubly stochastic approach is actually an extension
of the MCL approach since not only the link attributes but also the preferences (or
behavioural) parameters of the cost function are randomized.
The concept of randomising both link attributes and behavioural parameters in the
choice set generation, although done simultaneous with the route choice modelling, is
somewhat similar to Nielsen, O.A. and Frederiksen, R.D. (2006), who found that this
led to a drastic improvement of the choice set.

As introduced in Section 7.2, especially in a multi-modal context, variations in trans-
port modes and in multi-modal combinations are desirable in the generated routes. It
is important to note that an ef�cient technique that can be successfully applied in order
to achieve this variation in the generated routes is provided by the use of user classes
and the randomization of the behavioural parameters, which take into account the taste
variations within the user classes, and which is provided by the doubly stochastic ap-
proach.

Therefore, the proposed MM-CSG approach is based on the following three principles:

• the composition of consideration sets is strongly related to choice preferences of
travellers;

• attractive (reasonable) routes are derived from probability assumptions about
these choice preferences;

• these attractive routes can be generated through repeated shortest path search by
proper randomisation of the network attributes, the behavioural parameters, and
the search criterion (disutility function).

The basic premise of our CSG method is that the composition of an individual choice
set is related to the traveller's personal choice preferences. This means that the at-
tributes in�uencing the route choice of a traveller are assumed also to play a role in
which routes he considers in his choice set. We assume that, for example, a time
sensitive traveller only considers alternatives that ful�l this preference whereas a cost
sensitive traveller or a transfer-averse traveller especially considers alternatives that
re�ect these preferences.
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This proposed approach is of a stochastic nature since potentially attractive routes may
only be selected in the choice set with a certain probability; it depends on the sampling
procedure to make the probability as high as possible. We call this method the doubly
stochastic approach since both the preference parameters and the attribute values are
made stochastic in the route's disutility calculation.

The basic idea of the MM-CSG approach is that the method focuses on generating
routes for prediction purposes at group level, therefore for this reason in the following
groups of travellers are taken into account. In fact, in the doubly stochastic approach
we distinguish user classes that vary with respect to expected travel behaviour, for in-
stance based on trip purpose (work, business, study, etc), and traveller groups that are
given by a combination of vehicle availability and preference, and the randomization
is based on those user classes.

As claimed in Chapter 6, in order to achieve adequate choice sets that satisfy most of
the requirements de�ned for generating reasonable routes, it is recommended to have
a �ltering process after the generation for approaches based on the MCL method.

The operationalization of this stochastic approach consists of repeated shortest path
search in a randomised network with randomised preference parameters, as will be
shown in the next subsection. The cost function used in route search will be explained
in subsection 7.4.3.

7.4.2 General scheme of MM-CSG algorithm

This section will present how we operationalize the doubly stochastic approach devel-
oped in this thesis for generating choice sets in multi-modal networks. The scheme
shown in Figure 7.3 is an elaboration of the classi�cation scheme shown in Chapter 6
(see Figure 6.9).

In the scheme we can distinguish six input boxes, three output boxes and six processes.
The inputs of the algorithm are the multi-modal supernetwork, the search function, the
random parameters; the OD list of trips for which choice sets are to be determined, the
termination criteria, and the set of constraints to be applied in the �ltering process. The
outputs are the intermediate route set, and the �nal �ltered choice set. The approach is
based on repetitive applications of a shortest path (SP) algorithm on the same network
successively by applying adapted search functions based on the cost functions com-
puted in the Compute Cost Functions box with the randomised behavioural parameters
and network attributes.
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Figure 7.3: Algorithmic set-up for generating choice sets in multi-modal net-
works.
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According to the speci�cation of the algorithm, three main loops can be distinguished
in the scheme. First, the outer loop in which the network attributes (link properties X)
are randomized. Then, in the middle loop the user class is selected (different labels
are applied) according to different traveller groups and trip purposes. Finally, based on
the user class selected, in the inner loop the preference parameters β are randomised.
After having randomized both link attributes and preference parameters, the stochastic
link cost functions are computed based on the search function before applying the path
search for each OD pair in the OD list. The new optimal route found is included in the
route set if the route appears to be a new one (routes overlapping 100% with a previous
route found are excluded during the generation process). At the end of each cycle the
termination criteria, which may consist of number of iterations for the randomization
process (possibly choice set size), are checked. The three loops depend on three num-
bers of iterations: the number of iterations for the network randomizations, the number
of user classes, and the number of iterations for the parameter randomizations.

In the scheme, the �ltering process is applied based on the Constraints Set input after
having generated the intermidiate route set. Mainly for ef�ciency reasons, as stated in
Chapter 6, all constraints except the very simple 100% overlapping criterion, which
eliminates routes that are 100% identical at link level, are applied after the generation
process. A typical property of the proposed approach is that one and the same route
maybe found several times as the best one, even with different cost values, during the
generation process. Only these super�uous routes are ignored during the generatio
which may contribute to inef�ciency of the method to some extent, all the other routes
are added to the intermediate route set.

The randomisation may refer to several dimensions of the route generation process,
separately or combined, namely:

• the various preference parameters β part of the search function C;

• the various link attributes X part of the search function C.

The search function C is the function that will be minimized by the shortest path search
in order to generate an attractive route. This criterion is de�ned by the included link
attributes X and by the corresponding β-values. The criterion may be a single attribute
or a multi-attribute function. It is a generalized cost function, explained in more detail
in subsection 7.4.3. A large variety of criteria may be distinguished and used. The
speci�cation of the criterion may be �xed and given in advance or maybe changed
during the generation process depending on the outcomes of the process, such as the
size or composition of the resulting choice sets. The criterion is a random function
since its parameters β and variables X are random variables, being randomized during
the generation process. The resulting shortest path and its cost value, therefore, are
also random variables. The probabilistic properties of the random outcomes (in terms
of type and number of generated routes) will be given attention in Section 7.4.4.
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The adopted search criteria are based on different label criteria such as: minimum time,
minimum distance, minimum cost, etc. in order to generate multiple possible paths
expressing that different travellers may have different objective functions in seeking
routes. Depending on trip purposes and vehicle availability, different traveller groups
or user classes are taken into account in the generalized cost function in order to re-
produce the different label criteria. For each label, a speci�c search criterion (cost
function) is de�ned (Search Criteria in Figure 7.3) and a related SP search is applied
(see Figure 7.3). Based on these randomisations, for each OD pair the minimum-cost
path according to search criterion C is computed and will be added to the route set if
the route appears to be a new one.

Depending on the intermediate outcomes of the generation process, the randomisation
properties initially started with might be adapted during the generation process. Im-
portant randomisation properties are the variances of the random distributions of the
various β-parameters and X-attributes, and maximum numbers of drawings. For ex-
ample, if the size of the generated choice set does not ful�l prede�ned thresholds, then
these variances maybe increased in an attempt to generate additional alternatives, as
is for example the case for the extension of the MCL combination approach described
in Chapter 6. However this adaptive method will not be applied in our multi-modal
experiments and it is postponed to future research.

Termination criteria are very important since they determine the quality of the �nal
choice set as they relate directly to the requirements of an adequate choice set, pre-
sented in Section 7.2. Several termination criteria maybe applied such as based on the
maximum number of iterations needed for the randomisation of the link attributes, the
maximum number of iterations needed for the randomisation of the β parameters, the
attainment of the minimum or maximum size of the choice set, the level of replication
of routes already generated in previous steps, the growth speed in the choice set size,
etc.

7.4.3 The generalized cost function adopted in MM-CSG

The shortest path route search criterion has the form of a generalized travel cost func-
tion. This function transforms various route attributes such as travel time, waiting
time, transfer time, etc into a single cost variable. The generalized travel cost function
adopted in our route search criterion synthesizes the most important multi-modal trip
attributes and their weights as known from earlier studies (Van Der Waard (1988a),
Nielsen, O.A. (1996) and Wardman (2001)).
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In our combined labelling and randomization procedure we distinguish user classes
(represented by suf�x s and given by a combination of traveller group and trip purpose).
In principle, the generalized cost functions will differ with respect to expected travel
behaviour, for instance based on trip purpose (work, business, study, etc), and traveller
groups that are given by a combination of vehicle and preference availability at the
home-end and the activity-end of the trip, such as car only (car captive), PT only (PT
captive), etc. Please note that in our supernetwork every link relates to a single mode
and a single trip component.

All methods generating route choice sets described in Chapter 6 apply a speci�c search
criterion on the basis of which the most attractive route is determined. Our model ap-
proach also is based on the principle to generate the most attractive routes in the multi-
modal network based on speci�c search criteria. To that end the notion of generalised
cost of a route for user class s is introduced as the basis for the search criteria to be
considered in our stochastic approach.

First, recall the formulation of a multi-modal transportation network introduced in
Chapter 3 (Section 3.7.2), which is de�ned by a directed graph G = (N,L,M), where
N is the �nite set of nodes, L the �nite set of links, and M the �nite set of travel
modes. On graph G, one and only one transport mode m ∈ M is associated with each
link (i, j) ∈ L. Hence, there exist |M| simple networks, one for each travel mode,
interconnected by transfer links. The sets of nodes and links forming each one of the
|M| networks are respectively denoted by Nm and Lm, where m (m ∈ M) stands for
a travel mode. In our formulation walking is always considered a travel mode, and
transfer links consist of parking links in the case of private travel mode (such as, car
and bicycle) or boarding / alighting links in the case of PT travel mode.

For our generation purpose, the randomized travel cost C̄sk of the multi-modal path k
for user class s is a linear summation of the randomized link costs c̄sa:

C̄sk = ∑
a∈k

c̄sa (7.2)

where c̄sa is the randomized travel cost c on link a for user class s (the randomization
is expressed by the upper bar). Link cost c̄sa is considered to be a stochastic quantity
re�ecting the variation of attribute perceptions X and attribute preferences β among
travellers belonging to traveller group s.

Please note that for route choice modelling non-linear cost functions might be applied.

The randomized generalised cost c̄sa of a link a for user class s is modelled as a
weighted (linear) combination of link attributes Xamy of the constituent links:

c̄sa = ∑
m∈M

∑
y∈Y

δma · (βsmy + �εsmy) · (Xamy + �εamy) (7.3)

where index a refers to links, m to the travel mode and index y represents the link
attributes X , while δma is a {0,1} variable being 1 if link a belongs to mode m, 0
otherwise.
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In expression 7.3, βsmy represent the individual preferences of user class s speci�c
for transport mode m and for link attribute y. The stochastic values of the average
attribute weights are expressed by introducing a random error term �εsmy to consider
interpersonal variation in the weights of the perceived attribute y.

Xamy represents the y's attribute of link a speci�c for transport mode m, mostly a time
attribute depending on the link type. The stochastic value of the link attribute is ex-
pressed by taking into account the random error term �εamy due to variability in the
attribute perceptions Xamy among travellers and uncertainty on the part of the analyst.

For our doubly stochastic CSG principle, to be explained in the sequel, the precise
form of the disutility function, however, is not at all important. As motivated above,
the basic idea of the doubly stochastic approach is to randomize both the link attributes
and the β parameters of the cost function 7.2.

