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ABSTRACT

ABSTRACT
Planning sustainable urban mobility is a complex task involving a high degree of
uncertainty due to the long‐term planning horizon, the wide spectrum of potential
policy packages, the need for effective and efficient implementation, the large
geographical scale, the necessity to consider economic, social, and environmental goals,
and the traveller’s response to the various action courses and their political
acceptability (Shiftan et al., 2003). Moreover, with the inevitable trends on
motorisation and urbanisation, the demand for land and mobility in cities is growing
dramatically. Consequently, the problems of traffic congestion, environmental
deterioration, air pollution, energy consumption, and community inequity etc., are
becoming more and more critical for the society (EU, 2011). Certainly, this course is
not sustainable in the long term. To address this challenge and achieve sustainable
development, a long‐term perspective strategic urban plan, with its potentially
important implications, should be established.
This thesis contributes on assessing long‐term urban mobility by establishing an
innovative methodology for optimizing and evaluating two types of transport demand
management measures (TDM). The new methodology aims at relaxing the utility‐based
decision‐making assumption by embedding anticipated‐regret and combined utility‐
regret decision mechanisms in an integrated transport planning framework. The
proposed methodology includes two major aspects:
1) Construction of policy scenarios within a single measure or combined TDM
policy‐packages using the survey method incorporating the regret theory. The purpose
of building the TDM scenarios in this work is to address the specific implementation in
terms of time frame and geographic scale for each TDM measure. Finally, 13 TDM
scenarios are built in terms of the most desirable, the most expected and the least
regret choice by means of the two‐round Delphi based survey.
2) Development of the combined utility‐regret analysis framework based on multi‐
criteria decision analysis (MCDA). This assessment framework is used to compare the
contribution of the TDM scenario towards sustainable mobility and to determine the
best scenario considering not only the objective utility value obtained from the utility‐
based MCDA, but also a regret value that is calculated via a regret‐based MCDA.
The objective function of the utility‐based MCDA is integrated in a land use and
transport interaction model and is used for optimizing and assessing the long term
impacts of the constructed TDM scenarios. A regret based model, called reference‐
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dependent regret model (RDRM) is adapted to analyse the contribution of each TDM
scenario in terms of a subjective point of view.
The suggested methodology is implemented and validated in the case of Madrid. It
defines a comprehensive technical procedure for assessing strategic effects of
transport demand management measures, which can be useful, transparent and
flexible planning tool both for planners and decision‐makers.

RESUMEN

RESUMEN
La planificación de la movilidad sostenible urbana es una tarea compleja que implica un
alto grado de incertidumbre debido al horizonte de planificación a largo plazo, la amplia
gama de paquetes de políticas posibles, la necesidad de una aplicación efectiva y eficiente,
la gran escala geográfica, la necesidad de considerar objetivos económicos, sociales y
ambientales, y la respuesta del viajero a los diferentes cursos de acción y su aceptabilidad
política (Shiftan et al., 2003). Además, con las tendencias inevitables en motorización y
urbanización, la demanda de terrenos y recursos de movilidad en las ciudades está
aumentando dramáticamente. Como consecuencia de ello, los problemas de congestión de
tráfico, deterioro ambiental, contaminación del aire, consumo de energía, desigualdades
en la comunidad, etc. se hacen más y más críticos para la sociedad. Esta situación no es
estable a largo plazo. Para enfrentarse a estos desafíos y conseguir un desarrollo
sostenible, es necesario considerar una estrategia de planificación urbana a largo plazo,
que aborde las necesarias implicaciones potencialmente importantes.
Esta tesis contribuye a las herramientas de evaluación a largo plazo de la movilidad
urbana estableciendo una metodología innovadora para el análisis y optimización de dos
tipos de medidas de gestión de la demanda del transporte (TDM). La metodología nueva
realizado se basa en la flexibilización de la toma de decisiones basadas en utilidad,
integrando diversos mecanismos de decisión contrariedad‐anticipada y combinados
utilidad‐contrariedad en un marco integral de planificación del transporte. La metodología
propuesta incluye dos aspectos principales:
1) La construcción de escenarios con una o varias medidas TDM usando el método de
encuesta que incorpora la teoría “regret”. La construcción de escenarios para este trabajo
se hace para considerar específicamente la implementación de cada medida TDM en el
marco temporal y marco espacial. Al final, se construyen 13 escenarios TDM en términos
del más deseable, el más posible y el de menor grado de “regret” como resultado de una
encuesta en dos rondas a expertos en el tema.
2) A continuación se procede al desarrollo de un marco de evaluación estratégica,
basado en un Análisis Multicriterio de Toma de Decisiones (Multicriteria Decision Analysis,
MCDA) y en un modelo “regret”. Este marco de evaluación se utiliza para comparar la
contribución de los distintos escenarios TDM a la movilidad sostenible y para determinar
el mejor escenario utilizando no sólo el valor objetivo de utilidad objetivo obtenido en el
análisis orientado a utilidad MCDA, sino también el valor de “regret” que se calcula por
medio del modelo “regret” MCDA.
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La función objetivo del MCDA se integra en un modelo de interacción de uso del suelo
y transporte que se usa para optimizar y evaluar los impactos a largo plazo de los
escenarios TDM previamente construidos. Un modelo de “regret”, llamado “reference‐
dependent regret model (RDRM)” (modelo de contrariedad dependiente de referencias),
se ha adaptado para analizar la contribución de cada escenario TDM desde un punto de
vista subjetivo.
La validación de la metodología se realiza mediante su aplicación a un caso de estudio
en la provincia de Madrid. La metodología propuesta define pues un procedimiento
técnico detallado para la evaluación de los impactos estratégicos de la aplicación de
medidas de gestión de la demanda en el transporte, que se considera que constituye una
herramienta de planificación útil, transparente y flexible, tanto para los planificadores
como para los responsables de la gestión del transporte.

GLOSSARY

GLOSSARY
This glossary is a summary of the abbreviations and acronyms used throughout this thesis.
Some of the abbreviations in the thesis may have been substituted by the complete
name, but since they may still appear in tables or figures, they have been included within
this list.
Acronym

Description

AC

Accessibility indicator

AHP

Analytic Hierarchy Process

AI

Accident indicator

AP

Adapted potential accessibility

AU

Air pollution indicator

BFI

Bus frequency increase

CBA

Cost‐benefit analysis

CE

CO2 emission indicator

CEC

Commission of the European Communities

CLD

Causal Loop Diagrams

CIT

Congreso de Ingeniería del Transporte

CO

Car operating cost indicator

CTM

Consorcio Transporte de Madrid

CU

Car modal share indicator

CURA

Cost‐utility‐regret analysis

CW

Compensating weight

DM

Decision maker

EC

European Commission

EDM

Encuesta Domiciliaria de Movilidad

EEA

European Environment Agency

EU

European Union

FP

Framework Programme

GDP

Gross Domestic Product

GHG

Greenhouse Gas

GIS

Geographical Information System

INE

Instituto Nacional de Estadística

IVT

In vehicle time
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LAU

Linear‐additive utility function

LCCS

London Congestion Charging Scheme

LR

Least regret

LU

Land use consumption indicator

LUTI

Land use and transport interaction

MARS

Metropolitan Activity Relocation Simulator

MAUT

Multi‐attribute utility theory

MCDA

Multi‐criteria Decision Analysis

MD

Most desirable

ME

Most expected

MMA

Madrid Metropolitan Area

OECD

Organisation for Economic Cooperation and Development

OMM

Observatorio Movilidad Metropolitana

PP

Potential accessibility

PROSPECTS

Procedures for Recommending Optimal Sustainable Planning of European
City Transport Systems

PT

Public transport

RB

Regret‐based approach

RDRM

Reference‐Dependent Regret Model

RMA

Regret minimization‐based approach

RRMM

Random Regret‐Minimization model

RUM

Random Utility Model

SPM

Sketch Planning Model

TT

Travel time indicator

TDM

Transport Demand Management

TfL

Transport of London

TOD

Transit‐oriented development

UB

Utility‐based approach

UMA

Utility maximization‐based approach

URA

Utility‐regret analysis

VOT

Value of time

WUB

Weighted user benefit indicator
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CHAPTER 1 – INTRODUCTION

1.1

Background and motivation

By the release of the European White paper 2010 (White paper‐European transport
policy for 2010: time to decide), a lot of new and integrated transport policies have
been developed and implemented to meet the challenges to mitigate traffic congestion,
reduce CO2 emissions and encourage economic growing, etc. in European cities
(European Commission, 2001a). However, the old challenges remain but new have
come. The European White paper published in year 2011 has announced a new goal to
help establish a system that underpins European economic progress, enhances
competitiveness and offers high quality. To address these challenges and achieve
sustainable development, a long‐term perspective urban mobility plan should be
established with its potentially important implications.
A long‐term perspective means beginning to put in place effective strategies in the
designed period of time, for addressing the potentially enormous implications (EC,
2001a). In this case, a long‐term urban mobility planning is to develop transport and
land use strategies to achieve specific objectives and resolve the current and future
problems along a long planning period. And the vital step in the plan is how to design
and assess appropriate policy strategies/measures for the case study area. Many
countries and cities have already launched a long term ‐20 or 30 year ‐ transport
sustainable strategic planning (i.e., UK, Canada and Singapore) (GVRD, 1996; May,
2004; Hull, 2005; Lopez‐Lambas et al., 2010). However, due to the complexity of the
transport system that involves many factors and interrelated with temporal and
spatial scales, there are several reasons shown below to explain why the development
of an urban mobility plan is still an area where research efforts are needed.
1. A complex problem like planning a sustainable urban mobility system requires
a new holistic approach, together with strategic tools (i.e., scenario
development), impact analysis tools (i.e., transport models), and an assessment
of transport policies in terms of a comprehensive set of economic, social, and
environmental sustainability indicators.
2. The existing urban mobility plans often overlook the interaction between
transport system and land use system, which contain comprehensive
interrelationship. Different land uses at all spatial scales (countries, region,
urban areas, municipalities, etc.,) affect travellers´ behaviour (such as modal
choice and route choice); and the design of the transport system (new
transport

infrastructures

for

instance)

meanwhile

influences

land

developments (Bramley, 2008). Therefore, it is necessary to better understand
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the integration of urban land use and transport system in order to increase the
efficiency of the transport system, maintain the economic growth and improve
social welfare (May, et al., 2003). It is widely acknowledged that an integrated
mobility planning can lead to a more efficient urban planning in terms of less
investment costs, higher benefit of environmental, social and economic and
improved accessibility by all modes (Kelly et al., 2008). However, there remain
important gaps in the knowledge on the application of land use and transport
integrated strategies.
3. To address policy strategies in a strategic urban mobility plan, transport
policies generally can be divided into two types i.e., supply‐side and demand‐
side. However, the supply‐side policies sometimes lead to an unsustainable
transport

system.

For

example

building

more

roads

and

transport

infrastructures would lead more car use and air‐pollution. In this case, the
demand‐side policy as it is called transport demand management measures
(TDM) are supported by planners to be a better choice for achieving the
sustainability (Litman, 2005). Thus, a better understanding of the impacts of
the TDM measures should be addressed, in particular from a long term
perspective.
4. Different implementations of TDM measures generate distinct impacts
regarding the goal of sustainable development. The different impacts caused by
their specific implementation of TDM measures in terms of time frame,
geographic scale and level of intensity thus become another research topic that
needed be further investigated (Banister et al, 2000). Study on these impacts, it
requires developing an innovative methodology to address the specific
implementations of each TDM measure in terms of effectiveness and public
acceptability in a long term.
5. Scenario building approach is often used in the strategic mobility planning
(Shiftan et al., 2003). However, an innovative approach which not only
considers the model results but also involves the opinions of decision makers
or professionals would be an up‐to‐date mean to construct more appropriate
scenarios. Thus, to explore the new participatory method complementary using
the theoretical results and the expert judgement opinions could be beneficial in
terms of the acceptability of policy scenarios because of the active participation
of experts in the process.
6. To

analyse

the

impacts

of

the

TDM

measures

and

their

specific

implementations, there is a need to update the impact analysis tool considering
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the specific objectives of the work. The efforts to include new evaluating
indicators and update the latest external variables in the policy analysis tool
should be made.
7. Regarding the assessment of the impacts of TDM measures, the approach of
multi‐criteria decision analysis (MCDA) is often used in transport and strategic
land use development (Quinet, 2000; Macharis, et al., 2009). But MCDA relies
on overall preference scores in agreement with the utilitarian approach (e.g.,
Turcksin et al., 2011; Lope et al., 2012; Macharis et al., 2012). It largely
disregards other plausible decision mechanisms such as regret minimization.
Good decision making requires adequate information and visibility into the
alternatives when dealing with complex decisions. The subjective elements
(like anticipated regret value) are required for aiding the decision making
process within MCDA (Kujawski, 2003).
In this context, further research efforts are needed to develop consistent methodology
capable of assessing the inputs of the TDM measures in a comprehensive and
integrated manner. This thesis, ‘Assessing urban mobility through participatory
scenario building and combined utility‐regret assessment’ is a step forward in this
research line, by proposing an integrated assessment methodology and its validation
in a case study. The assessment that involved optimisation process is conducted in a
dynamic, strategic land use and transportation system, i.e., a LUTI model (Land Use
Transport Interaction). The model chosen to develop this research is known as MARS
(Metropolitan Activity Relocation Simulator), was created along with EU funded 5th
framework research project PROSPECTS (Procedures for Recommending Optimal
Sustainable Planning of European City Transport Systems) (May et al., 2003).

1.2 Objectives
The overall objective of this thesis is to develop an integrated methodology capable of
complementing previous methodologies on design and assessment for TDM measures,
which combines several tools on urban mobility planning, such as strategic tools (i.e.,
scenario building), impact analysis tools (i.e., transport models) and evaluation tools (i.e.,
multi‐criteria decision analysis or cost benefit analysis). This approach would enable
transport planners and authorities to develop future plans on land use and transport
integration and provide guidance for the implementation of TDM measures.
The achievement of this overall objective can be split into the following five
aspects:
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To develop a new approach to build scenarios with a single or combined TDM
measures and their specific implementations, based on the study of the state‐
of‐the‐art scenario building approaches, like a regret‐based approach;



To improve the strategies evaluation tool (i.e., the land use and transport
interaction model) for assessing the impacts of TDM scenarios with better
defined indicators and criteria;



To develop an integrated mobility assessment methodology based on a
multidimensional optimisation technique integrating with the aspect of the
criteria of assessment, such as economic efficiency, social equity and
environmental protection;



To develop a new assessment framework which is not only based on the
objective utility value but also on the subjective motion like regret value (i.e.,
utility‐regret analysis), to compare the contributions of different TDM
scenarios, and to decide the ¨best TDM scenario¨ for the case of Madrid;



To investigate the long‐term influences of each TDM scenarios in terms of
different aspects, i.e., the aggregate utility impacts, the spatial impacts and the
sensitivity changes and provide policy recommendations to decision makers on
the basis of those impacts.

1.3 Conceptual framework
In order to achieve the above objectives, a conceptual framework is proposed to
represent the research process of this thesis, which would help urban and transport
authorities and planners to elaborate their urban mobility plan in a transparent,
comprehensive and easy to interpret manner (see Figure 1‐1). The framework also can
be adjusted to other specific study areas.
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Figure 1‐1 Conceptual framework
Based on this conceptual framework, the current research work is structured in
the following stages:
1. Definition of the overall objective and assessment criteria of the strategic
urban mobility plan. Review two types of TDM measures in terms of the
characteristics, the implement barriers and the best practices (Chapter 2).
2. Development of a new integrated methodology to assess the impacts of TDM
measures, including scenario building, transport model and impacts
evaluation (Chapter 3).
3. Identification of the current and future problems of transport and land use
in the case of Madrid. Selection of the possible TDM measures and their
specific implementation according to the current and future problems of
Madrid (Chapter 4).
4. Methodology application, it includes building potential TDM scenarios
using a modified survey method incorporating the regret theory; improvement
of the TDM scenario evaluation tool, a land use and transport interaction
model; optimisation of the constructed TDM scenarios and evaluation of the
optimal TDM scenarios in terms of two‐steps of utility‐regret analysis; and
assessment of the contributions of each TDM scenario to address the policy
implications for the case of Madrid (Chapter 5).
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5. Presentation of the analysis of the results in the basis of the utility‐regret
analysis, the spatial analysis and sensitivity analysis (chapter 6).

1.4 Structure of the thesis
The objective of this thesis is to develop a methodology capable of complementing
previous assessment applications for TDM measures. The case of Madrid is used to
implement and validate the developed methodology.
After the first introduction chapter, Chapter 2 begins with the definition of
sustainable urban mobility and the related assessing indicators in terms of economic
sustainability, social sustainability and environmental sustainability. This is followed
by a description of the effectiveness, application and implementation barriers of two
types of TDM measures, in order to primarily select the possible TDM measures on the
sustainable mobility development.
Chapter 3 introduces the development of the integrated assessment framework
involving scenario building, transport model, optimisation and scenario evaluation. It
starts with the introduction of the structure of the integrated assessment framework,
and then presents each of the assessing tool and its related method respectively. For
the TDM scenario building, it covers the modified Delphi method and the survey
development to aid building the TDM scenarios. Then it is a description of the
proposed policy evaluation tool –LUTI model and the current practice of this study,
MARS model. It lists all the indicators used for the policy optimization in detail;
particularly the ones are different with the previous version of MARS. Finally the
scenario evaluation is conducted by a combined utility‐regret analysis.
Chapter 4 discusses the study area of this thesis –the Madrid region, including the
issues of socioeconomic characteristics, transport demand and supply, etc. Four TDM
measures (i.e., cordon toll, parking charging increase, and bus frequency increase and
bus fare decrease) are proposed as the potential policy instruments to solve the
problems of Madrid. Moreover, their implementations in terms of time frame and
geographic scale are also addressed based on the analysis of the current and future
problem in this chapter.
Chapter 5 is the application of the developed methodology for the study area of
Madrid. Following the same structure process of the methodology, the application
starts with the scenario construction within the proposed four TDM measures and
their implementation. Then it introduces how the constructed TDM scenarios are
simulated by the analysis tool‐MARS model and how the evaluation is conducted in
MARS based on the combined utility‐regret analysis.
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Chapter 6 is an analysis of the results by applying the methodology to the case
study of Madrid. The analysis is based on the results from the optimisation process and
the combined utility‐regret analysis. In order to provide adequate information to
decision makers, a GIS‐based spatial impact analysis in terms of the indicator of
accessibility, CO2 emission, etc. are also presented. Apart from that, a sensitivity
analysis regarding to the objective function of MCDA is given to analyse the specific
impacts caused by the policy constants like cordon toll rate.
Chapter 7 discusses the conclusions and future researches by addressing the
important aspects of this application.
Appendix I includes the questionnaires of the two‐round expert based surveys.
Appendix II shows the changes of each indicator by years that were not included in
the analysis of the results but also changed by the TDM measures implementation.
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2.1

Introduction

To assess sustainable urban mobility, it is essential to understand the definition of it firstly.
Sustainability includes both the welfare of present and future society (Chichilnisky, 1996;
Heal, 2000; Minken, 1999 and 2002). The concerns about sustainability arise because the
current human action may constrain the opportunities of future generations and diminish
their maximum attainable welfare (May et al., 2003). The term sustainable transport
(related to sustainable mobility) came into use as a logical follow‐on from sustainable
development, and is used to describe modes of transport, and systems of transport
planning, which are consistent with wider concerns of sustainability (Litman & Burwell,
2006). And it is largely being defined through impacts of the system on the economy,
environment, and general social well‐being; and measured by system effectiveness and
efficiency, and the impacts of the system on the natural environment (Mihyeon &
Amekudzi, 2005).
However, how this abstract definition of sustainable mobility be transferred into
concrete assessment criteria? A multi‐criteria framework based on important causal
relationships between transport infrastructures/policies and the impacts on the economy,
environment, and social well‐being can be used to develop and determine indicator
systems for measuring sustainability in transportation systems.
All assessment criteria together can represent the general goal of planning in short
and long terms. Each criterion should be assessed quantitatively and qualitatively by
planners. The three pillars of sustainable development ‐i.e. economy, environment and
social equity‐, have been expressed as a common ground for numerous sustainability
standards and certification systems in recent years (UNG, 2005). Therefore, it suggests
three criteria in this urban mobility plan, i.e., Economic Sustainability (or say transport
system efficiency), Environmental Sustainability and Social Equity Sustainability to
assess

the

achievements

of

transport

infrastructures/policies

on

sustainable

transportation system. The present work is a theoretical and academic exercise, and in a
real case the assessment criteria could be set regarding the particular circumstances of the
study area.
In this context, planners can identify the current and future problems of the study
area and provide the basis for assessing proposed policy solutions (Owens, 1995; Hull,
2008). In order to overcome the identified problems and to achieve the objectives, a set of
effective policy actions should be planned and applied for the sustainable mobility
development. Policy actions may benefit the sustainability by building new transport
infrastructures, transport demand management, promoting attitude changes and the use
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of information technology, etc. It was found that some improvements in resolving
transport related problems were obtained mainly through technological innovation
(International Energy Agency, 2004) and the implementation of Transport Demand
Management (TMD) measures (Litman & Burwell, 2006). TDM measure as the application
of strategies and policies are adopting by many European cities (like London, Stockholm,
Paris, etc.) to reduce travel demand, or to redistribute the demand in space or in time
(Gärling, et al., 2002; Ison & Rye, 2008). Concerning the effectiveness and popularity of
TDM measures, this thesis chooses Transport Demand Management (TDM) measures
as the long‐term transport actions to achieve the sustainable urban mobility.
There is a broad range of TDM measures have been applied, such as improving public
transport, road pricing, bicycle‐friendly facilities, etc. Due to the particular purposes and
circumstances of the study area, transport planners should select the appropriate TDM
measures for achieving the objectives. This chapter is therefore a preliminary review of
the different types of TDM measures in terms of their characteristics and implementation
barriers.
Together with the introduction of two types of TDM measures, section 2.3 also
discusses the implementation factors of TDM measures. Any measure can be implemented
throughout a city or in a particular area, at a given time of day. In many cases, they can be
implemented with different levels of intensity (e.g., toll rate or bus frequency) that are
characterized by the different impacts caused by the differences in TDM measure
implementation in the existing applications. So there are three factors i.e., time frame,
geographic scale and intensity are introduced associating with the implementation of
TDM measures.
Regarding the assessment methods on sustainable urban mobility, they are various.
The most widely used approaches in policy evaluation that could be Cost Benefit Analysis
(CBA) (Diakoulaki & Mavrotas, 2004) and Multicriteria Decision Analysis (MCDA).
Section 2.4 briefly compares the strengths and limitations of the two most‐used
approaches (i.e., MCDA and CBA) through the exiting case studies. Considering the
characteristics of CBA and MCDA, and a previous study (Guzman, 2011) has already
adopted CBA to analysis policy measures for the case of Madrid, this work opts MCDA
involved a new concept of stakeholders´ opinion within the assessment as the main policy
evaluation

approach.