The analyst having the task to predict a choice set for a group of travellers does not
know the exact values of βsmy, nor those of the perceived attributes Xamy. Apart from
being unknown, the values for β and X may vary for the same individual (intra-personal
variation) because of all kinds of reasons such as trip type, prevailing traf�c conditions,
etc., but also at group level interpersonal variations in preferences and in perceived
attributes between individuals and between trip types have to be considered as well.

Therefore, the analyst is forced to make assumptions about the probability distributions
of both βsmy and Xamy. With respect to βsmy (s)he may assume that the probability dis-
tribution is related to average values found for these parameters in estimations for the
corresponding group category, while for the attributes Xamy the analyst may assume that
the perceived values are related to the objectively measurable values. By establishing
such probability distributions and sampling from these distributions the analyst may
now calculate by using a prede�ned disutility function a range of disutility values that
potential routes should satisfy in order to be eligible for the consideration set. This
sampling annex calculation should be performed such that the most attractive (least
disutility) route will be part of the choice set with high probability. If the variation
of preferences and perceptions within the group of travellers or for trip types is very
large, the analyst may be forced to establish separate sets of probability distributions
for these categories in order to come up with adequate choice sets for each group and
adopt probability distributions for β and X with a larger variance.
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For each traveller group, the parameter values of the link cost function are sampled
from some (positive) statistical distributions, followed by computing the generalized
link costs with respect to randomized link attributes and parameters. Given the net-
work with its objective link attributes X , randomised attribute values are generated by
sampling from some positive statistical distributions (e.g. uniform, truncated normal
or Gamma distribution).

Since the considered network is multi-modal, in our model approach we have to take
into account link attributes that are usual for private and public transport trip parts sup-
plemented with attributes that are typical for the transfer movements between modes.
In particular, distance and mode-speci�c travel times are taken into account as at-
tributes for private modes (car and bike), whereas mode-speci�c in-vehicle travel times
are taken into account for public modes (train, bus, tram and metro). In addition to the
travel link attributes, the following attributes associated with transfer links are consid-
ered: waiting time, boarding time, alighting time, parking time and parking cost (the
latter only for private modes such as car (driver) and bicycle).

It should be noted that contrary to the cost functions used in the choice modelling,
cost functions adopted in the generation modelling need not be representative for real
world behaviour. Their primary function is to help in generating reasonable route
alternatives in terms of the most important ones in a relative sense. The absolute values
of the route properties are not important in this stage, although they are important in
the choice modelling stage. That's why questions like correlations among attributes
or parameters, and the existence of non-linear cost structures also are not of prime
importance in the generation process.

7.4.4 Probabilistic properties of doubly stochastic MM-CSG

Because of its stochastic principle, a typical property of the MM-CSG generation ap-
proach is that its results are stochastic (see Bovy, P.H.L. and Fiorenzo-Catalano, S.
(2006)). This means that the size and composition of the generated choice sets are
stochastic variables. It is a particular case of sampling with replacement. Whether a
particular route alternative (e.g. the most attractive route) will have been generated
(sampled) after a certain number of randomizations can only be said with a certain
probability. Also whether the generated choice set will have a prede�ned minimum
size after a certain number of randomizations can only be said with a certain probabil-
ity. These probabilities on the one hand depend on the (mostly unknown) properties
of the population of route alternatives in the network, while on the other hand they
depend on the randomization properties (number of randomizations, seeds, variance
levels, etc.).
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Thus, in general, the relevant outcomes of the generation approach all are uncertain
depending on its stochastic input. Therefore, in applying such generation approaches
the question arises, for example, how many draws are needed to generate with a re-
quired probability a subset consisting of (at least) a certain number of different routes?
Alternatively, the question might be what the probability of generating exactly a cer-
tain number of different alternative routes (r ≤ κ) is given a prede�ned number of κ
draws from a network with R alternative routes? Many more similar questions emerge
in performing stochastic choice set generation approaches.

Partly, such questions may be answered by monitoring the generation outcomes during
the choice set generation process, such as, for example, the repetition of already se-
lected alternatives. However, in planning the generation applications it is worthwhile
to have some general rules at hand that can govern the experimental set up of the gen-
eration process such as the minimum number of random draws, or the best termination
variable in the monitoring process.

On intuitive grounds, the following trivial probabilistic relationships can be stated:

1. with increasing number of randomizations:

• choice set size will increase, albeit to a maximum;
• choice set composition will be more stable;
• number of selected attractive routes goes towards exhaustive;
• number of selected unattractive routes is limited.

2. with increasing variance levels (of attributes and/or parameters):

• choice set size will increase, not necessarily to a maximum size;
• choice set composition is less stable;
• number of selected attractive routes goes towards exhaustive;
• number of selected unattractive routes will increase.

These relationships indicate that variance levels should be kept modest.

An in-depth theoretical analysis of the probabilistic properties of the MM-CSG method
has been carried out by Li, H. and Bovy, P.H.L. and Hooghiemstra, G. (2007). From
these analyses a number of generally useful statements can be derived, such as the fol-
lowing sample may demonstrate (for details see Li, H. and Bovy, P.H.L. and Hooghiem-
stra, G. (2007)):
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• if the ratio between sample size κ and resulting choice set size k is larger than 5,
there is at least 90% con�dence that the choice set size includes all alternatives
with non-zero selection probability;

• very large samples (κ À R) are needed to guarantee suf�cient stability in the
composition of stochastically generated route choice sets;

• with large networks (many alternatives R) small choice sets (size k) can be gen-
erated already with small samples (size κ draws).

7.5 Demonstration of the doubly stochastic MM-CSG
approach

7.5.1 Scope and purpose of demonstration

This section presents a demonstration of the application of the proposed doubly stochas-
tic choice set generation approach (see also Fiorenzo-Catalano, S. and Van Nes, R. and
Bovy, P.H.L. (2004a) and Fiorenzo-Catalano, S. and Van Nes, R. and Bovy, P.H.L.
(2004b)). The aim of the demonstration is to show the performance of the developed
MM-CSG approach. Since in a multi-modal context it is very important to generate
multi-modal combinations especially at leg level, we want to show with this demon-
stration that the randomization of the behavioural parameters together with the ran-
domization of the links attributes plays an important role in achieving this aim. To
that end we compare the generated routes with a set of observed routes and compute
a set coverage, i.e. how many observed routes match the generated ones and to what
extent. The method adopted for demonstrating the MM-CSG approach is described in
Figure 7.4.
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Figure 7.4: General scheme for demonstrating the MM-CSG model (OCS means
Observed Choice Set and PCS means Predicted Choice Set).

We can see from Figure 7.4 that the inputs of the MM-CSG model are the same inputs
as shown in the algorithm scheme of Figure 7.3: the multi-modal network, the OD list,
the search function, the random parameters, the termination criteria and the constraints
set input box. Note that the �ltering process based on vehicle availability constraints
is included in the MM CSG box (as described in Figure 7.3) and it is applied after
the generation process based on the constraints set box, therefore the predicted choice
set (PCS) generated by the MM-CSG approach has been already �ltered when it is
compared with the observed routes.

The demonstration of the MM-CSG model focuses on obtaining a certain coverage
percentage by comparing (Set Comparison box in Figure 7.4) the predicted choice
set (PCS box in Figure 7.4) and the observed choice sets (OCS box in Figure 7.4).
In the demonstration we applied default network attributes and behavioral parameter
values as input for the MM-CSG model as well as the default user classes based on
trip purposes and vehicle availability and preference. Please note that all parameter
values used in this analysis are not yet calibrated but rather are based on literature and
experience; in line with those found in recent studies (see e.g. Nielsen, O.A. (1996) and
Wardman (2001)). The calibration of these parameters will be discussed in Section 7.6.
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In the demonstration, the choice set generation algorithm described in Section 7.4.2 has
been applied to compute the shortest paths with respect to the randomized generalized
cost. The input of the MM-CSG approach as shown in Figure 7.4 are as follows:

• the multi-modal network, to be described in Section 7.5.2;

• the OD list extracted from the observed data, to be presented in Section 7.5.3;

• the search function similar to the one introduced in Section 7.4.3; the formulation
of the randomized link cost function adopted in our current implementation and
application considers mainly three link attributes: link cost, link travel time, and
link length. Depending on the link type travel time may mean walking time,
waiting time, transfer time, and the like;

• the user classes (consisting of 4 trip purposes times 4 vehicle availability cate-
gories) and the default parameter values that are taking into account in the ran-
domization process, such as the values of the β parameters and the link attributes;

• the constraints set applied in the �ltering process, consisting mainly in eliminat-
ing all those generated alternatives that cannot be observed because, for example,
a speci�c vehicle (car or bike) was known not to be available to the traveller (no
voerlap criterion is applied at this stage);

• a �xed number of total iterations has been adopted as termination criterion.

Given these inputs, three options for generating route sets have been studied, i.e.: vari-
ation in the network attributes only, variation in traveller preferences only, and the
combination of both. The randomization adopted in the demonstration is the trun-
cated normal distribution both for the link attributes and the preference parameters,
the adopted number of randomizations for the link attributes and for the behavioural
parameters is 10-by-10, and 16 user classes are taken into account, given by the 4 trip
purposes (work, business, study, and shop) times 4 vehicle availability classes (such
as, all modes available, car only, PT only, PT and bike).

The predicted choice sets are compared with observed choice sets using coverage mea-
sures as performance criterion. Please note that this performance test sets high stan-
dards for the comparison. While the generation method is designed to generate route
sets for a group of travellers, the comparison is made with respect to individual choice
sets.

Section 7.5.4 summarizes the most important �ndings and outcomes obtained by the
generated choice sets; all details about the coverage measure and the description of the
comparison applied between the generated routes and the observed ones are dealt with
in Section 7.5.5.
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Figure 7.5: Overview of the corridor Dordrecht-Rotterdam and the selected trip
origins and destinations.

7.5.2 The network case used for demonstration

The considered case is the corridor between the cities of Dordrecht and Rotterdam in
the Netherlands, which are about 30 kilometres apart, with a total population of about
one million. As the availability of private vehicles is clearly important in multi-modal
route-choice it was decided to focus on home-based trips in which privately owned ve-
hicles are available to travellers. Travellers in this corridor can use car and train as their
main mode. In the case study three types of train services are available: local services,
express services, and intercity services. Two stations in Dordrecht are considered in
the corridor: Dordrecht Central, at which all services call, and one station served by
local and express train services only (Dordrecht Zuid). Among all Rotterdam's railway
stations four of them are considered in the corridor: Rotterdam Central (all services),
Rotterdam Lombardijen (express and local services) and two stations served only by
local trains: Rotterdam Zuid, and Rotterdam Blaak. All stations in the area are ac-
cessible by foot, bicycle, car, bus, tram and metro (the latter two in Rotterdam only).
Both central stations have extensive facilities for bicycle storage and bicycle renting,
but car-parking facilities at Rotterdam Central are limited. The resulting supernetwork
consists of about 11,000 nodes and 34,000 links.
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7.5.3 Observed route data used for demonstration

In order to analyze whether our generated route sets match the subjective choice sets, a
comparison is made with observed (reported) route sets (Hoogendoorn-Lanser (2005)).
For practical reasons, this analysis is limited to a sample set of 37 OD-pairs in the
corridor Dordrecht (home-end) and Rotterdam (activity-end) during the morning peak
hour (7.00 to 9.00h). Figure 7.5 shows the locations of the origins and destinations
of these trips. To evaluate the performance of our choice set generation approach,
use has been made of observed trips collected from a large survey conducted among
Dutch train travellers in 2001 (for more details about the survey refer to Hoogendoorn-
Lanser (2005)). Travellers reported their chosen alternative, that is, the sequence of
transport modes and the transfer nodes, as well as the set of non-chosen alternatives
they knew related to access modes, train service types, boarding or alighting stations
and egress modes. These reported alternative routes are assumed to be representative
for the subjective choice set. In the case of the selected 37 OD pairs the total number of
observed routes is 67; the average size of the reported subjective choice sets is between
two and three alternatives per OD-pair, with a minimum of one and a maximum of six
reported alternatives per individual respondent.