Finally, an

integrated

multi‐criteria assessment

involved

participatory strategic tool is proposed to evaluate the impacts of different TDM measures
on sustainable urban mobility.
This chapter is organised as follows. Firstly, section 2.2 illustrates the definition of the
sustainable urban mobility and its specific assessment criteria/indicators for this work.
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Secondly section 2.3 reviews the current TDM literature in terms of two types of TDM
measures i.e., car restriction measures and public transport incentive measures, and the
implementation factors. Thirdly, section 2.4 emphasises on the sustainable mobility
assessment methods, including a brief comparison of the two evaluating approaches (CBA
and MCDA), a new approach based on regret that involves stakeholders´ opinions and the
combined utility‐regret assessment.

2.2

Sustainable urban mobility

As defined by Breheny (1990), urban sustainability is ¨the achievement of urban
development aspirations, subject to the condition that the natural and man‐made stock of
resources is not depleted, that the long term future is jeopardized¨. In order to achieve the
sustainable development, the Spanish government has drawn up a strategic plan (i.e.,
Spanish Sustainable Development Strategy, SSDS) following the EU Sustainable
Development Strategy (SDS), which was renewed in the Council of Brussels of 2006
(Ministry of Presidency, 2007). SSDS focuses on the environmental, social and global
dimension of sustainability, and it approaches the high‐priority areas defined in the
European Strategy (EC, 2001b).
Furthermore, the strong demographic and economic development in Madrid has
pushed public administrations to develop transport policies for a sustainable development
with the aim of having a more liveable, habitable, culturally opened, integrated and
competitive city (Monzón & Guerrero, 2004). Several strategies or plans corresponding to
the sustainable development have been developed in Spain or in Madrid: the Plan of Air
Quality in Madrid City 2011‐2015 (Ayuntamiento de Madrid, 2011), the Sustainable Use of
Energy Plan and the Climate Change Prevention Strategies (Ministry of Environment,
2008), the Local Air Quality Strategy, energy diversification of the City Council fleet (2006)
made by the Madrid City Council.
Following the same guidelines for the strategic planning in Spain and in Madrid region,
sustainable urban mobility becomes the main focus and the overall goal of the strategic
urban planning for Madrid. However, it has been emphasized that there was no single goal,
but that sustainable development is a direction or a path that needs to be followed and
that there are many different means to pursue it (Banister, 2005). In order to appraise the
performance of policy actions to sustainable mobility, three assessment criteria i.e.,
economic sustainability (or say transport system efficiency), environmental sustainability
and social sustainability are addressed and described in the next section.
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2.2.1 Assessment criteria of sustainable urban mobility
To define the criteria to assess sustainable mobility requires the reconciliation of
environmental, social equity and economic demands ‐ the "three pillars" of sustainability
firstly rose at the 2005 World Summit (UNG, 2005). The criterion of economic
sustainability is also called ¨economic efficiency¨, in this case associating to the transport
system efficiency. It addresses the welfare in the form of efficient provision of transport
services to passengers and freight (Gowdy, 2005). The criterion of environmental
sustainability becomes another key criterion in strategic transport planning because of the
severe environmental degradation caused by transport related problems (like air
pollution, noise, land degradation, etc.). Social sustainability is related to the issue of social
equity and social inclusion. Since social inequality is attracted more and more attention by
society, and it is usually occurred companying with the implementation of TDM measures,
like road pricing scheme (Ison & Rye, 2008), social sustainability is also set up as the
criterion to assess sustainable mobility. The concept and the potential assessment
indicators of each criterion are presented in Figure 2‐1.

Economic Sustainability
 Motorized travel time
 Modal share
 Operating costs
Environment Sustainability

Social Sustainability

 CO2 emission

 Accessibility

 Air pollution (NOx, PMx)

 Accidents

 Land use consumption



Weighted user benefit

Figure 2‐1 Assessment criteria and potential indicators


Economic sustainability

Although today the population in developed countries (like Spain) is slightly fluctuating
(increasing or decreasing), the consumption of natural resources and land is
unsustainable (Monzón & De la Hoz, 2011). With regard to the economic dimension of
sustainability, the challenge is to curb and manage the consumption pattern in order to
reduce natural resource consumption it is more the economic efficiency than the regulated
consumption of natural resources (Ruffing, 2007). To promote the economic sustainability,
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(or calls transport system efficiency) in the urban scale, the policy actions could focus on
reducing the demand of travel especially by unsustainable travel modes (e.g. private and
company cars), encouraging more sustainable travel modes (e.g., walking and bicycle);
improving public transport services, etc. The indicators related to economic sustainability
include travel time by car and by public transport, car/public transport (PT) use share and
operating costs, etc. The higher share of public transport and other non‐motorized modes,
the less air pollution and lower negative externalities (like noise, car accidents, etc.) can be
achieved.


Environmental sustainability

Environmental sustainability refers to reducing the negative human impacts on the
environment and maintaining the ecosystem. The current major concern in the
environmental dimension includes high GHG emissions and climate change, air pollution,
the non‐sustainable consumption patterns, and land degradation. Policy actions related to
environmental dimension include improving air quality, reducing transport related noise,
restricting the land degradation, amongst others. The indicators of CO2 emissions, NOX
index and the consumption of land use, etc., are focused on environmental dimension. The
reason to indicate these three indicators is that CO2 emissions are a long‐term global
concern: all emissions count equally wherever they occur (Bickel et al., 2006); the NOx
index poses more of a local problem; and land degradation is another long‐term impact
which may be caused by the transport infrastructure intrusion or public transport
oriented development (TOD) etc.


Social Sustainability

The implementation of transport and land use strategies changes international and
national law, influences urban planning and transport design, as well as local and
individual lifestyles and ethical consumerism (Wirth, 1995). Social, economic and
environmental impacts are often interrelated, like the majority of the impacts that could
be included in more than one category. For example, the indicator of accessibility, safety,
noise and human health can be categorised either in the environmental dimension or in
the social dimension. Main policy measures to achieve social sustainability is improving
level of accessibility, reducing road accidents, lowering the proportion of the population
affected by noise and visual annoyance, and encouraging social equity. This work
considers the indicator of accessibility, accident and a weighted user benefit to represent
social sustainability.
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With the definition of the sustainable urban mobility and its assessment criteria,
transport planners also needs to identify current and future problems of the study area
and provide the basis for assessing proposed policy solutions. However, there are a set of
effective TDM measures that could be applied to achieve the objective of sustainable
mobility, such as improving public transport infrastructure, road pricing, bicycle‐friendly
facilities, etc. The following section introduces the main TDM measures that have been
applied in real cases, such as London, Paris, Curitiba, Vancouver, etc. Among the good
practices, the main characteristics and the implementation barriers of each measure is
also provided.