7.5.4 Results of the route generations

Table 7.8 summarizes some of the characteristic outcomes of the generation proce-
dures. Generated routes are always unique, although they may be overlapping with
each other to some extent.

During the route generation procedure, all paths generated that are 100% overlapping
with a previously found path are rejected. In order to compare the generated subjective
choice sets with the sample of observed individual route sets additional constraints are
used to account for the traveller's vehicle availability. Furthermore, since the observed
route sets only contain train trips, routes by private modes only were skipped from the
analysis.

The choice set (CS) generated by the randomized link attributes (RA) approach (CS-
RA) contains a total of 286 route alternatives for the 37 OD-pairs with an average size
of 8 alternatives per OD-pair, a minimum of 3 and a maximum of 18 route alternatives.
The choice set (CS) generated by the randomized preference parameters (RP) approach
(CS-RP) contains 283 route alternatives with an average size of 8 alternatives per OD-
pair, a minimum of 4 and a maximum of 16 route alternatives. The choice set (CS)
generated by the combined (RC=RA and RP) approach (CS-RC) contains 701 route
alternatives with an average size of 19 alternatives per OD-pair, a minimum of 10 and
a maximum of 36 route alternatives.
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Table 7.8 shows the coef�cient of variation of choice set size among all OD pairs;
the values of this coef�cient are reasonable since each OD pair has different possible
alternatives, and choice sets differ in size. This is logical because the choice set size
depends on the OD pair.

The sizes of these choice sets look plausible and do not con�ict with empirical knowl-
edge about objective choice sets (Bovy, P.H.L. and Stern, E. (1990)). Please note, that
the average size (see Table 7.8) of the resulting choice sets is reasonable given the fact
that the generation method generates choice sets for a group of travellers (at aggregate
level) instead of individuals (prediction purpose) and that there is no restriction on the
magnitude of overlap (except if this is exactly 100%).

Interestingly the �rst two generated choice sets (CS-RA and CS-RP) are quite sim-
ilar in size. However, it might be expected that there are clear differences in route
and set compositions. It can be hypothesized that the randomization of network at-
tributes might lead to a smaller variety of routes than the randomization of behavioural
parameters. It appears that the combination of randomized attributes and travellers'
preferences generates many more different route alternatives with the same number of
iterations. This might be explained by the fact that the routes generated by varying
network attributes usually vary around the shortest path. If variations of travellers'
preferences lead to more different routes, the combined approach would lead to addi-
tional variations on these different routes. Finally, the �gures in Table 7.8 show that
the generated numbers of routes is a lot less than the theoretical maximum.

Table 7.8: Choice Set (CS) generation results for sample of 37 OD-Pairs.
CS-RA CS-RP CS-RC Theoretical

extreme
Total number of distinct routes generated 286 283 701 1600 x 37
Average number of routes per choice set 8 8 19 1600
Maximum Choice Set Size 18 16 36 1600
Minimum Choice Set Size 3 4 10 1
Coef�cient Of Variation of 52% 35% 32%
OD-Choice Set Size

RA=randomised link attributes;
RP=randomised preference parameters;
RC= RA and RP combined.
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Figure 7.6: Comparison between the Predicted Choice Set (PCS) and the Ob-
served Choice Set (OCS).

7.5.5 Performance comparison

The key question in this section is how well the individual choice sets generated by
each approach match the observed individual route sets. In comparing two sets, e.g.
A and B, we de�ne the set coverage of A with relation to B as the percentage of al-
ternatives in set A that are also elements of set B. We are looking for the coverage
of the observed sets (A) by the generated sets (B). We only look at full (100%) iden-
tity of predicted and observed routes. We distinguish three levels of comparison with
increasing level of detail:

• Station level: home-end station and activity-end station combination;

• Trip part level: home-end mode, train service types, activity-end mode;

• Trip level: unique combination of home-end mode, home-end station, train ser-
vice type, activity-end station, and activity-end mode.

The predicted subjective choice sets generated by each of the three approaches (CS-
RA, CS-RP, and CS-RC) are compared with the observed alternatives (see Figure 7.6)
which are the chosen trip alternative (CA) and the set of trip alternatives (including
the chosen alternative) reported to be known (KA) by the traveller (reported subjective
choice set). Please note that while the generation method is designed to generate route
sets for a group of travellers, the comparison is made with respect to individual choice
sets.
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Therefore, we are comparing for each OD pair the set of Predicted Choice Set (PCS)
and the set of Observed Choice Set (OCS), which may consist of one single alternative
(the chosen alternative CA), or the set of reported alternatives (KA). The total coverage
of the whole observed set for each level of comparison (station, trip part, and complete
trip levels) is computed as follows:

TotCov(OCS/PCS) =
1

|OD|
OD
∑

od=1
Covod(OCS/PCS) (7.4)

where Covod(OCS/PCS) is the coverage of the single chosen alternative (CA) or the
set of reported alternatives (KA) with respect to the PCS for a single od-pair. This
coverage is computed as follows.

Covod(OCS/PCS) =
(OCSTPCS)

OCS (7.5)

This coverage measure may vary between 0 and 1. It is zero if the single alternative
CA or the KA set are not included in the PCS (the set intersection is null), or it is 1 if
the single alternative CA or the KA set are fully covered by the predicted choice set
(PCS).

Table 7.9: Set coverage results for each of the three generated choice set types:
CS-RA, CS-RP, CS-RC.

N=37 OD-trips CS-RA CS-RP CS-RC
CA⊆RA KA⊆ RA CA⊆RP KA⊆ RP CA⊆RC KA⊆ RC

Home-end and 91.9% 91.0% 86.5% 84.2% 94.6% 93.7%
activity-end
railway
stations
Home-end 54.1% 54.9% 97.3% 96.2% 97.3% 96.9%
trip part modes
Train trip part 89.2% 88.3% 54.1% 53.2% 89.2% 88.3%
Activity-end 83.8% 86.5% 83.8% 82.0% 91.9% 91.9%
trip part modes
Complete trip 37.8% 40.5% 51.4% 50.2% 78.4% 77.8%

RA=randomized link attributes; RP=randomized preference parameters;
RC=RA and RP combined.
CA⊆ RA means: chosen alternative is in predicted choice set (RA, RP, or RC).
KA⊆ RA means: reported alternatives are in predicted choice set (RA, RP, or RC).



289

Chapter 7. Route set generation in multi-modal networks 263

Table 7.9 shows the set coverage results for the choice sets (CS-RA, CS-RP, and CS-
RC) generated by the three approaches and their comparison with the chosen alterna-
tive (CA) and the known alternatives (KA) respectively. The table shows that the best
coverage at trip level is given by the combined approach RC with a percentage of 78%,
which might seem obvious given the number of routes found using the RC approach.
More interesting is that the RP approach in which the randomization is applied to trav-
ellers' preferences only, produces a better coverage than the RA approach in the case
of comparing the complete trip. Apparently, the variation in behavioural parameters
is more important when considering the complete multi-modal route alternatives than
the variation in network attributes.

If we analyze the coverage results of the combined approach we can observe that at the
level of home-end and activity-end station, the set coverage is very high for both the
chosen alternatives and the known alternatives: about 94%. At the level of individual
legs, the set coverage is still high: more than 88% of the reported legs are part of the
generated subjective choice set. At the trip level, the set coverage is still high: about
78% for both comparisons, even if it is not as high as the comparison with the trip
components. Of course, the classi�cation of high and low might seem arbitrary. The
comparison of observed and generated route sets, however, is fairly unique. In a recent
study Ramming, M.S. (2002) a comparison has been made between observed routes
(chosen route only) and generated routes for a road network. A coverage level was
found of 72% for a combined labelling method, 60% for multiple-path algorithms, and
50% for a simulation method with optimized values for the standard deviation. Given
these �ndings, the results of our method can be classi�ed as very promising since we
have not yet used optimised parameters.

Therefore, the main conclusions of the demonstration are as follows:

1. the stochastic MM-CSG approach works well since in most cases (78%) the
observed route is predicted;

2. the coverage level is very promising, and several and different multi-modal com-
binations have been generated showing that the randomization of both link at-
tributes and behavioural parameters has been successful;

3. the generated choice sets look plausible and their sizes do not con�ict with em-
pirical knowledge about objective choice sets;

4. the coverage may be improved if the default parameters values are better deter-
mined by a dedicated calibration.
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7.6 Calibration of the MM-CSG model

7.6.1 Scope and purpose of the calibration

This section deals with the calibration of the MM-CSG model to determine the opti-
mal parameter values of the generation function. Given the �ndings obtained in the
demonstration case, the algorithm and its results can be improved in many ways. A
sensitivity analysis might be performed with respect to the variances at link level (X
attributes) as well as with respect to the weights (β parameters).

In the calibration, the MM-CSG approach is applied to the multi-modal network (as
described in Section 7.5.2) to establish the best parameter values by comparing predic-
tions with observations through the coverage measure de�ned in Section 7.5.5. In the
calibration phase the adopted number of randomizations for the link attributes and for
the behavioural parameters are 10-by-10, with 3 user classes taken into account, given
by one trip purpose (work) and 3 vehicle availability classes (such as, all modes avail-
able, PT only, PT and bike). Please note that in the calibration phase the number of
user classes has been seriously reduced compared with the demonstration case (from
16 user classes to only 3).

The developed MM-CSG method entails a large number of cost function parameters
and process parameters, the values of which need to be optimised in order to achieve
best generation results. The generation method should establish adequate choice sets
(see Section 7.2.2) with respect to their minimum size, variety in composition (espe-
cially multi-modal routes), coverage of real-world behaviour, etc. The adequacy most
importantly will be judged by comparison with observations of consideration sets and
chosen routes. The most simple and easy approach is to look whether the observed
chosen route is included in the predicted choice set, or to what extent the observed
chosen route is covered by predicted routes. In addition it can be assessed how much
effort is needed in the generation to achieve a certain coverage result. A more realistic
and more demanding case is when observations of consideration sets are available. In
that case, the adequacy of the predicted choice sets may be judged as to whether or to
what extent these subjectively considered routes are covered by the predicted routes.