2.3

TDM measures

Transport Demand Management (TDM) measures address the ¨Win‐Win¨ Transport
Solutions that help to achieve a combination of economic, environmental and social
sustainability objectives (Litman & Burwell, 2006). In general, the applications of TDM
measures include the following four aspects (Black & Schreffler, 2010):
1) Expanding the supply and availability of (more sustainable) alternatives (like
walking, bicycle or public transport);
2) Controlling demand for the use of unsustainable modes, especially private
vehicles;
3) Providing incentives and rewards for undertaking sustainable travel habits;
4) And imposing full‐cost pricing for the use of the automobile,
As mentioned before, TDM measures are demand‐side policy actions, and mainly are used
to reduce the amount of travel demand through shorter trips, less frequent trips, or travel
mode switching (Banister, 2005).
Moreover, the application of TDM measures becomes an important research field
especially in Europe. Based on the analysis on the impacts of TDM measures in many real
case studies, it was found that TDM measures could change urban mobility and generate a
variety of impacts on economic, social and environment (Akerman, 2000). Some TDM
measures are oriented to foster the use of sustainable transport modes (e.g., walking and
cycling, etc.). Some measures encourage travellers to alter their trip scheduling, trip route,
travel mode and even their destination. And some measures reduce the demand for
physical travel through better design, land use or transport substitutes (Gärling et al.,
2002). Although most of individual TDM measures only affect a small portion of the total
travels, the cumulative impacts of a comprehensive TDM programme is normally
significant.
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There are numerous TDM measures, classified usually on the basis of their different
impacts (meaning types of means, like mode switching or trip substitution) on travel
demand (Marshall et al., 1997, 2000; Meyer, 1999; Minken, 2003; Litman and Burwell,
2006). Marshall et al., (1997) categorised TDM measures by reviewing a comprehensive
range of available travel reduction measures (64 in totals) and grouped them into ten
categories (for example pricing, charging and taxation, communication and technology,
capacity management, physical measures and public awareness, etc.). These categories
reflect the general scope of application of TDM measures. The analysis of Meyer (1999)
sets out the characteristics of TDM, and listed the historical evolution in TDM measures
categories in different departments of transport. And the later work by Marshall and
Banister (2000) summarised ten types of travel reduction strategies (TDM measures) in
terms of the implicit mechanisms, and evaluated their potential impacts by means of four
case studies in European cities. Besides that, the European Project SPECTRUM (2004)
proposed four categories of TDM measures, which are legal and institutional, financial
barriers, political and cultural, practical and technological. Legal and institutional barriers
refer to legal or regulatory conflicts that may arise in the implementation phase of TDM
measures or when lack of legal powers may affect the implementation of a measure.
Financial barriers refer to the budget restriction, or lack of physical resources to
implement some policy measure. Political and cultural barriers usually occur when groups
of citizens oppose some policy, i.e. lack of public acceptance for the implementation of
certain TDM measures. Practical and technological barriers are associated with particular
problems that may arise in the implementation of a certain measure, such as technical
problems, transferability difficulties, or lack of sufficiently reliable technology.
In this thesis, it simply distinguishes the TDM measures into two types, which are
the ¨stick¨ measures ‐ increasing the ¨price¨ of travel for single occupant vehicle use (Car
Restriction Measures) and the ¨carrot¨ measures ‐reducing the ¨cost¨ of public transport
travel (Public Transport Incentive Measures). Car restriction measures are aimed at
restricting car using at a particular time (i.e. peak hour) or area (like city centre or
congested highways) by applying additional economic burden to car users, for example
congestion pricing, carbon tax and car‐free area, etc. And PT incentive measures in the
contrary attempt to promote PT modes (e.g., bus, metro and interurban train) by affording
better services (like reducing fare, increasing frequency, transit oriented development,
etc.). The following part introduces eight TDM measures in accordance with the two
categories, including their general characteristics, good practices and implementation
barriers.
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2.3.1 Two types of TDM measures
People use the ‘carrot and stick’ metaphor to represent the two types of policy actions. PT
incentive measures are like the ‘carrots’ to promote PT passengers by ¨prizes¨, while car
restriction measures then are the ‘sticks’ to put more ¨burdens¨ to car users (Ben & Ettema,
2009).
The car restriction measures refer to the type of measures aimed at restricting car
using, such as road pricing, attitudinal and behavioural measures, physical and regulatory
restrictions etc. This type of measures leads travellers to switch their travel mode to lower
travel cost means, like public transport, walking and cycling. Travel cost is the key element
within this type of measure, and it normally includes travel time and trip cost (e.g., toll
rate, gasoline costs and car maintenance costs, etc.). The primary barrier of car restriction
measure is the political resistance from car users: according to the various researches on
policy acceptability of car restriction measures, a single road pricing measure is hardly
accepted by the public if there is not any complementary measures or services provided
(Eriksoon, 2009; Di Ciommo et al., 2013). Actually, it was found that assembling travel
reduction measures into strategy packages can achieve positive results, ensuring that
when combined the measures are complementary towards the policy objectives of travel
reduction. For example, a combination of public transport incentive measures and road‐
user charging is considered by a higher percentage of private car‐users in each city as the
most effective solution for reducing private car‐using (Thorpe, 2000). In this context, the
implementation of public transport incentive measures is critical in the sustainability
urban development.
Public transport (PT) incentive measures include the measures of upgrading existing
public transport infrastructures, implementing new bus/rail lines, enhancing bus/rail
services, promoting the use of advanced public transport information systems, etc. This
type of measures is mostly welcomed by public and more easily accepted by the society.
Many case studies have shown that the combined package drives modal shift from private
car toward public transport modes (Viegas, 2001; Rietveld, 2003). However, the critical
implementation barrier of PT incentive measures is the need of considerable initial
investments and maintenance/operating costs (Pucher et al., 1983; Thorpe et al., 2000).
Thus it is more difficult for local government to apply this type of measures particularly
when a country experiences an economic crisis like Spain. In this context, to integrate PT
incentive measures and car restriction measures hence is essential in the urban
sustainable development (Eriksson et al., 2009). For example, by combining a road pricing
scheme and public transport improvement, local or transport authorities can use the
revenue obtained from the road pricing measures to substitute the costs of maintaining
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services of PT. Meanwhile, better public transport services also would diminish public
reluctance of travellers who have reduced the use of their private vehicles.
Specific combined package includes carbon tax, toll area/road and parking pricing,
speed reduction, vehicle prohibit zones, PT financial measures, PT services improvement,
PT‐oriented development, etc. In order to address the most appropriate TDM measures or
packages for the study area, the following section presents a review on the effectiveness,
applications and implementation barriers of these two types of measures (i.e., car
restriction measures and PT incentive measures).
I. Car restriction measures
a) Carbon tax
Carbon taxes are based on fossil fuel carbon content, and therefore a tax on carbon dioxide
emissions. They differ from current fuel excise taxes, which are applied primarily to motor
vehicle fuels as a way to finance highways and other transport services (Priccs, 2005).
Because carbon taxes are intended primarily to internalize the environmental costs of fuel
consumption and encourage energy conservation, there is no particular requirement for
how their revenues should be used. Revenues collected from the carbon tax can be used to
reduce taxes, provide rebates, or finance new public services, including energy
conservation programmes. If most revenues are returned to residents and businesses,
resulting in no significant increase to total government income, the taxes are considered
revenue neutral, called a tax shift. Many economists advocate tax shifting to help achieve
strategic policy objectives: raise taxes on bad aspects, such as pollution emissions, and
reduce taxes on goods, such as labour and investments (Clarke and Prentice 2009).
The price elasticity of gasoline is typically about ‐0.3 in the short term and ‐0.7 in the
long term, meaning that a 10% price increase reduces fuel consumption 3% in a or two
years, and 7% in five to ten years (Williams & De Place, 2008). Short‐term fuel savings
consist in reduced driving and a shift toward more fuel‐efficient vehicles. Over the long‐
term, higher fuel prices encourage consumers to purchase more fuel‐efficient vehicles.
About two‐thirds of long‐term fuel savings typically come from increased fuel efficiency
and one third from reduced vehicle travel. As a result, increased fuel taxes cause greater
fuel savings but less vehicle travel reductions than the same amount of revenue collected
through per‐kilometre fees, road tolls or parking charges (Williams & De Place, 2008).
The primary barrier to Carbon Taxes tends to be political resistance from petroleum,
vehicle and transport industries, and vehicle users (Priccs, 2005). Such tax reforms may
depend on making them part of a package that satisfies a variety of objectives.
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The application of carbon tax is in the United Kingdom. The UK had a policy of
increasing fuel taxes by 5% per year as an energy conservation and TDM strategy.
Research by the European Environment Agency indicates that it has reduced emissions
compared with what would have otherwise occurred (Fredriksson, 1997). However, in
November 2000 the government discontinued that policy in response to popular
resistance due to wholesale fuel price increases, but has not reduced taxes.
b) Toll Area/Road
Cordon toll is a typical toll area/road form, which involves charging vehicle users directly
for driving on a particular road or in a particular area. Economists have long advocated
toll area or road pricing as an efficient way to finance infrastructures, and encourage more
efficient transport (Sharp et al., 1986, Levinson, 1997, Small & Gómez‐Ibáñez, 1997; Yang,
1999, Kim, 2005, Munk, 2008). It can reduce traffic congestion on a particular road section
or area, especially if it is implemented as part of a comprehensive TDM programme
(Vickrey 1955).
Road Pricing increases vehicle users’ direct costs, but these are economic transfers;
payments by car users are offset by revenues to the tolling agency or government. Overall
consumer impacts from Road Pricing depend on how revenues are used (Parry, 2008).
Toll area and road pricing impacts on travel demand depend on the type and
magnitude of fees, on where it is applied, on what alternative routes and modes are
available, and on what is assumed to be the alternative or base case. Several studies have
investigated the sensitivity of vehicle travel to road tolls. These indicate a price elasticity
of –0.1 to –0.4 for urban highways (i.e., a 10% increase in toll rates reduces vehicle use by
1‐4%), although this can vary depending on the type of toll, type of traveller and other
factors (Vovsha et al., 2012).
A major barrier to implement this measure is opposition from user groups who
consider themselves worse off (referring social equity issue) if they are forced to pay to
use currently unpriced roads. Consumers generally oppose new or increased prices
(Schade and Schlag 2000). The trucking industry and vehicle associations have generally
opposed Road Pricing measure, although this may change as urban congestion increases
(Regan 2000; Walker 2011). Many citizens distrust government agencies and fear that
Road Pricing will be implemented primarily to increase government revenue, and
inefficiently used (Small, 1992).
Toll area and road pricing have been implemented in different ways in Singapore,
United Kingdom, United States and Sweden. For example, the case of London is one of
widely known application. Since 17 February 2003 the city of London has charged a £5
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daily fee for driving private vehicles in a 13 kilometre square area during weekdays as a
way to reduce traffic congestion and raise revenues for transport improvements. An
automated system checks vehicle entering the charging zone against a database of vehicle
users who have paid the fee. Vehicle traffic speeds have increased; bus PT service was
improved, while accidents and air pollution have declined in the city centre. Public
acceptance has grown, increasing the support for expanding the toll programme to other
parts of London. This is the first congestion pricing programme in a major European city,
and its success suggests that congestion pricing may become more politically feasible
elsewhere (Richards, 2006).
This thesis focuses on the long term impacts of cordon toll –i.e. toll rate paid by car
users to drive in a specific area, usually a city centre‐. This can be done by requiring
vehicles driven within the area to display a pass, or to pay a toll at each entrance to the
area. The toll can be implemented with a fix pricing scheme for years or increased by a
certain growth every year.
c) Parking charge
Parking charge is an effective way to reduce vehicle use, and tend to be particularly
effective in urban areas where congestion problems are the greatest. Driving and parking
are virtually perfect complements: vehicle users need a parking space at virtually every
destination.
In particular, since most urban highway trips in peak hours are for commuting,
employee parking pricing can have a similar effect as a road toll. The analysis by Roth
(2004) indicates that pricing of street parking would make urban driving more expensive
but more efficient, due to lower levels of traffic congestion and the relative easiness in
finding a parking space near destination, as well as providing new revenues. He theorizes
that over the long‐term this can benefit urban areas overall.
Parking charge may be implemented as a TDM strategy to recover parking facility
costs, to generate revenue for other purposes (Neuenschwander et al., 2000). Even modest
parking fees can affect vehicle travel patterns. The price elasticity of vehicle travel with
respect to parking price ranges from –0.1 to –0.3 (a 10% increase in parking charges
reduces vehicle trips by 1‐3%), depending on demographic, geographic, travel choice and
trip characteristics (Vaca, 2005). Pricing that applies to commuter parking tends to be
particularly effective at reducing commuting trip in peak time.
However, Parking charge implementation faces various barriers:
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 Vehicle users are accustomed at receiving subsidised parking, and so often resent
and oppose Parking charge. They see it as an additional new cost, rather than a
different way to pay for a service they use.
 Planning professionals have well‐established systems to address parking
problems by increasing parking supply through zoning requirements and public
subsidies.
 Individual businesses and commercial districts use the free parking to attract
customers and reward employees.
 Over supplying parking places causes businesses to consider parking facilities a
“sunk” cost, with little marginal value. Unless a business can sell or lease excess
parking capacity, they may perceive little financial benefit from encouraging their
employees and customers to reduce their parking demand.
Moreover, parking is increasingly linked to public transport. Amsterdam, Paris, Zurich
and Strasbourg limit the number of parking places allowed in new developments based on
how accessible bus, tram or metro stop are on foot. Zurich has made significant
investments in new tram and bus lines while making parking more expensive and less
convenient. As a result, between the year 2000 and 2005, the share of public transport
using went up by 7%, while the share of cars in traffic declined by 6% (Acierno et al.,
2006).
d) Speed reduction measures
Speed reduction measures consist of traffic calming, speed limits, speed enforcement,
driver education, etc., aiming to reduce the speed on urban roads. However, drivers tend
to maintain a speed that feels comfortable, based on the design (lane width, visibility,
clearance) and use (traffic volumes, turning activity, pedestrian activity) of each stretch of
roadway. As a result, simply reducing posted speed limits may do little to reduce actual
traffic speeds. Effective speed reduction generally requires changing roadway design, or
significantly increasing enforcement.
Studies indicate that the elasticity of vehicle travel with respect to travel time is –0.2
to –0.5 in the short term and –0.7 to –1.0 over the long term, meaning that a 10%
reduction in average traffic speeds reduces affected vehicle travel by 2‐5% during the first
few years, and up to 7‐10% over a longer time period (Varhelyi & Makinen, 2001). This
occurs because vehicle users generally measure travel in terms of time as well as mileage,
so as traffic speeds increase vehicle users tend to travel more miles.
Barriers to apply speed reduction strategies include resistance from road users, and
technical difficulties implementing changes in road design or increased enforcement.
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A good practice of this kind was developed in Brasilia. Traffic Taming in Brasilia was
the first Brazilian experience in the control of traffic violations. In the city of Brasilia, the
average vehicle speed was 90 kilometres per hour and there were 3 to 4 traffic deaths
each day, almost half of them were pedestrians. In response to public demand, the
Government of the Federal District implemented a traffic safety programme in 1995 that
included the installation of 330 electronic speed controlling devices, engineering work in
critical locations, and the creation of a Traffic Division with 500 police officers (Leaf &
Preusser, 1999). This programme succeeded in creating a revolution in attitudes towards
citizenship rights in traffic. This resulted in traffic speed reduction and respect for
crosswalks, and a consequent reduction in traffic‐related deaths. It created an innovative
partnership between media, government and the public. This programme acted in areas
such as health, traffic, transport, education, construction, finance and culture, and resulted
in improved safety for cyclists and pedestrians. It has been successfully copied in
numerous cities, with significant decreases in traffic mortalities.
e) Cars free zones
Car free zones aim to restrict car use in particular zones like city centre or a central
business district or to prohibit the car using in certain time of day or week. It includes four
regulatory ways to limit vehicle travelling in a particular time and place, such as
 Some cities (e.g., Cologne, Waterwijk, etc.) discourage or prohibit vehicle traffic on
certain roads at certain times to create pedestrian‐oriented commercial area.
 Some other cities (e.g., Central Copenhagen, Groningen, Ghent, etc.) have Auto‐
Restricted Zones that limit automobile access, for example, to residents and
commercial vehicles. These often have features of Car‐Free Planning, Pedestrian
Improvements, Traffic Calming and Location Efficient Development.
 Road Space Reallocation can increase the portion of road rights‐of‐way affected to
walking, cycling, HOV, PT and freight transport, giving them Priority over general
automobile traffic (Goddard, 1997).
 Driving can be restricted belong vehicle license plate numbers. For example,
vehicles with license numbers ending in 0 or 1 are prohibited from driving on
Mondays, and other numbers limit driving during other weekdays. This is typically
implemented as a temporary measure during air pollution emergencies, or to
reduce traffic congestion during major events.
Political acceptability is usually a major barrier to car restrictions. In general, car
users and specific firms are likely to oppose the implementation of car restriction
measures since it leads more travel costs. Ineffective planning in the implementation of
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car restriction measures, administration and enforcement can also present barriers (Liu et
al., 2010).
One of the examples to prohibit car use is based on the time of day as in the case of
Beijing. Since 2008, with the Olympic Games, Beijing has implemented vehicle license
plate numbers policy control. After the event, the government of Beijing confirmed this
policy as a long term strategy. The average travel speed increased 11.5% in that year when
the vehicle restriction policy was launched (Wang, et al, 2009). From 2011, the local
government started another vehicle license restriction measure in order to reinforce the
effect, which is assigned a certain number of car plates every month, car owners has to
ballot for it.
II. Public transport incentive measures
a) PT financial measures
PT financial measures refer to policy actions of public transport subsidy and PT fare. PT
subsidy measures have two aspects; one indicates the economic compensation from the
government to PT providers to offer adequate services, the other is oriented to PT users
(like travel allowances from companies) for using the current PT services. A PT fare
subsidy is a direct way to reduce travel cost for public transport users. It can be realized
by:
 Reducing bus/rail fares or offer discounts (such as lower rates for off‐peak travel
times).
 Offering a reasonable fare structure and adopting intelligent Paying Systems like
electronic “smart cards.”
Since private vehicle using generates more external costs (such as traffic congestion,
accident and air pollution, GHG emissions, etc.) than PT mode, the improvements in PT
services then would drive tend to provide large benefits on sustainability.
Both PT subsidy and PT fare measures can significantly reduce the number of trips by
private car. For example, in the USA a $1.5 per day PT subsidy at a transit‐oriented activity
centre is predicted to reduce vehicle commute trips by 10.9%, while in a rideshare‐
oriented Central Business District, the same subsidy would only cause a 4.7% trip
reduction (Comsis Corporation, 1993).
Major implementation barriers to PT financial measures include limited funds, car
oriented land use, and policies that underprice car use.
A successful example for promoting PT financial measures is in the capital of China,
Beijing. Transport administration agency of Beijing has launched a discount PT fare to all
types of public transport users. From the first January of 2007, the price of a single bus
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ticket was reduced by 60% of normal travellers (0.05 € per trip). Meanwhile, children and
school students have 80% discount (0.02 € per trip) and older people (older than 65 years
old) can use public transport for free. This policy leads the share of public transport from
34.5 per cent to 45 per cent in one year, and it will achieve around 50% at the end of 2012
(Wang & Xu, 2010).
b) PT service improvement
There are various ways to improve public PT services and increase PT ridership, which are:
 Increase PT service ‐ more routes, more frequent and longer operating hours.
 PT Priority ‐ bus lanes, queue‐jumper lanes, bus‐priority traffic signals, and other
measures that reduce delays of PT vehicles.
 Comfortability improvements, such as more space inside of bus/metro vehicles,
better seats and clean environment.
 Improve bus/rail stops and stations, including shelter (enclosed waiting areas, with
a heater in winter and cooling in summer), seating, way‐finding and other real time
information tools, washrooms, refreshments, WIFI services, and other facilities.
 Improved rider information and marketing programmes, including real‐time
information on PT vehicle headway.
 Reform transport regulations and organizations to promote PT service efficiency
and responsiveness (Correa, 2006).
 Multimodal Access Guides, including up‐to‐date PT network maps, schedules,
contact numbers and other information on how to reach a particular destination by
PT.
These improvements are usually promoted and implemented by local PT agencies,
often with support from other government departments. The elasticity of PT use with
respect to PT frequency averages at 0.5, meaning that each 1.0% increase in service
(measured by PT vehicle mileage or operating hours) increases the average ridership by
0.5%. The elasticity of PT use of service expansion (e.g. routes into new parts of a
community already served by PT) is typically in the range of 0.6 to 1.0, meaning that each
1.0% of additional service increases ridership by 0.6‐1.0%. New bus service in a
community typically achieves 3 to 5 annual rides per capita, with 0.8 to 1.2 passengers per
bus‐mile (Pratt, 2004).
Major barriers to implement the PT improvement measures include limited funds,
policies that underprice vehicle travel (which makes PT relatively less competitive), and
stigma that is sometimes associated with PT use.
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PT improvement measures have been adopted by many cities, particularly it applies
along TDM programmes, like pricing schemes for example. There are a lot of examples and
best practices in this case, such as the Bus Rapid PT system in Curitiba, Brazil, etc.
(Levinson et al., 2002).
c) Transit Oriented Development (TOD)
TOD refers to residential and Commercial Centres designed to maximize access by PT and
non‐motorized transport, and with other features to encourage PT ridership. A typical
TOD has a rail or bus station at its centre, surrounded by relatively high‐density
development, with progressively lower‐density spreading outwards one‐quarter to one‐
half kilometre, which represents pedestrian scale distances.
High‐quality PT supports the development of high‐density urban centres, which can
provide accessibility and agglomeration benefits (efficiencies that result when many
activities are physically close together), while vehicle‐oriented transport conflicts with
urban density because it is space intensive, requiring large amounts of land for roads and
parking facilities (Brinckerhoff et al. 2002).
PT Oriented Development can stimulate local economic development (Adams and Van
Drasek 2007). It tends to increase property values 5‐15%, reflecting the direct benefits to
residents and businesses of having diverse transport options, and resulting vehicle and
parking cost savings (Weinberger 2001; Smith and Gihring 2003).
The analysis by Wolf and Symington (2009) summarises the following policy actions
within the Transit Oriented Development:


Accommodate pedestrians.



Improve access between PT to jobs or residences.



Resolve PT fiscal challenges and barriers.



Integrate views among stakeholders.



Enhance other TDM measures and related tools with TOD.



Implement land use regulations.



Acknowledge political opposition to growth and density imposition.

However, Transit Oriented Development may require changes in zoning codes and
development practices to allow and encourage higher density development and lower
parking requirements around PT stations (Venner and Ecola, 2007). It may also require
additional funding for pedestrian and bicycle facility improvements.
Some practices of TOD are both in South America, like Curitiba and Bogotá, and in
North America, like San Francisco Bay Area, or Salt Lake City Metropolitan Area. For
example two TOD cases in European are the new tram plan of Paris and the Finger plan of
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Copenhagen which are effective at easing travel demand. In general, new tram lines are
used in the edge of the city of Paris which links metropolitan suburbs to Paris (Newman &
Kenworthy, 2006). And the Finger plan in Copenhagen divided the suburbs into five
fingers. For each finger, there is a S‐train line built, while green wedges and highways are
built between the fingers (Knowles, 2012)

2.3.2 TDM measures implementation
Each TDM measure has its proper advantages and weakness regarding the defined criteria.
In particularly, it would bring distinct impacts when the implementation of TDM measures
is in different geographic scale (such as city centre or metropolitan area, etc.) or in
different time frame (such as short term or long term). Hence, it is critical to address the
appropriate implementations for each TDM measure because of:
 Different implementations of TDM measure leads to cost disparity, for example
apply PT improvement measures in a small area costs relatively less than in a
large area.
 Poor design of policy implementation would generate negative effects, such as
congestion, accident and so on. For instance an exceeding high parking fee
would lead to traffic congestion in the rim of parking area;


Intensity factor effects on transport system efficiency and its public
acceptability. For example if local government applies a road pricing measure
in an extreme aggressive pattern (a very high fare rate for instance), it would
lead to considerable resistance from user.

 Different implementation regarding the geographic scale also leads distinct
operational barriers. For instance, PT improvement measure implements in a
large area requests comprehensive cooperation among local authorities and
bus companies.
The congestion pricing scheme that applied in London also shows the importance to
consider different implementations of TDM measures application. The London Congestion
Charging Scheme (LCCS) started on February 17, 2003, by charging a £5 (6 €) daily fee. In
2005 the fee was increased to £8 (9.5€) for driving private vehicles in an eight square
mile area (around 13 kilometre square) in the city centre during weekdays as a way to
reduce traffic congestion and raise revenues for transport improvements (Richards, 2006).
Regarding impacts of LCCS on congestion, TfL (Transport for London) shows that the
congestion pricing decreases the average congestion rate by 8 per cent to 20 and 30 per
cent range against the representative 2002 baseline (Tonne et al., 2008). This was towards
the top end of TfL’s range of expectation (Tonne et al., 2008). The average reduction for
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the 2005 calendar year was 22 per cent, lower than the year 2003 and 2004 but still
within TfL’s original range of expectation. In 2006 and 2007, however, there was an
accelerating loss of the original congestion benefits. Average congestion in 2006 was just 8
per cent below pre charging levels. Average congestion in 2007 was identical to
representative pre charging values.
The impacts of London Congestion pricing show that vehicle traffic speeds have
increased; the bus PT service has improved, while accidents and air pollution have
declined in the city centre. Public acceptance has grown and there is now support to
expand the programme to other parts of London. This is the first congestion pricing
programme in a major European city, and its success suggests that congestion pricing may
become more politically feasible elsewhere (Beevers & Carslaw, 2005). This is despite
sustained reduction in the volume of traffic circulating within the original charging zone.
The aspect of ¨implementation¨ in their work signifies the different type of transport
policies respect to the public acceptability and potential barriers. Transport authorities
and planner should take into account the impacts of different policy implementations in
sustainable mobility planning. In this work, the implementation issue is focused on three
factors:
(1) Time frame — when start to implement a policy measure?
(2) Geographic scale— where and how broadly deploys the possible measures or
packages?
(3) Intensity — how intensively these measures should be structured?
The two aspects of the time frame and geographic scale of policy implementation are
derived from the work of Banister et al., (2000). They have addressed four key study
aspects aiming to identify those key issues in relation to sustainable transport which are
packaging, timing, implementation and responsibilities. Packaging means how policies can
be packaged to increase their effectiveness; timing refers the time scale to start applying
the policy measure and the time over which policies might have more effect;
implementation signifies the different types of policies regarding public acceptability and
potential barriers; and finally responsibilities show the responsibilities taken by the
decision makers and other stakeholders in policy implementation. In this thesis, packaging
means each TDM measure can be implemented individually or jointly to solve the
transport related problems for Madrid. Timing and implementation aspect, referring to
public acceptability and potential barriers, address the time frame and geographic scale of
each TDM measures, which is necessary to make a consensus among decision makers.
Since this work is a theoretic and academic practice, the aspect of responsibilities is not
discussed here.
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The possibilities on each implementation aspect are also various. Figure 2‐2 presents
respectively three possibilities in terms of the three implementation factors. For time
frame, TDM measure can be applied in short term (0‐5 years), middle term (10‐15 years)
or long term (20‐30 years) in the strategic mobility plan. Regarding to the geographic
scale, it depends on the study area. For this case, it distinguishes as urban area,
metropolitan area and region. And the intensity means the implementation level, it could
be steady (i.e., constant level), mild (i.e., linear changing) or aggressive (i.e., step‐wise
changing) (Banister et al., 2000). For example a TDM measure like a cordon toll can be
applied in the short‐term (0‐5 years) in an urban area within a constant charging fee.
Time Frame
Short term
(0‐5 years)
Middle term
(10‐15 years)
Long term
(20‐30 years)

Geographic Scale

Intensity

Urban area

Steady

Metropolitan area

Mild

Region

Aggressive

Figure 2‐2 Implementation possibilities

2.4

Assessing sustainable urban mobility

Assessing sustainable urban mobility is a complex task for policy makers due to a high
degree of uncertainty at long‐term. Policy makers and society face several fundamental
challenges during the assessment: i) the many components of the social, economic, and
environmental are strongly interrelated, giving rise to complex dynamics which are often
difficult to grasp; ii) the limited understanding of urban dynamics makes it difficult to
anticipate the impact and unintended consequences of public action; and iii) urban
development policies are subject to highly distributed, multi‐level decision processes and
have a profound impact on a wide variety of stakeholders, often with conflicting and/or
contradictory objectives (Kelly et al., 2008).
To solve the abovementioned problems, the existing assessment methods has a main
limitation as a result of they are all utility‐based, which assumes that there is a common
measure of social welfare on which alternative policy actions can be gauged and compared.
Therefore, the existing approaches like cost‐benefit analysis (CBA) and multi‐criteria
decision analysis (MCDA) may disregard other plausible decision mechanisms such as
regret minimization (Inman et al., 1997; Laciana and Weber, 2008; Chorus et al., 2013).
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This work thus introduces a new concept (i.e., regret theory) associating with the
traditional assessment methods that intends to involve participatory approach in the
assessment process. An innovative integrated assessment framework has the advantage of
combining expert‐judgement with transport models to design and assess policy actions.
In this part, firstly it compares the two traditional policy assessment approaches, i.e.,
CBA and MCDA, regarding their own characteristics and practices. Then it introduces the
concept of regret‐based approaches and reviews the existing regret‐based models. And
finally it provides the new integrated assessment framework, including strategic tools (i.e.,
scenario building), impact analysis tools (i.e., transport models), and evaluation tools.

2.4.1 CBA and MCDA
To assess urban mobility for the possible TDM measures, Cost Benefit Analysis (CBA) and
Multi‐criteria Decision Analysis (MCDA) are two approaches often used in sustainable
development. This part gives a brief comparison on CBA and MCDA in order to choose one
of them for the current thesis.
Both CBA and MCDA aim at broadening the decision making perspective beyond the
limits set by the market mechanism, while both rely on values attached by people with
multiple points of view (Diakoulaki & Mavrotas, 2004). However, benefits and costs in CBA
are expressed in monetary units, and adjust for the monetary time value , so that all flows
of benefits and flows of project costs over time are expressed on a common basis in terms
of "net present value (NPV)” (Campbell & Brown, 2003). Then, CBA compares different
alternatives by using linear aggregation models such as NPV. In contrast, in MCDA, values
reflect preferences of a group of people mostly are decision makers or stakeholders, and
concerns with structuring and solving decision and planning problems involving multiple
criteria. Cost is usually considered as one of the main criteria in MCDA. The welfare finally
achieved by a linear additive function and is also the most widely used for aggregating
partial values (Köksalan et al., 2011).
Both CBA and MCDA are rooted in utilitarian theory, which assumes that there is a
common measure of social welfare on which alternative policy actions can be gauged and
compared. Nevertheless, it has several critical differences between CBA and MCDA. For
example, CBA and MCDA perform differently on commensurability, compensation and
comparability (Diakoulaki & Grafakos, 2004). As Ergas (2009) summarised, no matter the
evaluation standpoint, decision‐relevance, comparability, verifiability, accountability or
scientific progression are slightly different between CBA and MCDA. Regarding the
mentioned differences, the two approaches have been utilised in different projects on
sustainable development.
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For example, Eliasson (2009) presented a cost–benefit analysis of the Stockholm
congestion charging system, and it yielded a large social surplus, enough to cover both
investment and operating costs. Thus, using the CBA approach, stakeholders can directly
know if the project produces benefits or not. In the case of Madrid, Guzmán (2011) has
adopted CBA to examine an optimal pricing scheme (i.e., a cordon toll) in terms of system
efficiency, social equity and environmental impact. His work highlights the major
contributors to social welfare surplus as well as the different considerations regarding to
mobility impacts. The advantage of CBA is that it is able to show how much social surplus
achieved, and whether the proposed project well enough to cover both investment and
operating costs, provided that it is kept for a reasonable lifetime.
MCDA is widely used in environment decision making projects (Schmoldt et al., 1994;
Tran et al., 2002; Beinat & Nijkamp, 2007). It is known that in the environmental project
criteria cannot be easily condensed into a monetary value, partly because environmental
concerns often involve ethical and moral principles that may not be related to any
economic use or value. The paper of Kiker (2005) has summarised a number of
environmental projects using MCDA and presented a literature review and some
recommendations for applying MCDA techniques at current environmental projects.
Opricovic and Tzeng et al (2004) adopted two methods of MCDA, TOPSIS and VIKOR
to evaluate several alternative fuels of public bus by the case study of Taiwan. The criteria
involved in this analysis cover mainly the aspects of environment like air pollution, noise,
energy supply, but also the cost, vehicle capacity, road facility and so on. It seems that
MCDA can be based on gathering data and evaluating alternatives by the experts without
using mathematical model of evaluating criteria. The work of Costa and Carlos (2001)
describes how multi‐criteria decision analysis techniques and software tools were used to
analyse spatial conflicts in the Lisbon Metropolitan Area. These studies highlight the
potential of MCDA as a useful methodological framework for the evaluation of policy
options and conflict for resource allocation.
While the transport model used in this thesis can incorporate both CBA and MCDA as
the two most prominent appraisal methods (Pfaffenbichler et al., 2008), the MCDA was
preferred in this study because of its clear advantages in the transport sustainability
context:
 MCDA can directly involve stakeholders and account for their priorities in the
decision‐making process Turcksin et al., (2011) and Macharis et al., (2012),
especially facing a particular decision problem, MCDA is superior in order to
detect their preferences and values regarding the decision criteria.
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 It acts as an interactive learning procedure, motivating stakeholders to think
harder about conflicts addressed by taking into account other points of view and
opposing arguments (Martinez‐Alier et al., 1998, Omann, 2000).
 It is a multi‐disciplinary approach amenable to capturing the complexity of
natural systems, the plurality of values associated with environmental goods and
varying perceptions of sustainable development (Toman, 1997).
 Applications of MCDA can consider a large variety of criteria, whether
quantitative or qualitative, independent of the measurement scale.
 MCDA is less prone to biases and distributional problems than CBA. Individuals
feel freer to express their preferences in the form of importance weights and
decide on the necessary trade‐offs when they are not restricted in their ability to
pay (Joubert et al., 1997).
 CBA hardly be able to represent a holistic view incorporating multiple criteria
that are difficult to monetize.

2.4.2 Regretbased approach
Regret is a common word to describe the human emotion experience when one or more
non‐chosen alternative performs better than the chosen one in terms of one or more
criteria (Von Neumann and Morgenstern, 1947). From the psychological perspective, any
selection people made automatically evokes the experience of regret or rejoicing, in
relation to what could or might have been (Gilovich, and Melvec, 1994). People normally
have a strong affective reaction (regret or rejoicing) when they see the big difference
between the outcome they have chosen and the outcome they have rejected. Regret is thus
always associating with a comparison between the outcome of a decision and a better
outcome within rejected alternatives (Bell, 1982). As Kahneman and Miller (1986)
suggested, the outcome evaluation criterion acts as an appropriate context of regret used
in the evaluation processes like a point of reference. Overall, regret theory contains these
two key points: 1) the fact that regret is commonly experienced and 2) people try to
anticipate and avoid the experience of future regret (Loomes and Sugden, 1982).
During the decision making process, people normally choose their action to maximise
their expected utility when they face a decision between multiple alternatives under
uncertainty (Loomes and Sugden, 1982; Mellers, 1999; Coricelli, 2005). The expected
utility is an objective function with the magnitude of the expected payoff. There is
evidence that people do not always make decisions involving uncertain monetary rewards
as if they were maximizing expected utility of final assets. By incorporating the notion of
regret, expected utility theory not only becomes a better descriptive predictor but also
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may become a more convincing guide for prescribing behaviour to decision makers
(Loomes and Sugden, 1982; Bell, 1982). For policy decision makers, avoiding expected
regret is even more crucial since their decision would influence on numerous people and a
plenty of money.
Through a literature review of the regret theory, the existing practices are diverse.
The research by Savage (1951), Loomes and Sugden (1982) and Bell (1982) proposed a
proper regret theory for rational decision‐making under uncertainty. Eldar (2004) and
Wang (2011) adopted mini‐max regret criterion for decision making with incomplete
utility information or with bounded data uncertainties. The work of Coricelli (2005, 2007)
shed light on the experience of regret from the neuropsychological and neuroimaging
point of view. And Kujaswski (2005) and Chorus (2010) developed their mathematical
model on the basis of regret theory and created a regret function that incorporated regret
element in a similar manner as the expected utility function to aid the decision‐making
process.
Thus the many violations of the axioms of von Neumann and Morgenstern (1947)
expected utility theory might, in principle, be explained by the influence of anticipated
regret. A decision maker under such influences might incur a sub‐optimal choice to avoid
future regrettable situations. It was also found that the existing expected utility theory
appears to fail because the single outcome is not sufficient (Kahneman and Tversky, 1979).
These authors found that the failure was neither small scale nor randomly distributed, but
because some important factors like regret was not involved that, indeed, would affect
choices by people that were specified by the conventional theory (Ibid). Thus, regret could
be an important factor in resolving the apparent failure of utility theory to reflect
observed behaviour.
Regarding regret‐based models, Chorus (2010) developed the Random Regret‐
Minimization model (RRMM), which is rooted in regret theory and provided several case
studies. His regret‐based discrete choice‐models assume that regret is potentially
experienced with respect to each foregone alternative that performs well instead of
assuming that regret is experienced with respect to only the best of foregone alternatives.
By comparing the random regret model (RRM) and random utility model (RUM) for the
same case study, the RRMM presents a slight edge in model fit over RUM on their data
though both of the models lead to reasonable results. RRMM may be useful concepts for
the analyses of the preferences of politicians and choice‐behaviour (Chorus, 2011).
In parallel, Kujawski (2005) proposed a Reference‐Dependent Regret Model (RDRM)
to account for an absolute value on regret between chosen and forgone alternatives, and
used it in the MCDA and cost‐utility‐regret analysis (CURA). His earlier studies focus on
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the methods of the MCDA. For example, he used a real life example of the 2002 Winter
Olympics women figure skating competitions to illustrate the limitations, pitfalls and
practical difficulties of MCDA in deciding a practical case (Kujawski, 2003). In his paper,
the different MCDA methods (e.g., the weighted sum, weighed product and analytic
hierarchy process) can provide conflicting rankings of the alternatives for a common set of
information even under states of certainty. It showed though there are many MCDA
methods, but none can be appropriately used for all situations. MCDA analysts have to
recognize the assumptions and limitations of the different MCDA methods in order to use
them effectively. Thus, he developed the RDRM incorporating regret factor to resolve the
restrictions in the conventional MCDA problems.
In addition, Chorus et al. (2011) established the regret‐based discrete choice
model for politicians’ choice of road pricing outperformed the utility‐based model.
Ram (2011) illustrated a framework to develop scenarios in a quick way and calculated
the regret, as an approach of robustness, by the difference between the best performance
value and the current alternative performance value. Adopting regret as an approach of
robustness, the reasons are 1) regret is focused on the different quantitative outcomes
between alternatives (Lempert et al, 2006); 2) the measure involving regret can serve to
induce greater deliberation among alternatives (Zeelenberg, 1999); 3) regret theory is
recommended because it can eliminate the inferior alternatives through dominance. The
target of the MCDA using regret theory therefore is minimizing the expected regret
(Loomes and Sugden, 1982), thus it can represent the loss in value relative to the best
option. It can be measured on a scenario specific scale, and be defined by the joint lower
and joint upper levels of performance of the options under that scenario.
Moreover, incorporating regret theory with the traditional MCDA assessing approach
is mainly because of two main reasons. Firstly, sustainable transport involves economic,
social and environmental goals that are often conflicting and thus there are not clear ¨no
regret¨ policy options. Such decisions often require compromise solutions, which are
associated with regret minimization (Chorus & Bierlaire, 2013). Secondly, the decision‐
making process is a group decision in which the consensus alternative is attained through
compromise and does not always comply with the views of all the policy‐makers involved
(Iverosn, 2012).

2.4.3 Integrated assessment framework
As mentioned before, assessing sustainable urban mobility is a complex task for policy
makers due to a high degree of uncertainty. The long‐term planning horizon, the wide
spectrum of potential policy packages, the need for effective and efficient implementation,
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the large geographic scope, the necessity to consider economic, social, and environmental
goals, and traveller’s response to the various action courses and their political
acceptability (Shiftan et al., 2003) make policy assessing process become complex and
uncertainty. The immense complexity necessitates the use of strategic tools (i.e., scenario
building), impact analysis tools (i.e., transport models), and evaluation tools (i.e., multi‐
criteria decision analysis).
Although these tools have been extensively used over the past three decades, their
combination has been employed only recently. Scenario building and transport models
were used as an impact analysis tool for long‐term planning (Chatterjee & Gordon, 2006).
Ecological footprint models were utilized to explore alternative transport policy scenarios
(Browne et al., 2008). Activity‐based models were employed to analyse the effect of land‐
use (Shiftan, 2008) and transport policy packages (Malyyath & Verma, 2013). Scenario
building and multi‐criteria decision analysis (MCDA) were combined as an evaluation tool
for selecting among policy scenario to promote a clean vehicle fleet (Turcksin et al., 2011).
Scenario building and a micro‐simulation model were combined with a weighted space
analysis to propose the best combination of policies measures (Valdés, 2012). Scenario
building, transport models and MCDA were combined to analyse scenarios via several
macro‐simulation tools for modelling energy, transport, and externalities (Fedra, 2004), to
examine scenarios for representing economics, transport, and environment (Lopez et al.,
2012), and to construct policy packages via expert‐based methods within a regional study
(Hickman et al., 2012). Combining the tools is fundamental for a robust and transparent
decision‐making process towards transport planning (Hickman et al., 2012).
The main limitation of the existing approaches as mentioned before is that all the tools
are utility‐based. Scenario building largely incorporates the concepts of desirability or
deliverability (e.g., Shiftan et al., 2003; Hickman et al., 2012), the fundamentals of
transport models are utility‐based decision models (e.g., Shiftan, 2004), and MCDA relies
on overall preference scores in agreement with the utilitarian approach (e.g., Turcksin et
al., 2011; Lope et al., 2012; Macharis et al., 2012). This work is the first to incorporate the
regret theory both ex‐ante and ex‐post in the integrated assessment framework, which
combines scenario building and evaluation based on transport models. Since regret is
associated with high‐order cognitive processes such as contra‐factual comparisons (e.g.,
Zeelenberg & Pieters, 2007), the integrated assessment framework firstly embeds the
regret theory in the scenario building process to select the least regret TDM measures and
their implementations; and then adopts a developed regret‐based model to evaluate the
achievements of TDM scenarios through a combined utility‐regret approach.
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Scenario building as a strategic tool is often used in long term planning. When
decision makers face multiple alternatives for the TDM measures implementation, they
have to choose one that has the maximum performance regarding the objective function.
However, the most preferred scenario chosen by the decision makers is not always the one
that is expected to achieve a maximal utility. That is because sometimes the decision
makers pay more attention on the benefit of their choice than the harm. For example, a
cordon toll may restrict car use and improve the environmental situation, but it will also
lead to a regressive impact to the society. With the consideration of regret, the decision
making is enriched with the negative impacts of the alternatives.
Similarly, the scenario evaluation is to determine the best TDM scenario among
various options regarding to the designed multiple criteria. A combined utility‐regret
approach can treat the regret as a second attribute of concern to the decision maker and
incorporates the appropriate trade‐offs between regret value and the aggregate utility
value into a two‐attribute utility function which will then be used to examine the
contributions between criteria. The aggregate utility value is obtained through the
traditional MCDA method and the regret value is evaluated based on a developed regret‐
based model, i.e., Reference‐Dependent Regret Model (RDRM).
Since a single utility‐based assessing approach is often criticised because it fails to
predict actual behaviour for some quite straightforward comparisons between
alternatives with uncertain consequences. The resulting utility‐regret approach may offer
a better chance of reflecting, descriptively, the decision maker's holistic appraisals of
independently posed alternatives. The approach of this work is subject to the criticism
that adding an extra variable, regret, to the utility function inevitably allows for a better fit
to observed behaviour. However, the appeal of this additional factor lies in the widespread
recognition that regret is a factor in decision making (Bell, 1982)
Choices based on anticipated‐regret are essentially different from utility‐based
choices since regret‐aversion tends to favour compromised or ‘balanced’ solutions rather
than unbalanced ‘optimal’ solutions (Chorus & Bierlaire, 2013). Consequently, embedding
regret in the integrated approach for transport assessment is beneficial for increasing the
robustness of the analysis and the results. Moreover, although the combined utility‐regret
decision‐making was first proposed by Inman et al. (1997), its application is still in its
nascent stage and, following Chorus et al., (2013) who proposed a hybrid utility‐regret
discrete choice model, this thesis is among the first to employ this decision paradigm for
transport decisions.
For this purpose, this work intends to develop an integrated assessment framework
for the design and assessment of TDM measures that combines scenario building,
‐ 38 ‐

CHAPTER 2 – SUSTAINABLE URBAN MOBILITY AND TDM MEASURES

transport modelling, policy optimisation and MCDA. The framework incorporates expert
judgement (participatory planning) and transport models in an interactive process and
embeds the combined utility‐regret paradigm as an integral part. The main advantage of
combining expert‐judgement with transport models is that experts can propose innovative
and creative solutions, identify implementation drivers and barriers, and provide insights
regarding the policy implementation desirability and probability. Transport models
provide technically‐optimal solutions and perform impact assessments at a regional level.
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3.1

The structure process of the integrated assessment framework

This chapter is the introduction of the integrated assessment framework that
combines scenario building, transport model, policy optimisation and evaluation, with
the main focus on understanding the impacts of the TDM measures on the study area
and devising new urban policies for sustainable development. The integrated
framework incorporates expert judgement and transport models as a participatory
strategic tool and embeds the regret theory as an integral part.
The new methodology combines utility and regret paradigm as an integral part of
the integrated approach for expert‐based scenario construction, model‐based policy
evaluation and optimization, and MCDA. In the context of integrated planning for
sustainable transport, economic, social and environmental goals were combined.
These policy goals are often conflicting and thus there are not clear ‘no regret’ policy
options. Such decisions often require compromise solutions, which are associated with
regret minimization (Chorus & Bierlaire, 2013). Moreover, the decision‐making
process in this thesis involved a group decision, in which the consensus alternative
was attained through compromise and did not always comply with the views of all the
policy‐makers involved (Iverson, 2012). This thesis is the first to embed regret both
ex‐ante and ex‐post in the integrated transport planning framework based on a
combined utility‐regret approach. Moreover, the current study is the first to employ
the generalized utility function combining utility and regret for scenario building and
transport policy appraisal. The generalized utility combining utility and regret was
proposed by Inman et al. (1997) and applied to discrete choice models by Chorus et al.
(Chorus et al, 2013). The combined utility‐regret mechanism is theoretically preferable
compared to models based on utility or regret as sole decision paradigms because of
its generality.
Figure 3‐1 presents the structure process of the integrated assessment framework
for design and evaluation of TDM measures. The framework integrates a survey‐based
scenario building, the adopted LUTI model and optimisation, and combined utility‐
regret based scenario evaluation.

‐ 43 ‐

ASSESSING URBAN MOBILITY THROUGH PARTICIPATORY SCENARIO BUILDING & COMBINED UR ASSESSMENT

Figure 3‐1 Structure process of the integrated assessment framework
There are three reasons for adopting the scenario approach for this study. Firstly, a
scenario can be assembled from a forecasting or a backcasting point of view, mainly based
on the knowledge of experts. And it involves a bottom‐up approach, which uses of survey
and expert in order to provide a well‐founded view of key policy issues and important
external factors (Stead et al, 2003). Secondly, the scenario approach has been widely used
to forecast future development that seems plausible under a high uncertainty in the
transport system (Schuckmann et al, 2012). It is also capable of overcoming the difficulty
to quantify variables and their relative importance due to lack of sufficient data and
internalise uncertainty in the process (Calafiore & Campi, 2006). Thirdly, because of an
infinite number of the possibilities to implement TDM measures, the scenario approach
could help to reduce the number of policy alternatives to be evaluated in this work.
An example for the use of the scenario approach in transport planning includes Ubbels
et al., (2000) who developed four globalisation scenarios for the future transport market,
and Shiftan et al., (2003) who conducted a two‐round expert‐based survey to identify
policy measures in order to achieve a sustainable transport system.
According to the existing practices of the scenario approach, a scenario can be built in
many valid ways from the methodological point of view, such as intuitive logics, trend
impact analysis, morphological analysis and cross impact analysis (Ratcliffe, 2000; Ram,
2011). This work chooses to assemble the scenarios from a backcasting point of view
based on the knowledge of a group of transport experts. Choosing to build backcasting
scenarios could help identify future goals, investigate changes in existing functional
relations and enables value judgments. Since experts have better knowledge on scientific
progress, political economic and social changes in the fields of transport and land use
development, they are able to help design both visionary and realistic images of the future.
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The specific method to build TDM scenario in this thesis is a two‐round survey in
agreement with the modified Delphi survey guidelines by Sackman (1974) and the
approach proposed by Shiftan et al, (2003). The survey methodology was modified to
accommodate the integrated approach and incorporate the combined utility‐regret
decision paradigm via an interactive process involving expert decision‐makers, selected
transport model and participatory MCDA evaluation.
The optimisation of TDM scenarios is to address the ¨best implementation value¨ (like
toll rate or bus frequency, etc.) of each TDM measure by maximizing the objective function
based on the MCDA. A TDM scenario includes a single measure or a combined TDM
package, and their specific implementations in terms of time frame, geographic scale and
the implementation intensity (for example toll rate). Therein, the best implementation
intensity can be only obtained through the optimisation process. Therefore, to build the
TDM scenarios requires the results of optimisation‐ the implementation intensity‐ that are
packaged with primarily selected time frame and geographic scale of each measure.
Meanwhile, the MCDA used for scenario evaluation is also based on the simulation results
of the optimisation. So the optimisation of TDM links the step of scenario building and
scenario assessing, like shown in Figure 3‐1.
The multi‐criteria decision analysis (MCDA) is used in this thesis to evaluate the
impacts of the constructed scenarios. Using the MCDA for decision making, engineers and
analysts are faced with choosing the best alternative from a set of alternatives
characterized by criteria that may be qualitative, quantified with different units, and
conflict with each other (Buede 2000; Kujawski, 2003). The MCDA normally choose the
best alternative by comparing a single value (i.e., an objective utility value) from a set of
alternatives with two or more than two criteria. However, decision makers usually
encounter such situations that not all the criteria can be achieved by an alternative,
therefore, they need and want adequate information into the alternatives rather than a
single number when dealing with complex decisions (in transport planning for example)
(Das, 1999; Chorus, 2008).
As discussed in the last chapter, MCDA normally determines the best alternative
depending on an objective utility value. However, decision making depends on an absolute
utility value that sometimes may lead to mistaken choice (Loomes and Sugden, 1982). For
example, one scenario that achieved the highest economic efficiency value and a low social
equity value likely becomes the best alternative because of its objective utility value is
slightly higher than other scenarios. But this scenario may not be the best if decision
makers have much higher regret level to abandon other scenarios which have a litter
lower economic efficiency value and higher environment and social equity values. The
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analysis by Loomes and Sugden (1982) found that the utility theory not only becomes a
better descriptive predictor but may also become a more convincing guide for prescribing
behaviour to decision makers by incorporating the notion of regret. For MCDA problems,
regret can be defined to describe the human emotion experience when one or more non‐
chosen alternative performs better than a chosen one in terms of one or more criteria
(Mellers, 2000). Therefore, incorporating the regret theory together with the MCDA, the
improved assessment method then enables decision makers to achieve the best scenario
depending both on the objective utility and the regret value.
For this purpose, a new method that incorporated the regret theory with the
traditional MCDA to assess TDM scenario is able to provide adequate information and
capture subjective motion such as regret, consequently to choose the best scenario.
This chapter firstly introduces the TDM scenario building in section 3.2. Section 3.3 is
a presentation of the transport model and the optimisation procedure (including the
objective function, all the performance indicators). Section 3.4 is a detailed description of
the improved assessing method, i.e., a combined utility‐regret analysis that includes the
utility‐based MCDA and the regret‐based MCDA.