In a �rst step prior to calibration, default values are set for expectations and variances
of which the default expectations were derived from exogenous choice model estimates
published in literature.

During the calibration phase, the MM-CSG approach is applied with the same ran-
domization process explained in Section 7.4.2, but adding systematic variations of
some values, such as random parameters, and user classes, in order to determine how
much the coverage can be improved. Please note that while the generation method is
designed to generate route sets for a group of travellers, the coverage measurement is
applied to the observed individual choice sets.
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The generation procedure introduced in Section 7.4.3 consists of a very large set of
parameters of a different kind. First of all, we have the behavioural parameters present
in the generalized cost functions of the various user classes based on different traveller
groups and trip purposes. Secondly, we have the various process parameters that gov-
ern the randomisations of parameters and attributes (expectations, distribution types,
variances, minimum and maximum values of random distributions), and termination
parameters (number of iterations for each randomization and maximum number of it-
erations).

In general, the attributes X and parameters β used in the generating function are de-
�ned by probability distributions characterized by a distribution type, an expectation
(µ), and a variance (σ). Given the formulation of the link cost function as in formula 7.3
in which only costs, travel times and distances are considered as link attributes, the ex-
pected values of the attributes (link costs, link times, link distances, etc) in most cases
may stem from readily available data and need not be calibrated. Among all these
parameters only the travel time attributes and the β parameters are randomized. The
values of the link cost and link distance depend on the network values. The variances
of the uniform attribute distributions in principle are subject to calibration. In line with
our behavioral hypothesis (see Section 7.4.1) that the attribute randomization re�ects
perception errors and the like, we con�ned the variance calibration to those time at-
tributes known to be most important in travelers' trip choices (e.g. in-vehicle times of
car, PT, and bicycle, PT waiting time, etc.).

For the distributions of the random attribute values of links (X), the adoption of posi-
tive uniform distributions at the level of the links seems justi�ed since the summation
of random link values to corresponding route values then results in a smooth positive
distribution of approximately normal form. Also for preference parameter (β) distribu-
tions positive uniform distributions are assumed after some experimenting with other
distributional forms such as truncated normal.

Therefore, the randomization adopted in the calibration is based on the uniform dis-
tribution both for the link attributes and the preference parameters. The uniform dis-
tribution has been chosen for many reasons. In the calibration phase we would like
to random generate values in the entire range, not only in the central part of the range
(as is more likely with a normal distribution) but also in the extremes. Moreover, from
the literature (Bovy, P.H.L. (1990)) it is well known that the uniform distribution is a
useful distribution for simulation purposes. From a theoretical point of view, a nice
property of the uniform distribution is that if the link costs are uniformly distributed at
link level, the route costs are normal/gamma distributed at route level, since the route
cost is given by the linear summation of the link costs (Bovy, P.H.L. (1990)). Finally,
if the uniform distribution is positive also the normal distribution is positive and from
a practical point of view, the uniform distribution is easy to implement. For all these
reasons we have applied a uniform distribution in the calibration instead of the trun-
cated normal distribution used in the demonstration case of the MM-CSG approach
(see Section 7.5).



292

266 TRAIL Thesis series

7.6.2 Network attributes and behavioural parameters to be cali-
brated

The calibration involves mainly a set of variance values to be determined by maximiz-
ing some measure of resemblance with observations of individual consideration sets
or chosen routes. Various calibration performance measures are used for that purpose,
such as:

• the number of chosen routes or routes in the consideration sets reproduced ex-
actly by the generation algorithm (strong criterion);

• spatial coverage measures expressing to what extent the observed routes fully or
partly are covered by the generated set of routes (weak criterion).

It is tempting to perform the calibration as a constrained optimization problem ac-
cording to sound statistical rules. However, in-depth analysis shows that the objective
function is a complex non-continuous function of the unknown decision variables (pa-
rameters and variances). This is the more true for multi-modal networks. Therefore,
by a trial-and-error procedure the default values have been adapted to maximize the
�rst criterion, leaving a more sophisticated method for future research.

In this phase, we take into account the parameter values established in the demonstra-
tion of the MM-CSG approach in which a result of 78% of coverage of the complete
route at leg level is obtained (see Section 7.5.5), and we try to adjust such values in
order to improve the coverage percentage. Because of lack of suf�cient data we restrict
the calibration to a few key parameters while the remaining ones are determined based
on literature and engineering judgement.

For the randomization of the link attributes X , such as travel time, waiting time, etc. the
values to be determined are the expectation (µ(X)), the variance (σ(X)), and the ranges
within which the attribute value may vary. In this case, the mean value is determined
by the free �ow travel time, provided with the network as input, the ranges are adapted
and calibrated, and the variances are based on these ranges.

For the randomization of the behavioural parameters β associated to travel time, such as
travel time (for car, walk, bus, etc.), waiting time, etc. the values to be determined are
the expectation (µ(β)), the variance (σ(β)), and the ranges within which the attribute
value may vary. In this case, both the mean values and the variances are adapted and
calibrated, and the ranges are based on the variances.

The expected values of the parameters as well as their distribution types and vari-
ances are generally subject to calibration. Because of the multitude of attributes not
all parameters are calibrated. Many of them are determined by engineering judgment
supported by the travel choice behavior literature. Especially the parameters of the
time attributes are considered relevant for calibration.
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Table 7.10: Subset of calibrated parameters of time attributes (all uniformly dis-
tributed).
β parameters Mode E(β) Range Min Max Coeff. of

bound bound Variation
PT in-vehicle time Bus/Tram 1.0 0.4 0.6 1.4 23%

Metro 0.8 0 - - -
IC Train 1.0 0 - - -
Expr/Stop 1.0 0.2 0.8 1.2 12%
Train

PT board/alight time All modes 1.0 0 - - -
PT waiting time Bus/Tram 1.5 0.7 0.8 2.2 27%

Metro 1.2 0.2 1.0 1.4 10%
IC Train 1.2 0.2 1.0 1.4 10%
Expr/Stop 0.9 0.3 0.6 1.2 19%
Train

Walk time 0.6 0.2 0.4 0.8 19%
Car in-vehicle time Secondary 1.0 0.4 0.6 1.4 23%

Motorway 1.0 0 - - -
Car access/egress time Secondary 1.0 0 - - -
Bicycle time 1.0 0.2 0.8 1.2 12%
Bicycle 1.0 0.2 0.8 1.2 12%
access/egress time

The adopted strategy for the calibration is based on a trial-and-error procedure in which
the following aspects are taking into account. We try to �nd a balance of access/egress
modes to/from the stations in order to establish the beta parameters values in such
a way that all transport modes are comparable within a certain distance interval (e.g.
walk and bike should be comparable within 1,5 km). We have noticed that if the bounds
of the distribution of the beta parameters are not set correctly, some travel modes, such
as walk, or bus were not generated since are dominated by other faster modes, such as
bike, or car.

Table 7.10 shows some of the calibration results achieved with observed consideration
sets from a survey of multi-modal train trips in the Dordrecht-Rotterdam Corridor in
the Netherlands.

The parameter variances (last column) look modest. The decisive variance level in the
application however is the product of the variances of the parameters and the attribute
values, which is much larger.
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The ranges of the travel time distribution for walk and bike modes is set quite small
(coef�cient of variation (CoV) of 19% and 12% respectively as shown in Table 7-
15); also for the urban PT metro a small range of the distributions of the travel and
waiting time (CoV of 0% and 10% respectively) is considered since it is perceived
more attractive than other travel modes due to the very high reliability; where the
ranges of the distributions of travel time and waiting time of some urban PT (such
as Bus and Tram) is set quite large (CoV of 23% and 27% respectively) since they
have less reliability and actually they are perceived less attractive than other access
and egress modes.
Interurban PT modes (Express and Stop Train) are assumed more reliable than urban
PT (Bus and Tram), so we assume that they are a bit more attractive than other travel
modes. Therefore there is less variation in travel and waiting time (CoV of 12% and
19% respectively).
Interurban PT modes (IC Train) has very high reliability and we assume that there is
no variation in travel time and little variation in waiting time (CoV of 0% and 17%
respectively) since it is perceived to be more attractive than other travel modes.
Note that variations in secondary road (for behavioral parameters of car mode) are
taken into account in order to have this alternative comparable with other access modes
(such a bike, walk, bus, etc.) but having variations in secondary roads lead also to the
generation of uni-modal routes that are not relevant in this multi-modal context.
Since in peak hours roads are usually congested, we assume that there is a quite large
variation in travel time for secondary roads, therefore a large range is considered for
the beta parameters in travel time of car mode for secondary roads (23% coef�cient of
variation in Table 7.10).
It can be also assumed that in peak hours there is a similar congestion also in motorway
roads, however since we are not interested in variation in uni-modal car alternatives,
but especially in generating multi-modal routes, we have considered a null variation
for the beta parameters of the travel time of car mode for motorway networks.
Regarding the range of the link parameters the following assumptions are made.
There is no variation for link attributes referring to private modes (such as car, bicycle),
since we focus on the generating routes that are mainly multi-modal, and not variations
of uni-modal alternatives. For link attributes associated to public modes (such as train,
bus, tram etc.) more variation is taking into account. Large variations in link travel
times for Bus mode, Express and Stop Train, medium variations for Tram, and IC
Train, and small variations for Metro mode are considered. Variations in in-vehicle
travel times are considered in order to make the model able to generate parallel lines,
for example, bus lines that serve the same part of the trip.
In order to consider the difference in transferring among different PT travel modes
also difference in variations are considered as follows: large variations in boarding
link travel times for Bus mode, medium variations for Tram, Express and Stop Train,
and small variations for Metro and IC Train.
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Table 7.11: Subset of time attribute parameter values before the calibration.
β parameters E(β) Min bound Max bound
PT in-vehicle time 1.0 0.3 1.7
PT board/alight time 1.5 0.5 2.5
PT waiting time 2.5 1.0 4.1
In-vehicle time car 1.0 0.3 1.7
Board/alight time car 1.0 0.3 1.7
In-vehicle time bicycle 1.0 0.3 1.7
Board/alight time bicycle 1.5 0.5 2.5

7.6.3 Results of the calibration

We have applied the MM-CSG with the calibrated parameters to the same multi-modal
network and observed data described in Section 7.5.2 and Section 7.5.3; the observed
data consist of 37 trips (OD pairs); however two of those trips (OD pairs) were ex-
cluded from the observed set since it appeared to be atypical individual travel be-
haviour. In one case the car mode is used to access the station at home-side even if the
distance is less than 1.5 km. In the other case, the traveller chooses to use the local
train even though the intercity train would bring them faster to their activity-end sta-
tion. Apparently, there are some unaccounted bene�ts in using the local train service,
such as maybe the seat availability. Therefore, 37 OD pairs are considered for the gen-
eration process, while a �nal observed set of 35 trips (OD pairs) is considered for the
choice set comparison.

The calibration exercise succeeded in improving the generation performance signi�-
cantly from a prediction success rate of the chosen routes (leg level) of 78% before the
calibration to 86% after the calibration. Please note that in the demonstration phase 16
user classes are used whether in the calibration phase only 3 user classes are used, with
much less iterations and computation time.

Table 7.11 shows the parameters of time attributes applied in the demonstration case
before calibration. As we compare Table 7.11 with Table 7.10, we can notice that in
general less variation of the parameters is considered after the calibration and that the
range of the parameters of Table 7.10 is usually smaller than the range used in the
analysis before the calibration.
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Table 7.12: Multi-modal routes in Rotterdam-Dordrecht corridor generated by
the MM-CSG approach.

Nr. Modes Time (min)
Access Main Egress

1 Car 38
2 Car 45
3 Car 46
4 Bike IC Train Walk 39
5 Walk IC Train Walk 49
6 Bus IC Train Tram 46
7 Walk Local Train Walk 64
8 Bike Local Train Walk 54
9 Walk Express Train Walk 58

10 Bike Express Train Walk 48
11 Walk Local Train Walk 54
12 Bike Local Train Walk 64

As an example Figure 7.7 shows the 12 multi-modal routes for an OD-pair in the
Dordrecht-Rotterdam area; yellow links represent walk and bike links, car links are in
red and train links are in black. Table 7.12 shows multi-modal choice set paths gener-
ated by the MM-CSG approach from Dordrecht to Rotterdam containing 12 paths.

Table 7.12 gives an example of the route prediction outcomes for multi-modal trips
from Dordrecht-Southeast area to Rotterdam-Northwest area (about 30 km trip dis-
tance) achieved with the MM-CSG approach. The model has been applied to three
user groups. In total, 12 uni-modal and multi-modal route alternatives were generated
(see rows 1 to 12). The most attractive routes with different main mode having the
shortest travel times (see column Time, which represents the total travel time in min-
utes) appear to be the car-only alternative (nr. 1) and the multi-modal alternative with
Bike-IC Train-Walk (nr. 4).
The achieved prediction success rate shown above indicates that the performance qual-
ity of the doubly stochastic choice set generation approach successfully competes with
the best approaches known so far.

7.7 Impact of stochasticity

This section deals with the impact of stochasticity introduced by the number of itera-
tions as well as by the seed number. By systematic variation of the number of iterations
we take into account that by increasing the number of iterations more routes might be
generated with an increasing complexity.
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Figure 7.7: Multi-modal choice set paths generated by the MM-CSG approach
for an OD-pair from Dordrecht to Rotterdam containing 12 paths; walk and bike
links are in yellow, car links are in red and train links are in black.

We are interested in establishing how many draws are needed in order to generate a
reasonable route set that maximizes the set coverage, i.e. to generate a predicted choice
set that matches as much as possible the observed route set. We refer to Section 7.4.4
for general relationships between choice set size and composition on the one hand
and randomisation properties on the other hand, that follow from the chosen way of
stochastic route set generation.

This section deals also with the impact of the stochasticity by the random seed number,
i.e. how the coverage performance may change as the seed number changes. It is well
known that a random process is characterized by the fact that the results depend on
the sequence of the drawn random numbers and, of course, on the initial seed number
used for the randomization process. Therefore, it is obvious that the results of the
generation process (the generated routes sets) will be different as we change the initial
seed number. Now the questions are: how much different are the generated choice
sets based on different seeds? How sensitive is the generation process for the seed
number? By running the MM-CSG with different seeds we check some characteristics
of the generated choice set, such as the choice set size, the resulting coverage, and the
difference in generated routes.
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We have carried out a series of tests with the same multi-modal network and observed
data described in Section 7.5.2 and Section 7.5.3; the observed data consist of 37 trips
(OD pairs) from which two trips (OD pairs) were excluded from the observed set since
some travel modes of those trips were not successfully generated during the calibration
phase. Therefore, 37 OD pairs are considered for the generation process, while a �nal
observed set of 35 trips (OD pairs) is considered for the comparisons.

For the comparison of the two sets (generated and observed) we compute the per-
centage of observed routes included in the set of generated routes as introduced in
Section 7.5.5. It is important to note that in the calibration only �xed parameter values
are considered (no variations of the variances), whereas in the sensitivity analysis the
randomized approach and randomized parameter values are taken into account.

To generate routes in the multi-modal network, the choice set generation algorithm
described in Section 7.4 is adopted. Generalized cost functions and parameter val-
ues used in the randomization process are as established in the calibration phase (see
Section 7.6).

In addition to the theoretical �ndings shown in Section 7.4.4, we show a number of
empirical results of a sensitivity analysis of our generation method to some of the ran-
domization inputs by applying our method to a set of observations on interregional
trips in the multi-modal network of the Rotterdam-Dordrecht area in The Netherlands.
The generated choice set sizes are generally very large (see Table 7.13) ranging from
about 30 to 65. This is because of the following reasons. All routes are unique at
the �nest level of spatial detail (links) and may overlap considerably because no �l-
tering has been applied yet (except the 100% overlap). In addition, in multi-modal
networks, very many public transport alternatives exist because of the multiple modal
combinations of the access, egress, and line haul trip parts.
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Table 7.13: Average choice set size resulting from increasing numbers (n) of ran-
domizations and 3 different random seeds s1 to s3 (same variances).

nβ = 10 nβ = 20 nβ = 30
s1 s2 s3 s1 s2 s3 s1 s2 s3

nx=10 35.4 - 29.0 - 28.5 42.3 - 35.2- 33.6 45.9 - 39.2 - 37.3
nx=15 39.4 - 34.0 - 32.4 46.9 - 41.3 - 38.1 51.2 - 45.7 - 41.9
nx=20 44.0 - 40.2 - 36.5 52.1 - 49.4 - 43.6 57.2 - 54.5 - 47.9
nx=25 46.9 - 42.1 - 39.0 54.8 - 51.8 - 46.2 60.1 - 56.9 - 50.9
nx=30 50.1 - 44.8 - 42.2 58.2 - 55.5 - 50.2 64.1 - 61.0 - 55.3

N=37 observed OD trips, link level, calibrated parameters.

The impact of randomization factors (nx, nβ and s) on average generated choice set
sizes (before �ltering) is given in Table 7.13 showing how the number of randomized
draws (nx and nβ from 10 to 30) from the link attribute distributions (rows) and from
the preference parameter distributions (columns) in�uence the average generated size
of the choice sets of 37 different trips. In each cell of the table the results achieved
with three different seeds are given. The 3 choice set size values in the upper left cell
refer to 100 random draws each (shortest path searches) whereas the rates in the lower
right cell are based on 900 draws each. These choice set size predictions are stochastic
outcomes. Since three user classes are considered in this analysis, the total number of
iterations is given by 3 ·nx ·nβ.

Expectedly, the generated choice set sizes increase with the number of randomizations
though with diminishing growth rates. A doubling of average choice set size emerges
when increasing the 10x10 randomization to a 30x30 level (9 fold). At the same time
the random seed value appears to have a clear in�uence which however diminishes
with increasing numbers of randomizations. It appears that attribute randomization has
a somewhat larger impact on changes in choice set sizes than parameter randomization.

Table 7.14 shows the impact of the number of randomized draws (from 10 to 30)
from the link attribute distributions (rows) and from the preference parameter distri-
butions (columns) on the prediction success rate (in percent correctly predicted modal
sequences of chosen routes). In each cell of the table the results achieved with 3 dif-
ferent seeds are given. The 3 success rates in the upper left cell refer to 100 random
draws each (shortest path searches) whereas the rates in the lower right cell are based
on 900 draws each. In contrast to choice set sizes (Table 7.13), the spatial detail now is
the so-called trip part level of routes concerning only the correct prediction of the se-
quence of different modes used in the chosen multi-modal trips. A multi-modal route
consists of 3 trip parts at least. These success rates (ranging from 74% to 94%) are
stochastic outcomes as well.
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Table 7.14: Prediction success rates (in %) of chosen routes in the choice set for
increasing number (n) of randomizations and 3 different seeds (same variances).

Parameters nβ = 10 nβ = 15 nβ = 20 nβ = 25 nβ = 30
Attributes s1 s2 s3 s1 s2 s3 s1 s2 s3 s1 s2 s3 s1 s2 s3
nx=10 86 - 74 - 77 86 - 77 - 80 86 - 80 - 80 86 - 80 - 83 86 - 80 - 86
nx=15 86 - 80 - 83 86 - 83 - 83 86 - 86 - 83 89 - 86 - 86 89 - 86 - 89
nx=20 89 - 83 - 86 89 - 86 - 86 89 - 89 - 86 91 - 89 - 89 91 - 89 - 89
nx=25 89 - 83 - 86 89 - 86 - 86 89 - 89 - 86 91 - 89 - 89 91 - 89 - 89
nx=30 89 - 83 - 86 91 - 86 - 86 91 - 89 - 86 94 - 89 - 89 94 - 89 - 89

N=35 observed OD trips, leg level, calibrated parameters.

In contrast to choice set size, prediction success rates appear less sensitive to the level
of randomization. Already after 100 randomizations a fairly high level of success
rate (about 80%) has been achieved. This is to be expected because the chosen route
naturally is an attractive one that will be predicted early in the random generation
process. Also in this case the impact of attribute randomization appears larger than
parameter randomization. There is a systematic difference in results between the 3
seeds that diminishes with increasing randomization.

If instead of chosen routes observed consideration sets are used to measure the predic-
tion success rates these appear expectedly to be somewhat lower while the sensitivity
to the randomizations is similar.

Exploring with larger number of iterations con�rm the observation of convergence
shown in Table 7.14, without an increasing of the converge performance. The out-
comes presented in Tables 7.13 and 7.14 suggest that further increasing the random-
ization might only slightly improve the results. In conformity with theoretical results
(see Section 7.4.4), about 1000 randomizations per user group may give optimal re-
sults, although the choice set sizes could be in this case nearly doubled.

Finally, let us look at the impact of random seeds at the level of individual OD trips.
For 35 of these trips (same data set from Rotterdam-Dordrecht region), we apply a cal-
ibrated (see Section 7.6) choice set generation procedure inclusive a few �ltering steps
such as on vehicle availability constraints. The resulting sets might e.g. be adopted
for estimation of route choice models. We show the resulting choice set sizes of three
randomizations (different seeds) for the case of 20 randomizations for attributes X and
parameters β each.
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Table 7.15: Comparative statistics of choice set generation with three random
seed values (with calibrated parameters and after �ltering) and nx = nβ = 20.

N=35 OD pairs Total unique Average Minimum Maximum Prediction
routes choice choice choice success rate

generated set size set size set size (route level)
(leg level)

Seed 1 816 23.3 7 47 89%
Seed 2 782 22.3 7 50 89%
Seed 3 723 20.7 7 47 86%

Table 7.15 shows a few statistics on average outcomes demonstrating that averaged
over the sample of OD pairs the outcomes are very close for the different randomiza-
tions.

However, more interesting are the individual outcomes such as given in Figure 7.8
showing that the generated choice set sizes for individual OD trips are very close,
sometimes even identical, for the different seed values.