3.2

TDM scenario building

The European Commission defines a scenario as ¨a tool that describes pictures of the
future world within a specific framework and under specified assumptions¨ and a scenario
approach as ¨the description of at least two or more scenarios designed to compare and
examine alternative futures¨ (CEC, 1993).
In this work, it aimed to build TDM scenarios by select a single or combined TDM
measures and their implementations based on the desirability, possibility and regret of a
group of transport experts, including decision makers, transport researchers and
operators. The desirability represents the most desirable choice that is chosen based on
experts´ personal preference; the possibility indicates the most expected choice that is
achieved by assuming the most possible applied choice by the group of transport experts;
and the ¨regret¨ indicates experts´ subjective attitude level on the non‐selected choices, so
the least regret choice is chosen according to the least regret implementation.
Moreover, incorporating the regret theory with the survey approach enables to obtain
the regret level of decision makers and accordingly to figure out the contribution of a least
regret choice. There is much empirical evidence (Zeelenberg and Pieters, 2007) that
shows that people usually have distinct opinions when they make a selection based on
minimising the expected regret or maximising the expected utility, and regret‐
minimization method is particularly important determinant of choice‐behaviour when
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choices are perceived by decision‐makers as difficult and important, and when decision‐
makers believe that they will be held accountable for their choices (Chorus, 2011).
How to build these three types of TDM scenarios (i.e., the most desirable, the most
expected and the least regret choice) based on the opinions of a group of transport experts?
Rayens and Hahn (2000) proposed using the survey method in building consensus for
public policy and suggested a technique to measure the consensus degree from a panel of
decision makers. The characteristic of the survey method is incorporating education
(highly motivating experience for participants) and consensus building into the multi‐
stage measurements (Strauss and Ziegler, 1975). It is suitable for exploring a wide range
of complex policy questions characterized by uncertainty (Hill and Fowles, 1975; Richey et
al., 1985; Tolley, 2001). The survey method can therefore obtain and develop an informed
opinion on a particular topic in a systematic forecasting procedure. Moreover, the widely
used Delphi method, which is a structured communication technique, originally developed
as a systematic, interactive forecasting method which relies on a panel of experts helps to
achieve a consensus in a logical and systematic way. And it can be modified to fit the
specific objectives of the studies.
The following part introduces firstly the modified Delphi method for this work in
several aspects, and then presents in detail how the two‐round survey incorporated the
regret theory to develop the various TDM scenarios.

3.2.1 Modified Delphi method
This work built the TDM scenarios in agreement with the modified Delphi technique
guidelines, which is used for eliciting expert opinion on a variety of topics (Sackman,
1974). The conventional Delphi method can be used for several objectives, like predicting
occurrence of events or trends; ranking alternative goals or objectives; creating strategies
for management; and allocating scarce resources between competing options, etc.
(Reisman & Taft, 1969; Needham and de Loe, 1990). But depending on the specific needs
of the planners, the application of Delphi method is varying. The mainly differences of the
conventional Delphi method and the modified Delphi method that used in this work will
be given in this part.
The conventional Delphi method as a survey technique is developed as a systematic,
interactive forecasting method which relies on a panel of experts (Dalkey & Helmer, 1963).
The survey based on the Delphi method normally contains two or more rounds of survey.
After each round, the survey hosts provide a summary of the experts´ opinions from the
previous round as well as the reasons they provided for their judgements. Then, the same
group of experts is encouraged to revise their earlier answers in light of the replies from
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other members of the panel. It is believed that during this process the range of answers
will decrease and the group will converge towards the "correct" answer. Finally, the
process is stopped after a pre‐defined stop criterion (e.g. number of rounds, achievement
of consensus, stability of results) and the mean or median scores of the final rounds
determine the results, etc. (Dalkey & Helmer, 1963; Di Leo, 1995; Rowe & Wright, 1999 ).
The Delphi method has been widely used in scenario building (Strauss and Ziegler,
1975; Critcher & Gladstone, 1998; Rayens and Hahn, 2000). For example, Shiftan et al.,
(2003) have built an expected and a desirable scenario to examine the potential policy
measures by means of a two‐round Delphi survey. The purpose of scenario building is
usually to achieve a relative consensus of future images by a multi‐round questionnaire or
other kinds of interviews. The number of rounds may range between two to five
depending on the analysis results (Critcher & Gladstone, 1998). The participants in the
Delphi process are selected on their expertise on policy issue however they have to
represent a wide range of opinions (Dunn, 1994). Drawbacks of conventional Delphi
surveys include the long time they can take and their lack of opportunities for the kind of
spontaneous discussion that can occur at face‐to‐face workshops or brainstorming
sessions (Strauss, 1975). However, the Delphi method has the advantage of not being
dominated by group dynamics and no mutual influence of a dominant stakeholder in the
group.
Considering the key characteristics of the Delphi method (Sackman, 1974), which
include:


The format is typically, a paper‐and‐pencil questionnaire, email, a personal
interview or at an interactive online website.



The questionnaire consists of a series of items using similar or different scale,
quantitative or qualitative, concerned with study objectives.



The questionnaire items may be generated by the director, participants or both.



The questionnaire is accompanied by some set of instructions, guidelines, and
group rules.



The questionnaire is administered to the participants for two or more round;
participants respond to scaled objective items; they may or may not respond to
open‐end verbal requests.



Each iteration is accompanied by some form of statistical feedback which
usually involves a measure of central tendency, some measure of dispersion, or
perhaps the entire frequency distribution of responses for each item.
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Each iteration may or may not be accompanied by selected verbal feedback
from some participants, with the types and amounts of feedback determined by
the director.



Individual responses to items are kept anonymous for all iterations. However,
the director may list participants by name and affiliation as part of the study.



Outlines (i.e., upper and lower quartile responses) may be asked by the
director to provide written justification for their responses.



Iteration with the above types of feedback is continued until convergence of
opinion or ¨consensus¨ reaches some point of diminishing returns, as
determined by the director.



Participants do not meet or discuss issues face‐to‐face, and they may be
geographically remote from one another.

This work developed the survey based on a modified Delphi method, which followed the
similar process of the conventional Delphi method, but contained the following differences
from the conventional method:


Firstly, the two rounds were based on different numbers of experts. Unlike the
conventional Delphi method, this work used different numbers of experts to
participate in the first‐round and second‐round survey. For the first round, the
web‐based questionnaire was forwarded to the participants of a transport
related congress to collect their opinions on the TDM measure implementation
in Madrid. In the second round, the questionnaires were only presented to the
respondents who were willing to receive the results of the first‐round. The
reason for limiting the number of experts was mainly due to time factors and
experts´ burden.



Secondly, the purpose of the second‐round based on the modified Delphi
method was not the same as the conventional Delphi method, which tried to
achieve a consensus on the alternative among experts. It was found that there
was a high consensus for implementing TDM measures in Madrid. In order to
expand the research and understand better the opinions of participants, the
second‐round emphasised the verification of the first‐round answers as well as
providing the model outputs obtained from the optimisation process. In this
context, it was possible to collect the feedback to reach a relatively narrow
range of choices and to receive comments from the experts with the two‐round
survey.
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Thirdly, the modified Delphi method incorporated the regret theory, which
could avoid the participants ignoring the potential negative impacts of the
alternatives. Instead of only examining the desirability and possibility of each
alternative, the regret theory helped to investigate the degree of regret and
build the TDM scenarios in terms of the least regret choice.

3.2.2 Survey development
This part aims to present the details of the development of the two‐round survey,
including survey participant selection, survey pattern, the assessment criteria, and the
targets of each round of the survey, etc.
Figure 3‐2 shows the procedure of the two‐round survey that used in this thesis. The
survey methodology was modified to accommodate the integrated assessing approach via
an interactive process involving expert decision‐makers, selected transport model and
participatory MCDA evaluation. The survey was conducted on a web‐based platform
enabling to use skip‐logic and feed‐forward tools.

Figure 3‐2 Flow chart of the scenario building process
During the survey development process, the selection of the experts was an
important factor in the Delphi method and that can influence the results (Preble, 1984;
Taylor and Judd, 1989). The two‐round survey was designed to be sent only to the
transport experts and the number of participants varies in order to reduce respondent
burden associated with multiple survey rounds.
Regarding the survey pattern, for many reasons like time consuming and budget, this
work did not allow bringing a group of experts together for a day to achieve a final
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consensus on the TDM scenario building. Apart from that, a smaller workshop group,
drawn mostly from nearby universities and government organizations, would have been
inadequate. For example, it might not have reflected the interests of distant transport
experts. Hence, a group process that could be conducted by a website is the logical choice.
Thus, this work employed a website‐based set of questionnaires to conduct the survey,
rather than using a workshop or any other method. The survey was programmed and
published through the public online survey service Surveymonkey®. Using website‐based
questionnaires could fulfil the same target of achieving the consensus on TDM measure
implementation of many experts who are interested in sustainable development, but with
low costs.


1st – round survey

In the 1st‐round of the survey, respondents were asked to rate on a 10‐point Likert scale
the importance level of the three objectives (are also MCDA criteria), i.e., transport system
efficiency, environmental protection, and social equity, and their level of anticipated‐
regret in the case these objectives would not be attained. In addition, the ability of the
TDM measures to attain the objectives was elicited using a scale from ‐10 to 10, thus
allowing negative, neutral and positive effects. For each TDM measure, the respondents
were requested to state their opinion about the desired and the expected time‐frame and
geographic scope for implementation. Besides the predefined options, the respondents
were provided with a ‘no implementation’ option. Then, the data about their desired time‐
frame and geographic scope was fed forward and the respondents were requested to
specify their level of regret if a non‐desired time‐frame and geographic scope were
implemented.
The 1st‐round survey contained 43 questions, with skip‐logic option upon selecting a
‘no implementation’ option. The desired alternative was associated with zero level of
anticipated‐regret, and the level of anticipated‐regret was measured on a 0‐10 scale,
where 10 was the highest level. The respondents were explicitly asked about their level of
regret due to two reasons. Firstly, the feeling of regret is associated with engaging in
contra‐factual ‘what if…’ questions. Unless explicitly requested, the spontaneous
engagement in contra‐factual thinking is largely dependent on the choice situation, the
decision‐makers´ intra‐personal factors, and the assumed responsibility for the choice.
Secondly, ranking alternatives with respect to the desirability or anticipated‐regret largely
differ, because the level of anticipated‐regret not only depends on the desirability of the
alternative, but also on the alternative satisfying the decision‐maker’s criteria thresholds.
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With the incorporation of the regret theory in the scenario building, it enables the
decision maker to address the least regret TDM measures and its implementation result of
the opinion of survey participants. Besides that, it could help build TDM scenarios based
on the desirability of the decision maker, but above all else, to avoid losing the potential
best scenario.
In order to compare the contribution of each TDM measure by expert opinion and by
the LUTI model, the first‐round survey also requested participants to give a score to state
their opinion on the contribution of the most desirable, the most expected and the least
regret choice to the three defined criteria (i.e. economic efficiency, social equity and
environment). These results could help policy designers to understand the discrepancies
of public opinions and model outputs during sustainable development.
The 1st‐round was analysed with the aim of (i) evaluating the relative weights of the
economic, environmental, and social objectives, (ii) evaluating the potential of the TDM
measures towards achieving the specified objectives, and (iii) generating the desired,
expected and least‐regret implementation for each TDM measure. The relative importance
weights and the anticipated‐regret weights of the objectives were calculated to serve as
input to the MCDA objective function. The utility‐based weights were calculated on the
basis of both the multi‐attribute utility (MAU) theory. The regret‐based weights describe
the importance of each criterion from a regret‐based perspective. In order to assess the
ability of the TDM measures to achieve the objectives, the mean value and the standard
deviation of the scores were calculated, with lower standard deviations indicating possible
consensus. The scenarios were generated by calculating the proportion of respondents
choosing the desired and the expected implementation option for each TDM measure in
terms of time‐frame and geographic scope. The average level of anticipated‐regret
associated with each alternative was calculated across the respondents. These outputs
resulted in the desired, expected and least‐regret implementation option for each TDM
measure.
The 1st‐round questionnaire (in Appendix I part A) was administered via E‐email in
December 2012 to a large pool of 220 transport professionals in Spain. The professionals
included decision‐makers, transport operators and academic researchers in the
transportation field in Spain. This round asked the participants to choose four proposed
TDM measures (i.e., cordon toll, parking charge increase, bus frequency increase and bus
fare decrease) and their specific implementations for the case of Madrid based on their
desirability, expectation and personal attitude of regret. Finally, 116 of them entered the
survey webpage, and 99 of them finished all the questions (45.0% response rate).
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For each measure, the questions consists two aspects in relate to the implementation,
i.e., time frame and geographic scale. For the time frame, it suggests to start to implement
the certain TDM measure in 3 different time frames, i.e., a short term (in 5 years), a
middle term (in 1015 years) and a long term (in 2025 years). In the case the
geographic scale for Madrid, the three different areas (in figure 4‐7) are provided which
are city centre, inside of M30 and inside of M40.
Via the survey pre‐test executed by five experts, the first‐round survey took an
average 15 minutes to be completed. According to the feedbacks in the pre‐test, the
questionnaire has been modified aiming to clarify several questions. However, in order to
prevent the complicated questions and assure the survey length, the first survey did not
contain the implementation of a combined package of TDM measures.


2nd – round survey

In the 2nd‐round of the survey, respondents were asked to state their degree of agreement
with the first‐round results (survey results) as well as with the model outcomes on
implementation intensity (model outputs). The generated scenarios included the
implementation of all the TDM measures implemented simultaneously as a policy‐package,
accounting for complementary and substitution effects. The respondents were asked
regarding their level of agreement with the most‐desired, most‐expected and least‐regret
implementation. The respondent level of agreement was elicited using a 4‐point Likert
scale ranging from highly disagrees to highly agree. Besides that, the 2nd‐round was also
asked respondents to describe the key considerations that drove their choices.
The 2nd‐round was analysed with the aim of (i) confirming the validity of the
scenarios by considering the respondents’ agreement with the 1st‐round survey results,
and (ii) identifying potential drivers and barriers for the scenario implementation from
the respondents’ comments on this issue.
The 2nd‐round questionnaire (in Appendix I part B) was sent in March 2013 only to the
81 experts who requested feedback in order to reduce respondent burden associated with
multiple survey rounds. This round was derived from the modified Delphi method, in
which the experts would have been asked to verify their answers in the light of the earlier
choices. Through the pre‐test for the second round, it took an average 8 minutes to finish
in total 9 questions. There were eight questions to justify the agreement levels on the
survey results and model outputs, both for the single measure and the combined package,
and one additional open question to collect participants´ opinions and considerations.
As mentioned, the 2nd‐round questionnaires were only presented to the participants
who were willing to receive the results of the first survey. So there were in total 81
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participants received the 2nd‐round questionnaires, and 41 respondents entered the
survey webpage, 32 of them completely finished the questionnaire. The response rate was
39.5% that was a bit lower than the rate of the first‐round (39.5% compared to 45.0%).

3.3

Analysis tool and optimisation

The scenario analysis and optimisation for the TDM scenario is conducted by a land use
and transport interaction model (LUTI). The framework for the land use and transport
interaction (LUTI) model and MCDA‐based optimisation is provided in Figure 3‐3. This
section firstly emphasises on the introduction of the LUTI model, including the core
submodels and operation mechanism, and then highlights the contents related with the
optimisation. As seen in Figure 3‐3, the MCDA‐based optimisation is also embedded in the
LUTI model and aims to obtain the best implementation intensity (such as toll fee or bus
frequency level) depending on the defined objective function and performance indicators.

Figure 3‐3 Integrated LUTI model and optimisation
The used LUTI model –MARS‐ is chosen as the analysis tool in this work, because it is
able to capture the dynamic interaction impacts between the transport and land use
systems. Since Land use encompasses different spatial scales: local (for instance at the
level of a district), urban, regional, national and even international, but whatever the scale
of analysis, land use influences the available transport options, seen as a traffic system
considering both the infrastructure side and the mobility side in terms of geography of
trips, average number of trips, length (distance and duration), modal split and
relationships between the modes (including multimodality). Reciprocally, land use system
is not independent of the different characteristics of the transport system, especially in
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terms of accessibility of the jobs, services and customers, indeed, to a certain extent the
location decisions of people and economic activities take into account the costs of mobility
(in terms of money and time). Hence the land use contributes to determine the need for
spatial interaction or transport services, but transport/traffic, by the accessibility it
provides, also determines spatial development (Wegener, 2004), as shown in the feedback
loop in Figure 3‐4.

Figure 3‐4 Land use and transport feedback loop (Wegener, 2003)
There are two reasons to choose a LUTI model as the tool to optimise and evaluate
TDM scenarios. Firstly, mentioned above, land use and transport system have reciprocal
influences, so the implementation of TDM measures would not only effect on the transport
system (change travellers´ behaviour) but also on the land use system (influence on travel
demand) in long term. The land use (or say spatial development) affects travel behaviour
of the population, and reciprocally, by the accessibility in transport system also influences
the spatial development. Any transport and land policy implementation or technology
renovation related to spatial development or transport would generate integrated impacts
in the dimension of economic, environment and social.
Secondly, a dynamic LUTI model like MARS model is able to evaluate the impacts of
policy measure over a long period of time (for example, 30 years). The model involves
taking the changes produced by transport measures, demand and supply of transport and
socioeconomic information and produces as inputs, and the changes in traffic volumes,
speeds, accidents, emissions, among others as model outputs. These changes are collected
by the objective function, where the optimisation routine adjusts the levels of each
measure, enhancing their value. A LUTI model therefore is adopted to predict the
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integrated impact of the TDM scenario in the scale of Madrid region. The key issues of
integration, within this framework of assessment between strategies and optimisation, are
combining a wide variety of strategies and measures.
The LUTI model chosen for this thesis is called MARS (Metropolitan Activity
Relocation Simulator), which is a dynamic strategic LUTI model. MARS model was
developed by Dr. Paul Pfaffenbichler in his doctoral thesis at the Technical University of
Vienna (Pfaffenbichler, 2003) and then adapted to the case of Madrid by Dr. Guzmán
(2011). As a quick and easy to use model, MARS has been used in many EU research
projects and international cities (18 cities and one country 1 ) (May et al., 2001;
Pfaffenbichler et al., 2010). For the Madrid case, Mateos & Pfaffenbichler (2005, 2006)
utilised the MARS model to address the location and transport effects of high occupancy
vehicle and bus lanes in Madrid. And then Guzmán (2011) calibrated a MARS model using
two household mobility surveys of Madrid in 1996 and 2004 (CRTM, 1998 and 2006) and
used it to estimate the impacts of several policy applications (Guzmán, 2012).
The reasons for adopting the MARS model in the current thesis are due to its ability to
analyse the policy measures at the regional level, and its structural flexibility that allows
modifying the assessment framework as required by planners and modellers. During the
optimisation process, an integrated objective function with the indicators from transport
and land use system is required to fulfil a multi‐objectives optimisation on the basis of
MCDA. Since the overall goal of sustainable transport is not only represented by a single
objective, the integrated objective function has to include all the internal and external
performance indicators. Moreover, it also needs to keep in mind the financial constraints,
institutional responsibilities, technology and public acceptance (Zhang et al., 2006).