From these outcomes one may hypothesize that the compositions of the choice sets in
terms of unique routes most probably are also very alike; and for a certain number of
iterations the choice set size and the generated routes are almost similar to each other
even if different seeds are used for the randomization process.

Choice set sizes comparison with three seeds
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Figure 7.8: Similarity of patterns for the choice set size for each OD pair for
different seeds.
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The various outcomes shown above indicate that the performance quality of the doubly
stochastic choice set generation approach is quite good and the analysis showed that
the results are quite robust with respect to the seed number, while an even better perfor-
mance might be achieved by increasing the number of iterations albeit at the costs of
larger choice sets. See for example that the coverage performance has improved from
the one obtained in the calibration phase (86% with 10-by-10 iterations) up to 89% for
the 20-by-20 iterations with Seed 1 and Seed 2 (Table 7.15).

7.8 Characteristics of the generated choice set and
�ltering

In Section 6.6.4 we showed the importance of �ltering to improve the generated choice
sets in the uni-modal case.

In this section we analyse the predicted choice sets in order to establish the reason-
ability of the single multi-modal routes, and to check the quality of the choice set and
how many of the requirements introduced in Section 7.2.2 are satis�ed by the gener-
ated multi-modal choice sets. This is performed by checking the resulting choice sets
vis--vis the quality criteria, mainly with the aim to determine if a �ltering process is
needed after the generation process in order to obtain a more accurate and adequate
multi-modal choice set.

For this analysis we use the predicted choice sets generated with the stochastic MM-
CSG approach with the 20-by-20 iterations resulting in a coverage performance of
89% (with Seed1 see Table 7.15).

In the preliminary analysis we focused on generating chosen routes applying only a
�ltering with regard to vehicle availability. In this section we will extend the �ltering
according to constraints introduced in Section 7.2.2 in order to improve the quality of
these choice sets. A �ltering process has been applied to eliminate alternatives that do
not satisfy the criteria de�ned in Section 7.2.2.

The MM-CSG approach produces an exhaustive base route set that needs to be reduced
in order to establish choice sets that ef�ciently suit a particular purpose, in our case the
prediction purpose. To that end, a variety of selection constraints may be applied. For
prediction purposes, highly overlapping paths may be removed, while at the same time
spatial variety is welcomed. In multi-modal network applications, a rich variety in
multi-modal composition of the choice set is desirable, while at the same time non-
feasible modal sequences (e.g. bus-car-bike-walk) should be removed from the base
set.
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Since the nature of the generation process is stochastic, it is not recommended to do
pair-wise comparisons between the generated routes nor to remove routes already dur-
ing the generation process. In fact, because of the stochastic nature, the selection of
the best route depends on the stochastic outcomes and one may risk to reject a good
alternative and keep the worst one. Moreover, from a practical point of view it is much
more complicated to implement this step during the generation process, whereas some
criteria (such as the checks of the overlap, detour-max, and detour-min constraints) can
easily be applied after the generation process, as shown in Chapter 6 (Figure 6.10).

Therefore, from a theoretical and practical point of view, we propose to apply the
�ltering process not during the generation, but rather after the generation process. The
�ltering process consists of all necessary checks to select the most reasonable multi-
modal routes and to satisfy the multi-modal choice set criteria as much as possible.
The �ltering process should include all constraints needed to have feasible multi-modal
routes and enough multi-modal variability in the choice set. The �nal generated choice
set should satisfy the criteria such as the multi-modal feasibility and the multi-modal
variability criteria; and include also the overlap, detour-max, detour-min constraints in
order to have the spatial and preferential criteria satis�ed (see Section 7.2.2).

Therefore, in a preliminary limited exercise the following checks are applied in the
�ltering process:

• the mode combination constraints;

• the reasonable distance constraints, introduced in Section 7.2.2 as feasibility
conditions;

• the comparability criterion.

The mode combination constraints are applied to eliminate all routes with an unlikely
combination of walk and bike, of car mode, such as Car-Train-Car, and PT modes such
as Bike-Bus, or Train-Bike-Metro. The reasonable distance constraints are applied to
eliminate all routes using walk as access mode at home side for more than 2 km, or
bike mode at home for more than 5 km. Finally, the comparability criterion de�ned in
Section 7.2.2 is applied within each user class and for the main mode. Please note that,
for sake of simplicity, the overlap criterion has not been applied in the �nal �ltering
process because of the long trip.

Some of the characteristics of eliminated routes regard the use of some travel modes
(e.g. bike) after having walked from the origin for a large distance (up to 2 km) or after
having taken the train as main mode and the bus as egress mode in the destination area.
Usually some travel modes (e.g. bike) should be available only at certain nodes (e.g.
home, railway station) and not at every stop.
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The main conclusion of this analysis is that also in the multi-modal case, similar as
in the uni-modal case (see Section 6.6.4) the �ltering is necessary. The results of the
�ltering process maintain the same good coverage of 89% while reducing the choice
set sizes by about 20%.

7.9 Conclusions

Following a systematic approach, a set of quality criteria have been derived for as-
sessing the adequacy of generated choice sets suitable for multi-modal networks. An
overview is given of choice set generation approaches for multi-modal networks, pre-
sented in literature. A new choice set generation approach has been de�ned and a case
study has been carried out to demonstrate that this model works already satisfactorily
with the default parameter values. Three options for generating route sets have been
studied and tested, i.e.: variation in the network attributes only, variation in traveller
preferences only, and the combination of both. The latter case proved to yield by far
the best match with observed route sets. Furthermore, the analyses show that varia-
tion in travellers' preferences is more important than variation in network attributes.
The analysis revealed insights into the possibilities of generating realistic multi-modal
route sets and it is proved that the randomization approach is able to provide good
coverage of the observed routes. By far the best results are obtained by randomizing
both network attributes and variation in traveller preferences.

The developed doubly stochastic choice set generation approach (MM-CSG) for multi-
modal networks was shown to properly generate choice sets satisfying the most impor-
tant de�ned criteria. Applications of such an algorithm to a real size network have
been demonstrated to be feasible and adequate, namely speci�cally in the Rotterdam-
Dordrecht region in The Netherlands. The generated choice sets show a large variety
of uni-modal and multi-modal route alternatives. Especially the public transport alter-
natives appear to be frequent and are manifold. This is partly due to the good public
transportation provision in the region and the multitude of different modes available to
most travellers.

An extensive analysis of the probabilistic properties of this stochastic generation method
has been performed (impacts of seeds, number of randomisations, adopted variance
levels, etc) showing that satisfactory performance can be achieved with a limited num-
ber of randomisations if the adopted variances in preference parameters and attribute
values are not too small. Theoretical and experimental results show that despite the
stochastic principle of the method, its outcomes in terms of size and composition of
generated choice sets are fairly stable already at modest numbers of randomization iter-
ations. The repeated shortest path search principle makes the method computationally
very ef�cient, which has been proven by various applications in very large networks.
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The effectiveness of a �ltering process applied to the choice sets generated by the
MM-CSG approach has been demonstrated showing that the application of a �ltering
step after the generation process results in a reduction by about 20% of the choice
set size, maintaining the same quality performance. We can conclude that in order to
achieve adequate choice sets that satisfy most of the de�ned requirements, it is highly
recommended to have a �ltering process after the generation. Moreover, the achieved
coverage at the level of complete individual trips is very high (about 90% in terms of
number of trip parts covered) and is even higher for particular link types such as access
legs of multi-modal train trips. Given the complexity of multi-modal routes this is a
very satisfying outcome.
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Chapter 8

Conclusions

The work presented in this thesis has dealt with the following main topics:

• Presenting main characteristics and de�nitions of multi-modal transportation,
and setting up a new demand modelling approach for predicting multi-modal
travel choices, including a new multi-modal transportation network representa-
tion (Chapter 2 and 3).

• Extending a conceptual framework for choice set notions from various view-
points by introducing a clear choice set terminology and de�ning quality criteria
for adequate choice sets in uni-modal and multi-modal networks (Chapter 4).

• Analyzing and comparing choice set generation approaches for uni-modal net-
works (Chapter 6).

• Developing and testing a new choice set generation approach for multi-modal
networks (Chapter 7).

This concluding chapter starts with a short summary of the thesis' contents, after which
the main achievements of this thesis are presented. Subsequently, the main conclusions
with respect to the new multi-modal modelling approach and the new choice set gener-
ation approach are summarized, while the chapter �nishes with recommendations and
future research directions.

8.1 Summary of research

Multi-modal trips are a common travel phenomenon, which are expected to become
more important in the future. The main characteristic of multi-modal transport is that
more than one vehicular transport mode is used for a single trip and that transfers be-
tween travel modes are thus an essential element of multi-modal transport. In order to
analyze multi-modal planning problems, such as the location and design of inter-modal
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transfer points, the demand modelling procedure needs to be capable of analyzing and
predicting the use of multi-modal trips. However, multiple-choice dimensions involved
in a multi-modal trip such as with respect to modes, services, transfer locations and
routes are dif�cult to model.

After consideration of literature, it turned out that the classical network model architec-
ture can be adapted to handle multi-modal transport modelling questions, when multi-
modal transport is cast as travel through a dedicated supernetwork in which mode and
route choice are modelled simultaneously. The proposed approach to model multi-
modal travel choices is based on the assumption that a clear distinction in the route
modelling between a choice set generation step and, conditional on that set, the gen-
uine choice modelling step, may signi�cantly improve choice analysis and prediction.
Therefore, the route choice modelling is split into choice set generation and route
choice modelling.

This thesis addresses the generation of choice sets of the travel alternatives for the
purposes of route choice analysis and prediction of �ows in multi-modal networks. In
order to develop such choice set generation approach the following topics are dealt
with. First of all, a conceptual framework for choice set notions has been developed by
introducing a clear choice set terminology applicable to various analysis viewpoints.
Secondly, this thesis has dealt with the notion of an adequate choice set, which kind
of choice set is most suitable for prediction purposes, which requirements an adequate
choice set should satisfy, and introducing the requirements for an appropriate choice
set generation process for uni-modal networks. Quality criteria have been de�ned to
assess the quality of the resulting choice sets and the quality of the generation process.
An important step is the extension of these new criteria de�nitions for the uni-modal
case to the multi-modal case, focusing on the differences between uni-modal and multi-
modal networks.

Finally, a large number of route generation methods proposed in literature for the uni-
modal networks have been analyzed in order to indicate which of these methods were
potentially suitable for generating satisfactory route choice sets. A newly developed
route choice set generation algorithm has been presented; the so-called doubly stochas-
tic approach applicable to uni-modal and especially multi-modal networks, in which
not only the link attributes but also the preference (or behavioural) parameters of the
cost function are randomized, since especially in a multi-modal context, variations in
transport modes and in multi-modal combinations are desirable in the generated choice
sets. This doubly stochastic method has been tested with respect to its empirical and
probabilistic properties, and applied to various networks, in particular to a multi-modal
network.
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8.2 Main achievements

The main scienti�c and practical contributions of this thesis concern the following
subjects:

• The proposed multi-modal demand prediction approach, based on the supernet-
work framework and on the a priori choice set generation, based on a new spec-
i�cation of the multi-modal transportation network representation.

• An original multi-view framework for choice set notions and concepts.

• Original criteria de�nitions for adequate choice sets to be used for route choice
predictions in uni-modal and multi-modal networks.

• An innovative comparative analysis of existing choice set generation approaches.

• The new doubly-stochastic choice set generation approach for multi-modal net-
works.

8.2.1 Multi-modal modelling approach

In this thesis, a new approach for analyzing multi-modal travelling based on the use
of a supernetwork methodology was introduced. In the supernetwork approach, the
traditional steps of mode choice and route choice are integrated into a single route
choice problem in a multi-modal network. Relevant characteristics of the modelling
approach are that a modal split module is absent and a route choice set generation mod-
ule prior to the route choice model is speci�ed. By explicitly generating the individual
choice alternatives prior to the choice modelling, maximum �exibility is available in
adopting the most suitable choice modelling approach. Moreover, a new speci�cation
of the multi-modal network representation was presented, which takes into account
several uni-modal network layers of all available travel modes combined into a single
multi-modal network that includes transfer possibilities between modes, via waiting
and walking links. A study area in The Netherlands (the Dordrecht-Rotterdam corri-
dor) was represented in this new multi-modal representation and was successfully used
in analyzing travel choices in this region.
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8.2.2 Choice set notions and concepts

An important topic dealt with in this thesis concerns the systematic choice set de�-
nitions and classi�cations. Starting from a behaviour-based travel choice framework
the concepts of universal sets, objective choice sets, subjective choice set and con-
sideration sets were introduced, thereby distinguishing between actual, observed, and
generated choice sets, and between choice set generation for estimation and prediction
purposes. Furthermore, in transportation modelling it is not common to follow a com-
pletely individual-level approach, therefore we have distinguished between individual
and group level. Also, the relationships between all different sets of alternatives have
been established.

8.2.3 Criteria for adequate choice sets

New scienti�c insights on choice set concepts have been established with the new sys-
tematic de�nitions of a reasonable route, and adequate choice sets at individual and
group level. The speci�cation of requirements and choice set criteria for adequate
route choice sets for prediction of route and link �ows in uni-modal transport networks
have been introduced in this thesis. These are based on sets of logical, feasibility, pref-
erence, and other constraints on the part of the individual traveller such as directness,
maximum detour, maximum and minimum lengths of modal legs, mode availability,
hierarchical logic, etc. At the group level of OD-�ows criteria based on preferential
and spatial variety are added. Also, the main characteristics of an appropriate genera-
tion process for prediction purpose in uni-modal networks have been established.

Based on the de�ned criteria, adequate choice sets at group level should contain routes
that are not highly overlapping (due to the overlap criterion), are comparable in time
or distance (due to the comparability criterion), without excessive detours, with ap-
propriate choice set size and composition, with spatial variability (due to the spatial
variability criterion) and with variation in route types (due to the preferential vari-
ability criterion); in the multi-modal case, also variation in multi-modal combinations
and in transport modes used (routes should be multi-modal indeed for the multi-modal
variability criterion).
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8.2.4 Comparative analysis of choice set generation approaches

This thesis presents a generic systematic route set generation scheme for the purpose
of characterizing and analysing current route set generation procedures. Based on this
generic classi�cation scheme, a systematic comparison of the various and sometimes
very different route set generation methods known from literature has been established,
after which each of these generation methods has been described in a structured com-
parable way as a basis for the evaluation of their adequacy for the purpose of choice
set generation. This evaluation involved testing whether each of the methods might be
able to ful�l the requirements for an adequate choice set (see subsection 8.2.3).

On the basis of this comparison, it appears that the simple repeated shortest path gener-
ation methods (such as, K shortest paths, etc.) perform unsatisfactory, whereas the best
performance was achieved by the Constrained K-Shortest Paths for the single OD-pair
generation and the Monte Carlo Labelling combination (MCL) approach for multiple
OD pairs generation. It has also been found that some criteria for generating adequate
choice sets were not satis�ed by the MCL combination approach (for example, many
overlapping routes were generated), since these criteria are not applied nor included
during the generation process. In order to improve the quality of the generated choice
sets it has been demonstrated that the application of a subsequent �ltering process on
the generated set, which includes set-based criteria such as maximum overlap, is nec-
essary.

8.2.5 Choice set generation approach for multi-modal networks

The newly developed doubly stochastic approach is an extension of the MCL combina-
tion approach since not only the link attributes but also the preference (or behavioural)
parameters of the cost function are randomized. A behaviour-based rationale has been
formulated for this approach founded on two basic principles. Choice set formation
on the individual level is highly preference driven meaning that the generation model
should consider preferred route attributes. On the other hand the model considers pref-
erence differences among travellers. The basic property of the developed multi-modal
choice set generation (MM-CSG) approach is that route choice factors and behavioural
parameters of travellers determine the generation of route options for the choice sets
via a utility or cost functions, called route generation functions. Since there exist
signi�cant differences in choice factors and preferences among user groups and trip
purposes, but also in order to achieve a rich variety in the multi-modal composition
of the choice sets, these route choice generation functions need to be speci�c for user
groups and trip categories.

Therefore, the new method focuses on generating routes for prediction purposes at
group level, in which groups of travellers are taken into account, and in particular,
user classes that vary with respect to expected travel behaviour, for instance based on
trip purpose (work, business, study, etc), and traveller groups having different modes
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available are distinguished. In fact, the randomization of the behavioural preference
parameters provides variations in transport modes and in multi-modal combinations by
taking into account the variations within the user classes, since in multi-modal network
applications, a rich variety in multi-modal composition of the choice set is desirable.

In order to achieve adequate choice sets that satisfy most of the requirements de�ned,
it is highly needed to have a �ltering process after the generation. The MM-CSG
approach produces an exhaustive base route set (master set) that needs to be freed from
super�uous and non-ef�cient routes in order to arrive at choice sets that ef�ciently
suit a particular purpose, in our case the prediction purpose. To that end, a variety
of selection constraints may be additionally applied. For prediction purposes, highly
overlapping paths may be removed, while at the same time spatial variety is welcomed.

The feasibility of the MM-CSG approach has been demonstrated by applying the
method to the multi-modal network of the Rotterdam-Dordrecht Region in The Nether-
lands. In order to prove the effectiveness of the MM-CSG method, the generated choice
sets were compared with observed chosen routes and reported choice sets in this multi-
modal network.
An extensive analysis of the probabilistic properties of this stochastic generation method
has been performed (impacts of seeds, number of randomisations, adopted variance
levels, etc) showing that satisfactory performance can be achieved with a limited num-
ber of randomisations if the adopted variances in preference parameters and attribute
values are not too small.
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8.3 Main conclusions

This section summarizes the most important conclusions with respect to multi-modal
modelling approaches, the comparison of choice set generation methods applicable to
uni-modal networks, and the multi-modal choice set generation approach.

The model architecture with the supernetwork approach includes components for the
generation of the (route) choice-set, route-choice model, and traf�c assignment. Al-
though several of these components have been presented elsewhere, it has been shown
how these can be adapted to a multi-modal situation, and integrated into a coherent
modelling framework. The main characteristic of this approach is the presence of a
priori choice set generation step followed by the route choice modelling step. For de-
mand prediction, explicit generation of route choice sets has a number of advantages.
A priori given choice sets allow nearly unlimited �exibility and freedom in route choice
models to be adopted. In addition to theoretical advantages, they offer signi�cant com-
putation advantages in iterative demand calculation procedures since repeated optimal
path search no longer is necessary.

Based on the systematic comparison of (shortest path based) choice set generation
approaches for uni-modal networks, according to which no method meets all require-
ments, the feasibility of the Monte Carlo Labelling (MCL) combination method, if ex-
tended with a �lter process applied after the generation process has been demonstrated
by several applications to two uni-modal networks, namely the Dutch national road
and waterway networks respectively. The effectiveness of a �ltering process applied to
the choice sets generated by the MCL approach has been demonstrated showing that
application of a �ltering step after the generation process results in a reduction of 73%
of the choice set size. We can conclude that the Monte Carlo Labelling combination
approach is the one to be preferred from the other methods in order to generate an
adequate choice set at group level and for prediction purposes.

The newly developed doubly stochastic approach is an extension of the MCL combi-
nation approach in which not only the link attributes but also the preference (or be-
havioural) parameters of the cost function are randomized.
In fact, it appears to be an ef�cient technique that has been successfully applied in or-
der to achieve variations in transport modes and in multi-modal combinations, which
are desirable in the generated choice sets, especially in a multi-modal context.
This variation can be achieved by distinguishing different user classes with different
parameters and by randomization of these behavioural parameters to take the variations
within the user classes into account.
Therefore, we stress the importance of varying the behavioural parameters, which is
very essential for generating choice sets in a multi-modal context.

The various analyses performed with the doubly stochastic choice set generation ap-
proach have shown that the resulting choice sets show the desired properties in terms
of choice set size (minimum and maximum size) and composition (variety in trip prop-
erties).
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The doubly stochastic choice set generation approach has been applied in real-world
multi-modal networks, namely in the Rotterdam-Dordrecht region in The Netherlands.
The generated choice sets show a adequate variety of uni-modal and multi-modal route
alternatives. Especially the public transport alternatives appear to be frequent and man-
ifold. This is partly due to the good public transportation provision in the region and
the multitude of different modes available to most travellers.

The validation study used an observation set of 35 trips (35 different OD-pairs) with
chosen routes and reported consideration sets) from the Rotterdam-Dordrecht region
in the Randstad, The Netherlands. The face validity (plausibility of generated alterna-
tives) and empirical validity (conformity with observations) are very high; in nearly all
cases the reported chosen alternatives are member of the generated choice set. More-
over, in a number of simulations the prediction success rates (predicting the correct
sequence of legs in the chosen multi-modal trip, which means among others correct
entry, exit and transfer stations, correct train type and correct sequence of public and
private mode) was 89% or higher. In the multi-modal case, a �ltering process has been
applied as well resulting in a reduction by about 20% of the choice set size, while
maintaining the same quality performance.

8.4 Recommendations and future research

The �ndings and conclusions following from the analyses presented in this thesis lead
to the following recommendations regarding multi-modal modelling approaches as
well as choice set generation methods.

In our analysis it has been assumed that a priori choice set generation is highly rec-
ommended in a modelling approach, especially in iterative network assignment. It has
also been shown that a priori generation is a feasible approach for realistic multi-modal
networks, and through this approach realistic choice sets can be established.

In this thesis the notion of choice set in complex situation, such as in multi-modal
networks, has been analysed more from a psychological point of view; however, some
behavioural analysis as well might also be required and investigated in future research.
In addition, what implications does the new information technology have on choice set
generation might be a relevant issue for future work.