3.3.1 Description of MARS model
MARS model is mainly developed to integrate forecasting, assessment and optimisation
procedures (May et al., 2003). It owns a flexible platform to tailor and modify the
conditions of analysis as required by planners and model users (Pfaffenbichler et al.,
2008). It is also a Sketch Planning Model (SPM), which embedded in an assessment and
optimisation framework. The core concept of MARS is that it adopts the principles of
System Dynamic (Sterman, 2000) and Synergetic (Haken, 1983). In particular it is
developed in an SD (system dynamic) programming environment, based on the concept of
1

Gateshead, Leeds, Edinburgh (GBR), Oslo, Trondheim (NOR), Helsinki (FIN), Vienna,
Salzburg, Eisenstaedt, Austria (AUT), Madrid (ESP), Stockholm (SWE), Ho Chi Minh City,
Hanoi (VIN), Chiang Mai (THA), Ubon Ratchantani (THA), Washington DC (USA), Porto
Alegre (BRA), Bari (ITA).
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causal loop diagrams (CLD) and represents the relation of cause and effect of the variables
in the model (Shepherd, et al., 2009). MARS model can simulate on the interaction
between land use and transport system that works with a significant level of aggregation
and makes long‐term assessments. It is important to clarify that MARS model does not
include transport networks. Figure 3‐5 shows the basic structure of MARS model,
including the required ¨input ¨ (such as the external variables and policy instruments)
and ¨output¨ that are a series of performance indicators.
• The external variables include a number of variables in relate to the demographic
indices and land use development that can be collected via the local statistic institution.
• The policy instruments are defined in terms of the implementation time (in year),
geographical scale and intensity. In this case, the implementation time frame and
geographical scale are provided externally by modellers, while the intensity (like toll
charging fees and bus frequency) is determined by the optimisation process.
• The transport sub‐model in MARS is developed as an alternative to traditional four
stage model, working with speed‐intensity ratios (Origin‐Destination pairs) instead of an
entire network.
• The land use sub‐model comprises a residential location submodel and a
workplace location submodel. These two location submodels have a similar basic
structure that consisting of four further submodels: a development model, a willingness to
move in model, a willingness to move out model and a supply/demand redistribution
model. For example, the development submodel for resident decides whether, where and
when to build new housings according to the renting prices, the land prices and the land
availability in the decision year. The willingness to move in/out submodels is influenced
by the rent price, share of green land and accessibility level. Based on these two
submodels (move in and move out), it can obtain the ratio of demanded/supplied housing
utility for each zone. The demand would therefore be redistributed if the demand is higher
than the supply (Pfaffenbichler et al., 2010).
The MARS model can simulate the cause‐effect‐relations 1) between urban sprawl
and the transport modal share, for example, urban sprawl leads to longer travel distance,
thus increasing the use of the private cars and decreasing the share of PT and non‐
motorised modes; 2) between economic development and travel demand; if the number of
consumers increases, the travel demand increases, reciprocally, while the and when travel
demand increases, so does the potential profit increases.
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Figure 3‐5 Basic structure of MARS model (Pfaffenbichler et al., 2008)
The two submodels of MARS (transport and land use) are connected by a time interval
that allows each submodel to work on two different time scales. The interactive process is
modelled using time‐lagged feedback loops between the transport and land use submodels
over a long period (such as 30 years) in one year interval. The land use model consists of a
model of development and residential and jobs location model. It considers land use
criteria for residential and employment location, such as accessibility, available land, rent
price and the amount of parking place. It also allowed modellers to add other submodels
like energy consumption and emissions model. All these units are connected together. The
transport model consists of commuting trips and for those which are not for leisure travel,
including motorised models (car, PT) and non‐motorised modes (walking).
A great advantage of this model is supported by system dynamic software known as
VENSIM® where users can change the causal loop diagram among variable as needed,
instead of leaving aside the model known as 'black box'. This feature makes the model
transparent and flexible and, under an object‐oriented programming to facilitate
modellers´ development and understanding. It is important to clarify that MARS model is
not an equilibrium model.
During the policy optimisation and simulation process, each variable interacts with
other factors and represents by the CLD. Figure 3‐6 presents an example of CLD relations.
Starting with loop L1 which is a balancing feedback loop, commute trips by car increase as
the car attractiveness increases which in turn increases the search time for a parking
space which then decreases the attractiveness of car use—hence the balancing nature of
the loop. Loop L2 represents the effect of congestion—as trips by car increase speeds
decrease, times increase and so car attractiveness is decreased. Loop L3 shows the impact
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on fuel costs, in urban case as speeds increase fuel consumption is decreased—again it has
a balancing feedback. It represents the effect of congestion on other modes and is actually
a reinforcing loop—as trips by car increase, car speeds and public transport decrease
which increases costs for other modes and would lead to a further increase in
attractiveness by car.

Figure 3‐6 CLD for the transport model (trips by car) (Pfaffenbichler et al, 2010)
The other elements in Figure 3‐6 show the key drivers of attractiveness by car for
commuting. These include car availability, attractiveness of the zone relative to others
which is driven by the number of workplaces and population. The employed population
drives the total number of commute trips and within MARS the total time spent
commuting influences the time left for other non‐commute trips. Similar CLDs could be
drawn for other modes and for non‐commute trips as MARS works on a self‐replicating
principle applying the same gravity approach to all submodels.
The MARS model adopted in this work has been modified by the author in several
aspects: 1) the performance indicators (i.e., social equity indicators of accessibility and
weighted user benefit) were redefined; 2) the weights associate with each criterion based
on MCDA and regret model were re‐estimated; 3) several external variables (like average
household income, growth rate of bus fare ticket, etc.) were updated regarding the latest
data from the statistic institution of Spain
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3.3.2 Optimisation
Generally, policy optimisation is to find the ¨best implementation value¨ of the policy by
maximizing/minimizing the defined objective function. It consists in maximizing or
minimizing a function by systematically choosing input values from within an allowed set
and computing the value of the function (Greenberg, 2004). In this case, the optimisation
of TDM measures is based on the MCDA, which means it is to obtain the best
implementation intensity of a single or combined TDM measures by maximizing the value
of the linear additive MCDA objective function.
3.3.2.1 Objective function
The method of MCDA used for the TDM scenario optimisation and evaluation is the
multi‐attribute utility theory (MAU), and the technique to calculate the aggregate
utility is a linear‐additive utility function (LAU).
Utility theory is a systematic approach for quantifying an individual preference. MAU
is one of the methods in the broader field of MCDA and it is a structured methodology
designed to handle the trade‐offs among multiple objectives (Zanakis et al., 1998).
Applications of MAU focus on public sector decisions and public policy issues. Numerous
MAU have been proposed for aggregating the individual utilities into a single scalar utility.
The most widely used form is the linear‐additive utility function (LAU) (Costa & Carlos,
2001).
The MAU considers n alternatives {A1… An} with m deterministic criteria {C1,…, Cm}.
The alternatives are fully characterised by the decision matrix {Uij}, where Uij is the score
that measures how well alternative Ai fulfil the criterion Cj. The weights {w1, w2… wm}
account for the relative importance of the criteria. Given the focus on synthesis models, it
assumes that the scores and weights have been obtained using systematic rather than ad‐
hoc techniques. It simply notes that (1) these activities are very important and non‐trivial,
and (2) the weights represent trade‐offs between the various criteria and therefore their
values depend on the underlying scales (Bouyssou, 2000).
The objective function of the optimisation based on the MAU is given by

Equation 3‐1
Where,
: the aggregate utility of alternative policy measure(s) Ai in year t,
: the score of policy alternative i achieved in year t,
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: the weight of each criterion whose values reflect the relative contributions of changes
in each of the scores, as the achievement of the objectives, ∑

1.

For consistency, all criteria must be expressed in the same units or utile. The choice of
efficient solutions is the real problem of this type of analysis, because in principle there is
no other element of rationality 'objective' it can manage to rule more solutions. Thus it is
forced to have to make subjective considerations involved: decision makers’ preferences.
3.3.2.2 Performance indicators
There were three criteria considered in the current optimisation framework in accordance
with sustainable development (i.e., transport system efficiency, environmental protection
and social equity). For abstracting each criterion, three indicators (see in Figure 3‐7) were
chosen respectively to represent each criterion.
o

Transport System Efficiency, aiming to improve the integration of urban
planning with transport. It consists of the indicator of travel time by motorized
mode (car and public transport), car operating costs, and modal share rate of
car.

o

Environmental protection, emphasising on the impacts of the environment that
urban transport and land use generate in the study area. It includes the factors
CO2 emission, air pollution (NOx and PMx) and land use consumption.

o

Social Equity, aiming to improve transport accessibility and road safety in all
transport modes, especially the car, to reduce the risk of accidents. It is also to
homogenise the proportional benefit of each transport users achieved,
according to the income level, i.e., weighted user benefit.

Multi‐Criteria Decision Analysis
Transport System
Efficiency
 Motorized trip

Environment
Protection
 CO2 emission
(CE)

time (TT)

Social Equity
Impact
 Accessibility
(AC)

 Car modal share

 Air pollution (AU)

 Accidents (AI)

(CM)

 Land use

 Weighted user

 Car operating

consumption (LU)

benefit (WUB)

costs (CO)

Figure 3‐7 MCDA criteria and performance indicators
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This part describes how to normalise the indicators to a common scale, and then presents
the definition of the nine performance indicators associate with the three criteria in detail.

 Indicators normalisation
According to the wide range of scales for the performance indicators in the MCDA, it needs
to transform these various indicators in a comparable unit (monetary or non‐monetary).
There are several ways to standardise the indicators into a comparable unit, such as direct
definition, criteria defined classifications, transformation to a linear scale (maximum value
and minimum value) and value function, etc. However, one of the most known and used
ways is the standard procedure in ranges (i.e., score range procedures). The method of the
value function is handled within the context of a deterministic approach and is a way of
transforming the indicators to a common scale (Keeney and Raiffa, 1993). Thus, the value
is a function of flexible expression normalized scale of values for each element within a
range of values.
There are several techniques to determine the curve of a value function. The method
of ¨average¨ is one of the most popular techniques for the curve of a function (Malczewski,
1999). This method consists of the following steps (Bodily, 1985):
1. Determine the range which the curve is to be defined, i.e., a maximum and a
minimum value, and assign values (0 and 1 equivalent).
2. Find the midpoint between the maximum and minimum value and assign a value of
1/2.
3. Find the values of the midpoints between the minimum value of step 1 and the
midpoint defined of step 2 and between the midpoint and the maximum value. Assign
values 0.25 and 0.75, respectively.
4. Repeat step 3 to find the average values between ranges and certain and assign
values of 0.125, 0.375, 0.625, and 0.875 and so on, until there are enough points with
which to construct the curve.
5. Draw the curve through the points found in the previous steps and adjusts to an
analytical expression.
In this case, the main idea is that each indicator evaluates the percentage change in
each time period, with respect to its initial value in the base year. This calculated variation
is allocated within a range of values which are the best and the worst value of the indicator.
However, as each indicator has a unit and different sense, it is necessary to convert all
values to a common scale.
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The normalised value is calculated using the difference between the percentage
change and the minimum expected value and the range of possible values, by dividing the
difference between the maximum expected value and the minimum expected value. As
shown in Equation 3‐2, where x'ij is the normalised value of the alternative i to the
attribute j and xij (t=0) is the indicator x in the base year 0.
0

´

1
Equation 3‐2

This formulation standardises the value of indicators in a range that varies from 0 to 1.
The higher value indicates that the alternative is more beneficial. It is necessary to note
that the reduction of an indicator is not always good (for example more travel time means
less transport system efficiency). So it needs to consider the meaning and direction of
change of each indicator to set the range of minimum (worst) and maximum (best) values.
Table 3‐1 shows the best and worst expected values in each of the selected indicators
along the optimisation process. These values were taken from a particular case and can be
modified by the modellers depending on the certain case study.
Criterion

Indicator

Transport
system
efficiency
Environment
Protection

Social Impacts

Best value

Worst Value

Travel time (TT)

‐50%

50%

Car modal share (CM)

‐20%

50%

Car Operating costs (CO)

‐10%

15%

CO2 emission (CE)

‐20%

50%

Air pollution (AU)

‐20%

50%

Land use consumption (LU)

‐20%

150%

Accessibility (AC)

50%

‐50%

Accident (AI)

‐25%

50%

Weighted user benefit (WUB)

100%

‐10%

Table 3‐1 The best and worst values of each indicator
Figure 3‐8 shows the composition of the MAU objective function and all the
performance indicators until the fourth level of relationship. It is observed that it
comprises a complex of different variables. The description of each indicator is given in
detail as below.
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Figure 3‐8 Composition of the objective function in MARS model
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C1: Transport system efficiency


Travel time (TT)

Travel time is broadly defined as “the time necessary to traverse a route between origin
point and destination point” (Turner et al., 1998). Travel time in the MARS model is
directly measured by traversing the route(s) that connects any two or more points of
interest. It is composed of running time and stopped delay time. The indicator of the travel
time reduction is normalised in the way shown in Equation 3‐2, considering the travel
time in the base year (year t=0) and TDM measure applied year t.
Due to the traffic congestion, the current travel speed is decreasing compared with the
free flow speed determined by the speed limits and the frequency of intersections, among
other elements. The greater congestion it has, the greater the time it spent on travelling.
Thus, this indicator reflects the change in total travel time spending by motorised modes
(car and bus), depending on the scenario analysed with respect to the base year. For
different motorised modes, it considers various components in the travel time calculation
and by

function. Equation 3‐3 and 3‐4 define the travel time of travellers by car
in year t from origin zone i to destination j.

bus

Equation 3‐3

Equation 3‐4
Where,
: Walking time from origin i to parking/bus stop I in year t;
: In vehicle time from origin parking/bus stop I to destination j in year t;
: Parking place searching time in year t;
: Walking time from parking/bus stop J to destination j in year t
: Waiting bus time at the bus stop I in year t
: changing bus time from bus stop I to J in year t


Car modal share (or calls car use) (CM)

In the region of Madrid, in 2004 the car modal share was 34.1% for all types of trips and
44.2% for work‐related trips that mostly take place in the peak hour (CRTM, 2006). The
high car sharing in the Madrid generates serious traffic congestion along with a set of
negative effects (e.g. car accidents, air pollution and noise, etc.). As an indicator to
represent transport system efficiency, the indicator of car modal share aims to examine
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the car use rate after applying car restriction measures or PT incentive measures. In this
context, consistency and speed of PT services or the constraints and difficulties for car use
(e.g., parking areas and congestion costs, etc.) are the factors that encourage the sharing of
public transport over private mode. The car modal share indicator (denoted ¨ms car¨ in
Figure 3‐9) in the MARS model distinguishes the car modal share by peak hour tours and
non‐peak hour (¨opeak¨) tours from origin i to destination j.

time ij opeak

tours ij opeak

trip time mode ij
att matrix peak available

ms car

car availability

tours ij peak

line sum i to j peak available
total tours peak i

Figure 3‐9 Components of car modal share indicator in MARS model
For each part, the number of car tours was calculated based on different variables. In the
case of car trips in peak hour, it was decided by the factors of car availability, car fraction
factor (also known as car impedance or car generalised cost) and the number of trips
attracted from destination j (i.e., trip attraction). While implementing car restriction
measures or PT incentive measures, these corresponding factors may change.
Consequently it leads the car modal share increase/decrease over time.


Car operating costs (CO)

The trip cost has direct consequences on travellers’ decision, for instance on travel mode
choice, trip generation/attraction and route choice. When the operation costs, including
fuel costs, maintenance costs and road charging costs (toll and parking fee), etc., are
increasing, car users would consider shifting to other more economic modes (like bus or
metro) or cancelling their trip. This model shift is happened particularly for low income
travellers who are more sensitive to the trip costs. Hence the increase of car operating
costs would have a positive impact on environment (less car use lead less emission) and
on urban structure (shorten trip distance).
In MARS model, the indicator of car operating costs in year t,

consists of

three parts, giving in Equation 3‐5.
∑
Equation 3‐5
Where,
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: Fuel costs from origin i to destination j in year t decided by the type of fuel,
travel distance and vehicle fleet composition.
: Road charge costs (toll charging costs) from origin i to destination j in
year t.
: Parking charge costs from origin i to destination j in year t.
C2: Environmental protection


CO2 emissions (CE)

CO2 emissions produced by the vehicle fleet (car and bus) were estimated based on a
series of large‐scale surveys conducted in the UK since 1968 (DETR, 2007). CE
indicator shows the total emissions of greenhouse gases that caused by the
combustion of gasoline engines and diesel vehicles. This indicator can be expressed in
tons of CO2 emitted per year and its corresponding value (Bickel et al., 2006). In this
work, this indicator was measured per vehicle kilometre for all motorised modes. This
measurement shows that the increased CO2 emissions tending to occur at low speeds,
for example in congestion road, or at very high speeds (more than 120 km/h) (Barth &
Boriboonsomsin, 2010).
Carbon emissions from vehicles are influenced by technological improvements
designed to increase energy efficiency. To calculate this indicator, firstly Equation 3‐6
and 3‐7 show how to estimate the emission rate based on the average trip speed from
origin zone i to destination j for car and bus respectively. This estimation sets up a
value of emission rates both for car and bus in g/km, (Ntziachristos and Samaras,
2000; DETR 2007). Subsequently, Equation 3‐8 obtained the total CO2 emissions
in a given year t in terms of the type of travel mode between origin i to
destination j.
·

·

·

· ln

·
Equation 3‐6

Where,
2
: CO2 Emission rate of car (g/km)
V (t): Average velocity of car (km/h)
a to j: coefficients, calibrated for the case of Madrid region.
·

·

·

·

·
Equation 3‐7

Where,
2
: CO2 Emission rate of bus (g/km)
V (t): Average velocity of bus (km/h)
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a to g: coefficients, calibrated for the case of Madrid region.
246 ∑

·

·

365 ∑

·

·
Equation 3‐8

Where,
: CO2 emissions of all modes (car and bus) (ton/year)
·

: Vehicle‐kilometre between i and j in year t

HWH and HOH: refers commuting trips and non‐commuting trips respectively.


Air pollution (AU)

Except CO2 emissions, air pollution (such as nitrogen oxides NOx, acidifying substances
and atmospheric particulate matter PMx, etc.) is another key effect damage to air quality
and human health that generated by transport section, especially in the metropolitan
area where severe traffic congestion occurs. Except for a minor part (like fuel
evaporation and loss of refrigerant gases), these emissions mainly come from the burning
of fossil fuels for end use, like private car use. Within this category, the nitrogen oxides and
particulate matter between 2.5 and 10 microns are the core factors among the air
pollution emissions. The nitrogen oxide emission NOx is caused by the combustion of
vehicles using gasoline and diesel operation. Such gas reacts with atmospheric moisture to
form acids. Acid rain causes acidification of surface waters, soils and ecosystems. For
example, it causes a decline in plant growth rates because it affects the ability to absorb
nutrients from the soil, and it also makes the plants more prone to disease, insects,
drought and frost (Schulze et al., 1989).
A unit of air pollution cost refers to estimated costs per ton of a particular
pollutant in a particular location (such as a city or country). There are two basic ways
to quantify the impacts of air pollution: damage costs, which reflect damages and risks;
and control costs (also called avoidance or mitigation costs), which reflect the costs of
reducing emissions.
The current work included the damage costs to estimate the effects caused by air
pollution, the emission of NOx and PMx. The cost per ton of nitrogen oxide emitted used
as reference for this study was 5,300 (€/t) and the cost per ton of emitted particles was
2,872.5 (€/t) (Bickel et al., 2006). The NOx and PMx value for a particular size city
should be added to the national values to account for both local and long‐range
emission impacts.
The manner of estimating the rate of nitrogen oxide (NOx) emitted by the combustion
of private car

is shown in Equation 3‐9. And the total nitrogen oxide emission by

car was calculated as CO2 emissions (Equation 3‐8) but with different coefficient.
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Equation 3‐9
Where,
: Specific nitrogen oxide emissions of car mode from i to j in year t (g/Vh‐km)
: Average speed of a trip from i to j in year t (km/h)
to

: coefficients, source (Pfaffenbichler, 2003)

In the case of atmospheric particulate matter, they are known as PM10 small solid or
liquid particles of dust, ashes, soot, metal particles, pollen or cement dispersed in the
atmosphere (Bickel et al., 2006). They consist mainly of inorganic compounds such as
silicates and aluminates, among other heavy metals and organic material associated with
carbon particles (soot). It is characterised by a basic PH due to uncontrolled combustion of
materials. Emission sources of these particles may be mobile or stationary, noting that
about 80% of the total amount released of suspended dust PM10 proceeds in the
atmosphere. Industry, construction and trade with a 7.6% and road transport 6.5%
represent other sources of contamination of particular relevance (Ibid). The amount of
emitted particles was calculated as in CO2 emissions in Equation 3‐9, although as NOx, its
coefficients were different (Pfaffenbichler, 2003). And like the previous point, these
emissions were calculated per vehicle kilometre.