The developed doubly stochastic approach by far outperforms the singly stochastic
approaches (only randomizing attributes). It is important to note the importance of
varying the behavioural parameters especially in generating choice sets in a multi-
modal context, because it provides the expected variations in the generated multi-
modal routes, especially in a multi-modal context. Note that it is also highly rec-
ommended to apply a �ltering process on the generated set just after the generation
process in order to remove super�uous routes and obtain more adequate choice sets
that satisfy the quality criteria.
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In the doubly stochastic approach, the adopted initial variances in network attribute
values (travel time, waiting time, travel cost, etc.) and the adopted variances in the
related parameter values, which re�ect the variation in the preferences for these at-
tributes within the population of travellers, are set to speci�c values and kept constant
during the generation process. An alternative approach, which is an extension of the
doubly stochastic approach, is the accelerated MCL approach in which the variances
are increased in order to speed-up the generation process, might also be developed in
future research.

The calibration and validation exercises carried out in this thesis research focused on
the multi-modal choice set generation approach. Although some attempts have been
done on the calibration and validation of both route generation and multi-modal net-
work assignment (see Carlier et al. (2005)), some research questions have not been
answered yet, such as:

• The calibration and validation of the combined multi-modal choice set genera-
tion model and multi-modal network assignment.

• The determination of the route and link �ows in the multi-modal networks.

• The analysis of which types of single uni-modal and multi-modal routes, and
combinations of them, are determined during the iterative process.

• How much the type of routes found during the generation process are useful for
the assignment step.

• The application of the supernetwork approach to congested situations.

Finally, due to practical reasons, in this thesis we have as a �rst step developed a
static model meaning that the time dimension has not been considered in the modelling
approach. However, transport is a dynamic phenomenon that cannot be completely
represented by a static model. Further research on this topic therefore should consider
the development of these tools suitable for a dynamic modelling approach.
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Summary

Introduction

Multi-modal transport is generally seen as a promising approach to help solving to-
day's mobility problems, such as recurrent congestion, deteriorating accessibility of
especially city centres, and negative impacts on the environment. Combining private
and public transport in a multi-modal transport system offers opportunities to bene�t
from the strengths of the various systems while avoiding their weaknesses, and might
therefore be an interesting alternative to the traditional dichotomous choice between
private modes and public transport.

Although promising, multi-modal transport is complex. Multi-modal travelling in-
volves the use of private transport modes (walking, bike, and car), scheduled public
transport services (train, bus, tram and metro) and/or non-scheduled public transport
services (taxi and demand responsive services). The main characteristic of multi-modal
transport is that more than one transport mode is used for a single trip; therefore trans-
fers between travel modes are an essential element of multi-modal transport. In order to
analyze multi-modal planning problems, the demand modelling procedure needs to be
capable of analyzing and predicting the use of multi-modal trips. However, multiple-
choice dimensions involved in a multi-modal trip such as with respect to modes, ser-
vices, transfer locations and routes are dif�cult to model.

The approach proposed in this thesis to model multi-modal travel choices is based on
the assumption that a clear distinction in the modelling between a choice set generation
step and, conditional on that set, the genuine choice modelling step, may signi�cantly
improve choice analysis and prediction. Choice set generation consists in �nding all
feasible routes that a traveller might consider for travelling from his origin to his desti-
nation. In a route choice context the choice set composition is a critical aspect because
very many routes may be available whereas only a limited subset of those are actually
perceived while even less are actually considered by trip makers.
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This approach is also based on the use of a supernetwork methodology in which the
networks of all available travel modes are combined into a single network that includes
transfer possibilities between modes. Multiple-choice dimensions in multi-modal trips
are represented jointly as route choice in the supernetwork and by explicitly enumer-
ating the individual choice alternatives prior to the choice modelling; maximum �exi-
bility is available in adopting the most suitable choice modelling approach.

This thesis addresses the generation of choice sets of the travel alternatives for the
purposes of route choice analysis and prediction of �ows in multi-modal networks. In
order to develop such choice set generation approach the following topics are dealt
with.

• Presentation of the proposed multi-modal modelling approach and multi-modal
transportation network representation.

• Introduction of a conceptual framework for choice set notions and presentation
of a clear choice set terminology applicable to various analysis viewpoints.

• Introduction of the notion of an adequate choice set in uni-modal and multi-
modal networks; de�nition of which kind of choice set is most suitable for pre-
diction purposes, and which requirements an adequate choice set should satisfy;
presentation of the requirements for an appropriate choice set generation process
for uni-modal and multi-modal networks.

• Analysis and comparison of a large number of choice set generation approaches
for uni-modal and multi-modal networks.

• Development of a newly route choice set generation algorithm, the so-called
doubly stochastic approach applicable to uni-modal and especially multi-modal
networks. This doubly stochastic method has been tested with respect to its em-
pirical and probabilistic properties, and applied to various networks, in particular
to a multi-modal network.
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Multi-modal modelling approach

In this thesis, a new approach for analyzing multi-modal travelling based on the use
of a supernetwork methodology was introduced. In the supernetwork approach, the
traditional steps of mode choice and route choice are integrated into a single route
choice problem in a multi-modal network. Relevant characteristics of the modelling
approach are that a modal split module is absent and a route choice set generation mod-
ule prior to the route choice model is speci�ed. By explicitly generating the individual
choice alternatives prior to the choice modelling, maximum �exibility is available in
adopting the most suitable choice modelling approach. Moreover, a new speci�cation
of the multi-modal network representation was presented, which takes into account
several uni-modal network layers of all available travel modes combined into a single
multi-modal network that includes transfer possibilities between modes, via waiting
and walking links. A study area in The Netherlands (the Dordrecht-Rotterdam corri-
dor) was represented in this new multi-modal representation and was successfully used
in analyzing travel choices in this region.

Choice set notions and concepts

An important topic dealt with in this thesis concerns systematic choice set de�ni-
tions and classi�cations. Starting from a behaviour-based travel choice framework
the concepts of universal sets, objective choice sets, subjective choice set and con-
sideration sets were introduced, thereby distinguishing between actual, observed, and
generated choice sets, and between choice set generation for estimation and prediction
purposes. Furthermore, in transportation modelling it is not common to follow a com-
pletely individual-level approach, therefore we have distinguished between individual
and group level. Also, the relationships between all different sets of alternatives have
been established.

Criteria for adequate choice sets

New scienti�c insights on choice set concepts have been established with the new sys-
tematic de�nitions of a reasonable route, and adequate choice sets at individual and
group level. The speci�cation of requirements and choice set criteria for adequate
route choice sets for prediction of route and link �ows in uni-modal and multi-modal
transport networks have been introduced in this thesis. These are based on sets of
logical, feasibility, preference, and other constraints on the part of the individual trav-
eller such as directness, maximum detour, maximum and minimum lengths of modal
legs, mode availability, hierarchical logic, etc. At the group level of OD-�ows criteria
based on preferential and spatial variety are added. Also, the main characteristics of an
appropriate generation process for prediction purpose in uni-modal and multi-modal
networks have been established.
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Based on the de�ned criteria, adequate choice sets at group level should contain routes
that are not highly overlapping (due to the overlap criterion), are comparable in time
or distance (due to the comparability criterion), without excessive detours, with ap-
propriate choice set size and composition, with spatial variability (due to the spatial
variability criterion) and with variation in route types (due to the preferential variabil-
ity criterion); in the multi-modal case, also variation in multi-modal combinations and
in transport modes used (routes should be multi-modal indeed).

Comparative analysis of choice set generation approaches

A generic systematic route set generation scheme for the purpose of characterizing and
analysing current route set generation procedures has been presented. Based on this
generic classi�cation scheme, a systematic comparison of the various and sometimes
very different route set generation methods known from literature has been established,
by which each of these generation methods has been described in a structured compa-
rable way as a basis for the evaluation of their adequacy for the purpose of choice set
generation. This evaluation involved testing whether each of the methods might be
able to ful�l the requirements for an adequate choice set.

On the basis of this comparison, it appears that the simple repeated shortest path gener-
ation methods (such as, K shortest paths, etc.) perform unsatisfactory, whereas the best
performance was achieved by the Constrained K-Shortest Paths for the single OD-pair
generation and the Monte Carlo Labelling combination (MCL) approach for multiple
OD pairs generation. It has also been found that some criteria for generating adequate
choice sets were not satis�ed by the MCL combination approach (for example, many
overlapping routes were generated), since these criteria are not applied nor included
during the generation process. In order to improve the quality of the generated choice
sets it has been demonstrated that the application of a subsequent �ltering process on
the generated set, which includes set-based criteria such as maximum overlap, is nec-
essary.
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Choice set generation approach for multi-modal networks

The newly developed doubly stochastic approach is an extension of the MCL combina-
tion approach since not only the link attributes but also the preference (or behavioural)
parameters of the cost function are randomized. A behaviour-based rationale has been
formulated for this approach founded on two basic principles. Choice set formation
on the individual level is highly preference driven meaning that the generation model
should consider preferred route attributes. On the other hand the model considers pref-
erence differences among travellers. The basic property of the developed multi-modal
choice set generation (MM-CSG) approach is that route choice factors and behavioural
parameters of travellers determine the generation of route options for the choice sets
via a utility or cost functions, called route generation functions. Since there exist
signi�cant differences in choice factors and preferences among user groups and trip
purposes, but also in order to achieve a rich variety in the multi-modal composition
of the choice sets, these route choice generation functions need to be speci�c for user
groups and trip categories.

Therefore, the new method focuses on generating routes for prediction purposes at
group level, in which groups of travellers are taken into account, and in particular,
user classes that vary with respect to expected travel behaviour, for instance based on
trip purpose (work, business, study, etc), and traveller groups having different modes
available are distinguished. In fact, the randomization of the behavioural preference
parameters provides variations in transport modes and in multi-modal combinations by
taking into account the variations within the user classes, since in multi-modal network
applications, a rich variety in multi-modal composition of the choice set is desirable.

In order to achieve adequate choice sets that satisfy most of the requirements de�ned,
a �ltering process has been applied after the generation. The MM-CSG approach pro-
duces an exhaustive base route set (master set) that needs to be freed from super�uous
and non-ef�cient routes in order to arrive at choice sets that ef�ciently suit a partic-
ular purpose, in our case the prediction purpose. To that end, a variety of selection
constraints may be additionally applied. For prediction purposes, highly overlapping
paths may be removed, while at the same time spatial variety is welcomed.
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The various analyses performed with the doubly stochastic choice set generation ap-
proach have shown that the resulting choice sets show the desired properties in terms of
choice set size (minimum and maximum size) and composition (variety in trip prop-
erties). The doubly stochastic choice set generation approach has been applied in a
real-world multi-modal network, namely in the Rotterdam-Dordrecht region in The
Netherlands. In order to prove the effectiveness of the MM-CSG method, the gener-
ated choice sets were compared with observed chosen routes and reported choice sets
in this multi-modal network. Moreover, the generated choice sets have shown an ade-
quate variety of uni-modal and multi-modal route alternatives. An extensive analysis
of the probabilistic properties of this stochastic generation method has been performed
(impacts of seeds, number of randomisations, adopted variance levels, etc) showing
that satisfactory performance can be achieved with a limited number of randomisa-
tions.

Conclusion

This dissertation research has brought new insights and results with respect to sev-
eral research areas and contributions in choice set generation approach in multi-modal
transportation networks.
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