Land use consumption (LU)

The indicator of land use consumption is a reflection of urban sprawl and is understood as
the tendency of a city to spread more and more over time, making it increasingly difficult
and expensive to provide these new areas with urban services and requested facilities
(Irwin & Bockstael, 2007). This concept of spread is directly related to the degree of
excessive urban development, which is characterised by very large cities and low density,
dispersed location of jobs and urban areas where is not dense enough.
To estimate the land use consumption, urban containment measures are necessary.
Since the growth of residential spaces under low density standards is necessary for the
complex type 'campus' to accommodate the rest of urban functions such as shopping
centres, business and industry, among others, and the fragmented structures of different
areas (zoning) that separates applications, work, study and residence, not only leads to a
lengthening of the distances used, but they inevitably have to be made by private vehicle.
Thus, this indicator estimates the evolving relationship between urban land and its
effected inhabitants.
There are two fundamental aspects from which to calculate the degree of urban
sprawl of an urban area (Mann, 2009): a static approach and a dynamic approach. The first
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is to know the reason why some municipalities have greater use of urban land per capita.
As for the dynamic aspect, the idea is to know why some of these urban municipalities
manage their soil so that their towns are dispersed over time, while in other places it does
the opposite. One of the difficulties of answering these questions is to obtain sufficient
information regarding quality and quantity. The information available should cover open
and closed spaces, homes, gardens, spaces for infrastructure, among others.
This indicator is a count of the areas of land that is available each year for
construction per capita. In the MARS model, the LU indicator is a calculation of the land
use changes in the area which is characterised by residential, service and industrial. The
implementation of TDM scenarios created the need to relocate people and jobs. This can
result in empty buildings in some areas and a new demand for homes, business and green
areas in others. Some policies may require more building space, consuming valuable asset,
such as soil and as appropriate, dispersing the city. Equation 3‐10 shows the way to
calculate the indicator of the land consumption
∑

in year t in zone i.
·

/
Equation 3‐10

Where,
: Land use change to residential zone i in year t (m2)
: Residential land started to build in zone i in year t (m2)
: Land reused for residential use in zone i in year t (m2)
Ai (t): Percentage of developable residential land in total area in zone i in year t (%)
: Number of population in zone i in year t (inhabitant)
C3: Social equity impact
In terms of the social equity criterion, two performance indicators were replaced and
adapted in this work, including an adapted potential accessibility indicator incorporating
the competition factor and a weighted user benefit indicator that corresponds to the
update household income.


Accessibility (AC)

For this study, accessibility was defined with respect to the type of activity and its location.
This activity consists of the jobs in the sector of production and service. An adapted
potential accessibility indicator that accounts for competition among opportunities was
applied for job accessibility (commute trips) in this study instead of using the traditional
potential accessibility.
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The potential accessibility (PA) is a widely used method to measure the level of
accessibility at an aggregate level (Handy, 1994; Gutierrez, et al, 1998), and it is estimated
on a rigorous methodological basis (Koenig, 1980). PA combines the effect of transport
and land use and incorporates assumptions regarding personal perceptions of transport
by using a function that decreases with distance or time (Geurs and Van Wee, 2004).
Equation 3‐11 shows the typical form of potential accessibility indicator, assuming a
negative exponential cost function:
∑

,

Equation 3‐11
is the potential accessibility of opportunities in zone i to all other zones by

where

mode m in year t,
,

is the opportunity (workplace) in zone j by mode m in year t,

is a function of the average generalised travel cost associated with travel time

and (operation) costs from zone i to j in year t. For this study, the average generalised
travel cost is defined in Equation 3‐12 (Guzmán, 2012):
,

0.16

0.0163
Equation 3‐12

Where

is the total travel time from zone i to zone j by mode m in year t;

is

the total travel cost from zone i to zone j by mode m in year t; VOT is the value of time
(10.45 €/hour during the peak hour and 5.7 €/hour during non‐peak hour). The
parameters in Equation 3‐12 were calibrated by Guzmán (2011) on the basis of Madrid
mobility survey (CTRM, 2006).
There are several ways to incorporate competition effects (Geurs and Van Wee, 2004)
within the potential accessibility indicator (Weibull, 1976; Joseph and Bantock, 1982; Van
Wee et al., 2001; Geurs and Ritsema, 2003). In the current study, the competition factor for
job in destination j (represented by

) was expressed by the ratio between the number of

work places (workplace supply,

) at destination j in year t and the number of

employees (workplace demand,

in destination j in year t, see Equation 3‐13.

Equation 3‐13
Where,

represents the number of workplaces in zone j in year t,

of employees in zone j in year t1.

is the number

is the changes of the number of workplaces in

zone j in year t, which is the number of workplace generated in year t subtracting the
number of workplace ceased to exist in year t. And

is the change of the number of

employees residing in zone j in year t and is decided by the number of employees entered
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the labour market subtracting the number of employees left the labour market in year t.
The competition factor changes dynamically as a result of the changes in the number of
workplaces and the number of employees. The change is induced by the implementation
of a new transport or land‐use policy measure. By including this competition factor, the
definition of the AA is given in Equation 3‐14.
∑

,

Equation 3‐14
Where

and

,

are defined same as in the PA indicator, and

represents the competition factor in zone j.
Figure 3‐10 shows the simplified causal loop diagram of the PA and AA in MARS, as
defined in this study. The change in jobs is determined by the input/output flow of jobs in
zone j (i.e. the difference between the jobs attracted to zone j and the jobs that migrate
from zone j to other zones). There is a mutual influence between job supply and AA, as the
job supply in each zone is also influenced by its accessibility, in addition to the variables in
land‐use submodels (such as land price, land‐use development opportunities, and
employment sector growth rate). With the job supply, there is a mutual influence between
job demand (number of employees) (i.e., the input/output flow of employees) and AA,
because accessibility is one of the main determinants of job demand and residential
growth.

Figure 3‐10 Causal loop diagram of accessibility indicator
The two accessibility indicators (PA and AA) are implemented in the MARS model
using the interaction between transport and the different land‐use submodels. The AA
including the competition factor integrates more mutual influences from the land‐use
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submodels. Therefore, AA would be a more accurate indicator than PA for representing
differences in competition for jobs among zones after the implementation of transport
policy measures.
After calculating accessibility for each area, these values were normalised by dividing
the value of accessibility of each area by the average value, weighted by the population for
that area as a whole. These normalised values allow knowing the relative differences
between areas, rather than the absolute values, which largely meaningless. All results
were presented as relative accessibility levels.


Accidents (AI)

Setting accidents to be one of the social equity indicators is not only because safety
issue is a permanent concern of the EU in all forms of transport, particularly in road
sectors (Banister, 2005); but also it is found that the countries which set quantified
targets of road safety were more successful in reducing the road accident rate than the
countries which not set the target (Elvik, 1994).
In Spain, each year there are around 4,800 fatal in traffic accidents and more than
20,000 injured (Phil & Stone, 2000). Accident is indeed a significant indicator of
sustainability to measure the performance of the implementations of TDM measure.
Since the criterion of transport system efficiency, social equity and environment
impact are often interrelated, the accident indicator is categorised in social equity
criterion for the purpose of this work.
Thus, according to Equation 3‐15 (Pfaffenbichler, 2003), this work estimated the
value for car accidents
(vehicle*kilometres).

in year t from i to j, based on car speed and traffic flow
It

means

when

the

congestion

is

mitigated

by

the

implementation of TDM measures, the indicator of accidents may get worse because of
the travel speed increasing.
∑

·

·

·

·

·
Equation 3‐15

Where,
Vij: Average speed of a trip by car from zone i to zone j in year t (km/h)
veh∙kmij: Total vehicles kilometre made by all the cars travelled between zone i and j in
year t (km)
a, b, c: Constants calibrated for the Madrid region (Guzmán, 2011)
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Weighted user benefit (WUB)

The user benefits are important to be evaluated at least two reasons. First, the magnitude
of the redistribution between different groups of users can be so large that it could dwarf
the net benefit of the transport policy implementation. In some real world applications,
the distributional effects may be so much larger than the efficiency gains that congestion
charging may not be seen as ‘‘worthwhile’’. Second, the intensity of the regressiveness of a
transport policy such as congestion pricing depends on the quality of the alternative
available modes and on the design of the transport policy schemes (Eliasson, 2006).
The commonly used user benefit (or calls consumer surplus) indicator, neglects the
difference of the utilities and weight between low income travellers and high income
travellers (Neuberger, 1971; Pfaffenbichler, 2003; Guzman et al., 2008). Actually, the
classical consumer surplus formulation gives a higher value to the upper income class. If
the income differences between transport users are minimal, the approximation of the
consumer surplus can work. And if the difference is bigger, it needs to calibrate the utility
functions using (Jara, 2007; Wang et al., 2012) a compensating weight (CW). This thesis
adopts a CW represented by the inverse of household income level to calculate the user
benefit.
Based on this weighted user benefit indicator, the social equity effect is determined
by the generalised travel costs which are estimated in different policy scenarios in terms
of time period and household income classes. The impact of the weighted user benefit is
estimated per zone per year in respect of the aggregate household income level per zone.
The indicator of weighted user benefit

was calculated by comparing with the

reference scenario based on Equation 3‐16.
1
2

∆

1
1
·

·
Equation 3‐16

Where,
: Total travel cost from zone i to j by mode m in year t, including road charging and
operating costs for car and bus in scenario k both for peak hour and non‐peak
hour.
: Travel time from zone i to j by mode m in year t in scenario k
T

t : Number of trips from zone i to j by mode m in scenario k

VOT: Value of time (10.45 €/hour during the peak hour and 5.7 €/hour during non‐peak
hour)
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CWi: Compensating weight. It is a new modified value, mainly representing a weight to
compensate the user utility for different income level of user. It was calculated by the
inverse of the household income in the origin zone like shows in Equation 3‐17.
9600
Equation 3‐17
Where,

is the aggregated household income in zone i, and 9600 is a coefficient to

transfer monthly household income to household income in minutes (assuming 20
working days per month and 8 hours working hours per day).
Incorporating the compensating parameter with the user benefit indicator aims to
adjust the value of user utility for different groups of household income travellers. In
general, the utility of transport users is higher for high‐income users resulting with high‐
income travellers more willing to pay to use the road infrastructure than low‐income
users. Incorporating the compensating weight with the user utility function to represent
the user benefit, can help to obtain a more concrete value of the WUB indicator regarding
all income category users. As seen in Equation 3‐17, it calculated this indicator by adopting
a parameter equal to the value of the inverse of average household income (Ii).
The value of average household income per zone was obtained from the national
statistics institute (INE) for the base year (t=0) and varied every year with an average
growing rate. However, the previous study by the MARS model overestimated the value
of average household income for each zone, in which considered all labour force has
income. Actually, the labour force means the number of people who have joined the
labour market, including the population who has a job or who are looking for jobs. In
this case, the population who has income basically includes two groups, one is the
population who has a job and another is retired population with their pension. The
population without income includes unemployed, students, stay‐at‐home parents, and
people in prisons or similar institutions.
Hence this work re‐estimated the value of average household income value for
calculating the WUB indicator by using Equation 3‐18. The key of this new way is to
distinguish the population with income from the whole population. It used the rate of
employment and retirement which were obtained from Insitituto Nacional de
Estadístic (2004) to compute the total number of population with income and to get
the average household income per year. Meanwhile, the household income used in the
previous version of MARS model was a constant value for 30 years, which was not true
in reality. Therefore, it used an average growing rate t (about 0.04 per year) obtained
for year 2004‐2012 (INE) to replace the constant value (see Equation 3‐18).
‐ 75 ‐

ASSESSING URBAN MOBILITY THROUGH PARTICIPATORY SCENARIO BUILDING & COMBINED UR ASSESSMENT

1

1
Equation 3‐18

Where,
: Household income per month (€) in zone i in year t
: Household income per month (€) in zone i in initial year 0 (year 2012)
r: Household income growing rate, equals to 0.04, estimating based on the data from
year 2004 to 2012.
: Population in zone i in initial year 0 (year 2012)
: rate of employment and retirement in zone i in base year
: Gross income per capita per year in zone i in the base year
: number of households in zone i in base year
After defining the objective function and the performance indicators on the basis
of MCDA, the constructed TDM scenarios can be optimised and assessed by the MARS
model. The implementation of TDM scenarios in MARS is given in section 5.2, which
includes the two key elements (time frame and geographic scale) and the
presumptions related to their specific implementations.
3.3.2.3

Optimisation method

Considering the number of parameters that can be manipulated within the model of land
use and transport and nonlinear interactions, finding optimal values can be a time
consuming and inefficient process of calculation. Due to the complexity of the
mathematical models of dynamic systems, it is not possible to obtain a representation of
these systems to use direct methods of linear optimisation (Yücel and Barlas, 2011).
Therefore, one possibility is to use optimisation approaches based on simulations,
wherein the objective function is optimised by means of a continuous system simulation.
In this case the focus will be directed towards the optimisation methods that do not
require the calculation of derivatives, and today is widely recognized that such
optimisation techniques are the best suited for the current model (Torczon et al., 2000;
Janamanchi Burns, 2007). The optimisation process used herein is based on the Powell
Algorithm which is used to find the maximum of the welfare objective function under a
scope of possible values. Powell algorithm overcomes some shortcomings of previous
developments and has the additional advantage that it is virtually invariant linear
transformations of the coordinates space (Powell, 1964). It aims to maximise/minimise
the objective function by a set of independent direction vectors without calculating the
derivatives.
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The main motivation to apply the Powell algorithm for this thesis is derived from the
observation that if a quadratic function of number of variables can be transformed so that
it is simply the sum of squares perfect, then the optimal value can be obtained after
performing exactly number of searches on one variable, each with respect to each of the
transformed variables.
In essence, the optimisation process consists of a multi‐objective functions with
several simultaneous and single agent decider. This optimisation procedure is able to
optimise the objective function varying more than one predefined constant without using
partial derivatives. A detailed discussion of the algorithm is given in Brent (1973) and
Press et al. (2007) that describes the complete algorithm.

3.4

TDM scenario evaluation

The comparison and evaluation of the constructed TDM scenario is reached by a
combined utilityregret analysis (URA) in this thesis, which includes a utility‐based
MCDA and regret‐based MCDA.
MCDA approach has been used in decision making related problems since the 1970s,
which has a strong subjective component and reflects human nature and cultural
differences (Guitouni & Martel, 1998). It is therefore not surprising that multiple analysts
and/or decision‐makers often reach different rankings for the same problem (Roy, 2005).
As a decision adding tool, MCDA is to support the subjective evaluation of a finite number
of alternatives under a finite number of performance criteria by a single or a group of
decision makers (Greco, 2004). The common purpose of MCDA is to evaluate and choose
among alternatives based on multiple criteria using systematic analysis that overcomes
the limitations of unstructured individual or group decision making. MCDA, therefore, can
be used to select a preferred alternative (policy scenario) or to classify/rank the
alternatives in a subjective order of preference.
Scanning the literature, considerable researches have applied MCDA helping in the
decision making process. Costa and Carlos (2001) described the multi‐criteria decision
analysis’ concepts, techniques and software tools were used to analyse spatial conflicts
for the construction of new roads in the case of Lisbon Metropolitan Region, and
concluded that the MCDA is a useful methodological framework for the evaluation of
policy options. The paper of Kujawski (2003) compared several widely used methods of
MCDA for synthesizing the multiple attributes into a single aggregate value. He found that
the various MCDA methods would provide conflicting rankings of the alternatives for a
common set of information even under states of certainty. To offset the limitation, the
analysts need to deal with two issues: (1) selecting an appropriate MCDA method for the
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specific case study, and (2) properly interpreting the results. Meanwhile, Kiker et al.,
(2009) also provided some recommendations for identifying the components of an
appropriate decision‐analytic framework of MCDA by reviewing a number of MCDA
applications. It says that MCDA, as one of the well utilized approach to assess transport
projects, is particularly useful where the different aspects of sustainable transport
need to be examined in terms of likely impacts against a range of criteria (Ibid).
Regarding the question of which is the best MCDA method for a given problem,
Triantaphyllou (2000) provided a perspective into the core of MCDA methods and
compared the best known and most frequently used MCDA methods without specific
justification in his book. A detailed analysis of the theoretical foundations of these
methods and their comparative strengths and weaknesses is also presented in Belton and
Steward (2002). For the application of MCDA on sustainable energy planning, Pohekar and
Ramachandran (2004) have reviewed the existing published papers and analysed the
applicability of various MCDA methods in terms of the goal of sustainability. All the
reviews on the MCDA methods conclude the same opinion which is almost all of the MCDA
methods share similar steps of organisation in the construction of the decision matrix.
Each MCDA method synthesizes the matrix information and ranks the alternatives by
different means. Different methods require diverse types of information and follow
various optimisation algorithms. Some techniques rank options, some identify a single
optimal alternative, some provide an incomplete ranking, and others differentiate
between acceptable and unacceptable alternatives (Yoe, 2002).
The needs to incorporate environmental and social considerations in energy
planning resulted in the increasing use of MCDA approaches. Considering the purpose
of this work which is to examine the proposed TDM scenarios in terms of three
different objectives/criteria within sustainable mobility (i.e., transport system
efficiency, environmental protection and social equity), this thesis adopted the multi‐
criteria decision analysis (MCDA) embedded in the MARS model to analyse the impacts
of TDM scenarios with the incorporation of a regret value. In the previous research
conducted by Guzmán (2011) of using MCDA in MARS model, it was found the
superiority of the MCDA method to be able to represent explicitly a set of objectives
that the decision makers have identified.
The MCDA‐based URA was made from a finite set of alternatives (i.e., TDM scenarios)
that were characterized by deterministic attributes, which were economic efficiency,
environmental protection and social equity. An aggregate utility value of each alternative
was obtained from the objective function of utility‐based MCDA that was embedded in the
transport and land use interaction model‐MARS. And a regret value was computed from a
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developed regret model (i.e., reference‐dependent regret model, RDRM) that was
conducted outside of the MARS model (Kujawski, 2005).
The URA treats the emotion of regret as an additional dimension of decision making
and incorporates it as an element within an extension of MCDA, in order to avoid high
levels of regret (Bell, 1982; Loomes and Sugden, 1982; Mellers, 2000; Kujaswski, 2005).
The utility‐based MCDA, the regret‐based MCDA and the combined URA will be introduced
in the following sections.

3.4.1 Utilitybased MCDA
The utility‐based MCDA is based on the multi‐attribute utility theory (MAU), and the
technique used to calculate the aggregate utility is the linear‐additive utility function
(LAU). MAU is a structured methodology designed to handle trade‐offs among multiple
objectives in a rank ordered evaluation of alternatives that reflects the decision‐makers'
preferences. Therefore, MAU represents compensatory behavior. While numerous MAU
methods have been proposed for aggregating the individual utilities into a single scalar
utility, the most widely used form is the linear‐additive utility function (Costa & Carlos,
2001). While MAU is widely known, it is briefly described here for reasons of
completeness.
To rank the alternative TDM scenarios from the most to the least preference in terms
of the three criteria, it defines the aggregate utility of each alternative on the basis of the
LAU. The MCDA comprises an objective function (Equation 3‐19) of performance
indicators weighted by their perceived importance. The performance indicator values
were obtained from the model results for the technically‐optimal solution for each
implementation scheme. The weights are the utility‐based and regret‐based importance
weights that can be obtained from the expert‐based survey.
∑
Where

∑

Equation 3‐19

is the aggregate utility of alternative policy scenario Ai for criterion k,

the score of policy alternative i for criterion k, and

is

is the weight of each criterion whose

values reflect the relative contributions of changes in each of the scores, as the
achievement of the objectives.
Utility‐based MCDA methods do not consider anticipated‐regret, although
anticipated‐regret is an important consideration in decision‐making under uncertainty
(Kujawski, 2005). One of the rare examples of regret‐based MCDA is the Reference‐
Dependent Regret Model (RDRM) proposed by Kujawski (2005) and employed for the
scenario evaluation.
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3.4.2 Regretbased MCDA
A regret value in the regret‐based MCDA can be calculated to describe the human emotion
experience when one or more non‐chosen alternative performs better than a chosen one
in terms of one or more criteria (Mellers, 2000). This work calculates the regret value for
each alternative based on the Reference‐dependent Regret Model (RDRM) which is
associated with MCDA method. RDRM is a developed regret‐based model that firstly
proposed by Kujawski (2005), who argues that a person’s level of regret often depends
explicitly on the absolute values of the utilities of the chosen and forgone alternatives
rather than simply the differences. Thus he proposed the RDRM to account for this
behaviour (Ibid). There are three properties proposed in RDRM, which are about
independence of dominating alternatives, no imposed rank reversal and negative side
effects associated with inferior substitutions (Wang et al, 2008). While the analysis of
Quiggin (1982) proved that regret must be determined solely by the best attainable
outcome in each state of the world or equivalently the best performance value of each
decision criterion in MCDA problem, this is in contrast with determining the regret
associated with an alternative by considering the entire set of alternatives, like averaging
the regret contributions that are formed when considering all available choice pairs. When
this idea is applied to the study of how to model regret in MCDA problems, the regret
associated with choosing one alternative and forgoing all the other alternatives is
determined only by comparing the chosen criteria values with the best criteria values.
Addition or deletion of dominating alternatives then cannot affect the regret levels of the
other alternatives because the best criteria values will be the same as before under these
changes (Wang et al, 2008).
More specifically, the alternative option (i.e., a TDM scenario in this case) i represented
by

1, 2, …

; the aggregate performance utility of each alternative is given by
1, 2, …

the criterion k represents by
by

. When alternative

;

and the weight of each criterion is given

is chosen and forgoing alternative

under criterion Ck, this

denotes a regret value of R (uik, ujk), given by
,

1

1

,

0,
Equation 3‐20

where uik is the utility of alternative Ai for criterion Ck. The notation G(x) denotes the
regret‐building function. It measures the level of regret referenced to the maximum
possible utility normalised to 1. The regret function G (x) used in the RDRM model is given
as follows:
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,

/

0

0,
Equation 3‐21
The parameters B and S characterise the shape of G(x). When the S is larger, G (x) is
steeper and the faster to approach to 1. The curve of G (x) is convex when the regret value
is below B, and is concave when the regret value is above B. The two parameters B and S
depend on the regret attitude of the individual decision maker. Analyst could determine
these two parameters by querying the corresponding decision makers about the level of
regret that he experience for each criterion. The current thesis chose B equal to 0.5; and S
equal to 4 (Lootsma, 1997; Meller, 2000; Kujawski, 2005). It means a chosen alternative
with criterion utility <0.5 is judged as very painful when there is another alternative with
a corresponding criterion utility >0.5. The reason of using these two values of B and S for
the current work is because it is widely used in many researches (Kahneman and Tversky,
1979; Lootsma, 1997; Mellers, 2000), but future test on the value of B and S should be
focused. The regret value of choosing alternative Ai from a set of n (where n ≥ 2)
alternatives with m criteria is given by
∑

´ ∑

,
Equation 3‐22

Where, w´k is the weight of each criterion based on the regret theory. In this case, it is
obtained through the expert‐based survey.

3.4.3 Combined utilityregret analysis
The final evaluation and comparison of TDM scenarios was based on the combined utility‐
regret analysis, which regarded the value of utility from the utility‐based MCDA and the
regret value from the regret‐based MCDA.
The combined utility‐regret analysis in this work referred the process of assessing the
preference of the candidate policy alternatives in terms of the aggregate utility value and
the regret value. Due to the drawbacks of multi‐attribute utility analysis, decision makers
require adequate information and visibility into the alternatives rather than a single
number when dealing with complex decisions (Kujawski, 2005). Loomes and Sugden
(1982) proposed regret‐theory as an alternative to utility‐theory. Instead, Inman et al.
(1997) proposed a theoretical combined utility‐regret choice paradigm for valuation of
alternatives which includes both notions simultaneously. The application of this paradigm
is still in its nascent stage with the models proposed by Muermann et al., (2006) and
Laciana and Weber (2008) for decisions under uncertainty, and Chorus et al. (2013) being
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the first to employ it in discrete choice models in transport. This work proposed to embed
a combined utility‐regret function in the MCDA. The mode associates each TDM policy
scenario with a generalized utility function Ai = (Ui,
performance utility of alternative Ai; and

), where Ui represents the aggregate

is the regret value computed using RDRM that

compares with the other s alternatives.
The general procedure of the utility‐regret analysis is divided into three steps.
1) Compute the aggregate performance utility of each alternative using the
objective function (Equation 3‐19).
2) Calculate the anticipated regret value associated with the choice of each
alternative using RDRM given by Equation 3‐22.
3) Then the final modified utility

of alternative Ai in a given set S, is calculated

as follows:
∑

∑

∑

´∑

,
Equation 3‐23

In Equation 3‐23, the first term is the aggregate objective utility of alternative Ai and the
second term is the anticipated regret for choosing alternative Ai. Finally, the alternatives
are ranked by the modified utility value.
Via the utility‐regret analysis, analysts and decision makers are able to compare the
alternative on the basis of aggregate performance utility and anticipated regret within a
single number. The utility‐regret analysis aids a rational individual reach a preferred
solution.
The next chapter is the introduction of the study area for applying the integrated
assessment framework. It will address the current and future problems of transport and
land use by studying the demographic, geographic, travel choice and trip characteristics of
Madrid. The application of the integrated assessment framework for the case of Madrid is
given associate with the two‐round survey results in Chapter 5.
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This chapter is a presentation of the study area and an initial selection of TDM measures
and their implementations for the study area. The study area selected for validating the
proposed methodology is the region of Madrid. The presentation of the study area
includes three parts. The first part (4.1.1) describes the Madrid region through its general
characteristics in population, geography, density and household income distribution. The
second part (4.1.2) demonstrates the quality of the provisions of transport services in
relation to public and private transport demand of Madrid. And the last part (4.1.3)
summaries the major problems Madrid confronts in the transport and land use
development. The selection of TDM measures and their implementation then is given after
based on the problem identification of the Madrid region as well as the consideration of
model limitation.

4.1

Madrid Region

4.1.1 Principal characteristics
The study are of this work is the region of Madrid which is also the capital and largest city
of Spain. With a population of 6.5 million inhabitants in the year 2011, Madrid covers an
area of 8,030 km² in the centre of Spain. As shown in Figure 4‐1, Madrid region consists of
three distinct areas: the city, the metropolitan area and the outermost ring which is known
as the region. The population density is 5,390/km2 in 2011, but the population
distribution varies between extremely low densities in the outer ring of the region with
extremely high density in the inner ring of metropolitan (INE, 2011).
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Figure 4‐1 Madrid Location and Population Distribution (INE, 2011)
It can be seen in Figure 4‐1 that the population is mostly concentrated in the
Metropolitan Area of Madrid, which is also the third largest metropolitan area in European
Union, after London and Paris. The current demographic evolution shows that the
municipality of the City Centre is losing population in relative terms: its demographic
weight in the metropolitan area has declined from 65% to 52% between 1985 and 2006
(Di Ciommo et al. 2010), makes room for large population growth in the outer ring of the
region. Moreover, the land use development policies based on low density and dispersion
of activities lead to a scenario where the private car is the most favourable alternative for
travellers.
As the demographic density in the new suburbs, this new metropolitan periphery
is characterized by a lower residential density, caused by a dispersed residential zone
and a fragmented urban landscape. In this content, the urban land area has increased
at a much higher rate than its population. Up to now, measures intended to channel or
direct such urban sprawl have rarely been applied (Monzón and De la Hoz, 2011).
Dependency on the central city is weakening at the same time as suburb to suburb
trips increase, thus forming flow networks that resemble a spider web that covers a
polycentric landscape.
Figure 4‐2 shows the average household income distribution by municipalities of
Madrid. There is a wealthy area in the north of Madrid region and a poorer area in the
southern part of the region. In fact, more than 70% of the population of the southern
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region have an income lower than 12,000 € per year, while 90% of those in the north
area have incomes higher than 12,000 € per year, with 40% having more than 18,000
€ per year (INE, 2010). INE (2010) studied how urban density evolved between 1996
and 2004, which is rising slowly in the south and southeast area. In addition the
polarized location of industrial sites in the north of the Madrid increases the
workplace trips in a south‐north direction, by means of the semi orbital highways.

Figure 4‐2 Average household income distributions in Madrid Region (INE, 2004)
Figure 4‐3 presents the changes of employment distribution from year 1996 to 2004.
Bearing in mind the population is sprawled in the Madrid Region, a considerable growth
was observed in the proportion of local and suburb‐to‐suburb trips and a drop in those
towards the municipality of Madrid. This also leads to an employment move from the
centre of Madrid to peripheral or metropolitan areas where the industrial, technological
and commercial areas are locate. Therefore, there is a reduction in functional dependency
on the city centre of Madrid and, above all, greater integration among suburban
municipalities, trends employment decentralization in MMA.
The evolution of employment and household income causes a number of trips from
outer ring to the inner city. This illustrates that the possible TDM measures implementing
in Madrid shall aim to reduce the car dependency, mitigate urban sprawl and improve
social equity.
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Figure 4‐3 Employment distribution and evolution in Madrid
(EDM´ 96‐04, 1998, 2006)

4.1.2 Transport demand and supply
Since the main transport problems (like congestion, air pollution, etc.) accumulate in the
Madrid Metropolitan Area (MMA), the following study on the transport demand and
supply thus is focused on this area.
4.1.2.1 Transport demand
From the household mobility surveys that Madrid authorities conducted in the 1996 and
2004 (EDM, 1998, 2006), it was found that from 1996 to 2004 the number of motorized
trips increased by 52%, whereas the population increased by only 14% (Monzón &
Rodriguez, 2009). Even if the public transport system in Madrid is one of the most efficient
in Europe, the sprawling tendency makes it difficult to offer adequate public transport
services outside of the Madrid municipalities (Di Ciommo et al., 2011).
The following contents describe the general mobility characteristics in the
Metropolitan Area of Madrid. Firstly, table 4‐1 lists the mobility data in MMA in year 2004
(EDM, 2006). It shows there were 14.51 million trips made in MMA every day, and every
person carries out an average 2.6 times of trips per day. The car ownership (motorisation)
rate is 0.529 per person, which is the highest among Spanish cities. With the rapid growth
of motorisation rate (for example between 2006 and 2007 there was a 7.27 per cent
motorisation growth), car mode is the most used travel modes in MMA (34.7 per cent).
Considering investments in PT facilities and services in the MMA, the PT share has
increased from 34 per cent in 1996 to 40 per cent in 2004 for all types of trips (EDM, 1998,
2006).
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Terms

Data in MMA

Nº trips per day (millions)

14.51

Average Nº trip per person

2.6

Motorisation (per person)

0.529

Motorisation growing
(from year 2006 to 2007)

7.27%
Car: 34.7%
PT: 31.6%

Modal split

Walking & Bicycle: 31.1%
Others: 2.1%

Table 4‐1 Transport mobility data for MMA in year 2004 (EDM´04, 2006)
Comparing the modal split for work trips (mostly in peak hours) and for all types
of trips (such as trip for commute, study and leisure, etc.) in Figure 4‐4, there is a
lower percentage of car and motorbike use for work trips than for all types of trips
(35% of work trips and 45% for all types of trips). The big difference occurs in the
slow mode i.e., walk and bicycle (31% of work trips and 12% for all types of trips).
That is, because travellers choose travel mode with less travel time to go to work. This
is especially true when there is more congestion like peak hours; travellers prefer to
use more reliable modes like walking and bicycle or public transport. This implies that
providing more reliable travel mode (for example, more bus frequency) could
encourage travellers to abandon using cars. Meanwhile, in order to promote more
sustainable travel modes (e.g., PT, walk and bicycle), a package of policy measures
(like ´sticks´) are recommended being implemented together (Matas, 2004).

Figure 4‐4 Modal split for work trips and for all trips (EDM´04, 2006)
The phenomenon of suburbanization of both residence and employment has
prompted more transport demand in the metropolitan area, which leads to more
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congestion and other externalities, especially in peak hours (Eliasson and Mattsson,
2001).
4.1.2.2 Transport supply
The highway network of Madrid, showing in Figure 4‐5, includes four orbital highways
(i.e., M‐30, M‐40 and uncompleted M‐45 and M‐50), eight radial highways (i.e., A‐1, A‐2,
A‐3, A‐4, A‐5, A‐6, A‐42 and M‐607) and four tolled radial highways (i.e., R‐2, R‐3, R‐4
and R‐5). The intensive road network encourages travellers to use vehicles,
particularly in the Metropolitan Area of Madrid.

Figure 4‐5 Madrid Highway Network
(Resource: Ministry of Transport, 2007)
Through a survey performed by the Spanish Ministry of transport and
infrastructures (2005), the average vehicle speed in the area inside the M‐40, which is
also the largest in the metropolitan area of Madrid, is quite low (24.84 kilometre per
hour) (See Figure 4‐6). Comparing with the 120 km per hour designed free flow speed
on M‐40; the current average speed in 2005 was only 60.79 kilometre per hour. And in
the area between M‐30 and M‐40, the average speed (24.84 km per hour) was only half
of the designed free flow speed (50 kilometres per hour). With the lowest average
speed (9.57 km per hour), the severest congestion occurs in the city centre (Figure 4‐
6).
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The dense transport infrastructure network is inadequate for car travellers, and it
leads to unsustainable development. More transport infrastructures lead to car use
becoming more preferred by travellers (Banister, 1999). Therefore, policy actions should
be applied to constrain the provision of more car transport infrastructures and facilities.
In this case, TDM measures (from demand‐side) meet better this objective since it aims to
reduce car dependency in urban areas.

Figure 4‐6 Average traffic velocity in Madrid Metropolitan Area
(Ministry of Transport of Spain, 2005)
Regarding public transport (PT) in the MMA, it consists of five distinct modes, i.e.,
urban bus (UB), metropolitan bus (MB), metro, light train and interurban train. For
practical purposes, ‘rail’ mentioned in this work represents for both light train and
interurban train. All these PT systems are in the charge of different administrative agents,
and are managed by the Transport Authority of Madrid (Consorcio Transporte de Madrid).
The integrated management is reflected by the tariff, which is an integrated tariff scheme
for the whole transport system in Madrid.
The data of public transport services of the five modes are presented in Table 4‐2
aiming to understand the intensity of current PT provision in Madrid. The city has a total
length of 5,906 kilometres of urban bus lanes and 343 bus lines running with an average
speed of 13.5 km per hour during 18 hours per day. The average bus frequency is around
8.9 minutes in the urban area and 11.2 minutes in the MMA. And 387 metro and rail
stations cover almost the entire metropolitan area. The intensive PT service provision and
integrated PT management cover more than 40 per cent of all type of trips, for a work trip.
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As can be seen in Table 4‐2, Madrid has a very efficient public transport system. However,
the sprawled urban form makes it difficult to offer adequate public transport services
outside of the MMA. In addition, the dense road network makes the car to be the primary
choice for travellers in less PT services area (Di Ciommo et al. 2011).
Nº of Bus Lines
UB
MB
343
127
Nº of Bus
UB
MB
2,259
1,861
Nº of Lines
Metro
12

Train
13

Nº of Bus Stops

Total Length of Bus
Line (km)
UB
MB
5,906
20,223
Average Frequency of
Bus (min)
UB
MB
8.9
11.2
Nº of Stations

Average length of
Bus line (km)
UB
MB
16.5
58
Trips/Veh‐Km

UB
MB
15,378
17,165
Average Speed of
Bus (km/h)
UB
MB
UB
MB
13.50
‐
4.3
1.1
Length of Network
Yearly Travellers‐
(km)
Km
Metro
Train
Metro
Train
Metro
Train
282.1
404.1
233
154
3,994
3,576
Table 4‐2 Data of public transport in MMA

(Source: INE & Public Transport Associations of Spain, 2010)
To promote the use of public transport, the transport authority of Madrid (i.e.,
Consorcio Transporte de Madrid, CTM) is carrying out a preferential PT fare for travellers.
The single trip ticket was 1 € per until 2012 (it has changed to 1.5 € for trips of 5 stations
and 2 € for less than 9 stations) in the metropolitan area of Madrid. Therefore, both
national and local government has to grant a large amount of money to compensate for the
loss of the PT operators (both bus and metro operators).
As seen in table 4‐3, the revenue collected from urban buses only covers 34%
operating cost. The rest of the operational costs are covered from government subsidies.
In particular, the government has to pay 89 per cent of the cost to provide light railway
services. This situation is obviously not sustainable. Thus policy actions compensating for
the PT cost and encourage PT share should be implemented in MMA.
PT mode
Revenue
(Million €/year)
Subsidy
(Million €/year)
Rate of revenue
to subsidy (%)

Urban Bus

Other Bus

Metro

Light Rail

Rail

232.8

146.2

423

7.81

203.47

445.2

369.89

1,028

65.8

‐

66%

72%

70%

89%

‐

Table 4‐3 Data of transport in MMA
(Resource: Public Transport Associations of Spain, 2010)
Parking supply is another key issue affecting travellers to choose their travel mode.
The total number of parking places (including underground and outdoor parking) in
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Madrid City is 22,256 (OMM, 2010). There are two types of parking places. One is called
blue area aimed at visitors (non‐residents in the neighbourhood or specific area) who can
park for a maximum of two hours with a tariff from 1.17 € per hour to 2.10 € per hour.
Another type of parking places called the green area, which is mostly for local residents in
the neighbourhood. Comparing with the other bigger metropolitan areas in the Europe,
the parking charge fee in the MMA is slight low (in the city of London and Paris, the
parking fee is 5 €/h and 3 €/h respectively) (Tfl, 2012). Therefore, the sufficient parking
places and relatively lower parking fee makes it more convenient for car users in MMA to
use the car. Policy actions like increasing the parking charge fee then would be an efficient
way to restrict car use in the MMA.

4.1.3

Problem identification

A clearly specific list of current and future problems is the one of the most important and
suitable basis for selecting potential policy solutions (Hill et al., 2012). This part is the
identification of the current and future problems Madrid confronts, which is summarized
based on the study of the demographic, geographic and transport mobility of the Madrid
metropolitan area. The main current and future problems in MMA are as follows.


Associated with the population suburbanization, employment decentralization and
a high level of transport provision on facilities and infrastructure, private vehicles
becomes the most favourable mode for travellers both for work trips and other
type of trips. This requires policy interventions to reduce car dependency
particularly in the metropolitan area (Howlett, 2005).



Though the total share of the sustainable modes (i.e., public transport, walking and
bicycle) is higher than car use, there is still room for improving the facilities and
services

of

sustainable

modes.

Meanwhile,

car

restriction

measures

implementation (like ´sticks´) along with the PT improvement (like ¨carrots¨) could
enhance sustainable mobility.


The revenue collected from public transport covers only half of its costs. The
national/local government has to subsidize a lot on public transport services. This
is not sustainable especially when government is experiencing an economic crisis
like Madrid. In the future, if the government wants to keep the same level of PT
services, it requests the type of policy measures that are able to reduce the
financial burden for the government.



There is an unbalanced land development in the Madrid region, while most
households with low income locate in the southern part of Madrid. Policy actions
thus should be proposed and implemented aiming to provide more opportunities
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in the less developed area. Or the proposed policy measures should be
implemented in a certain way which benefit on social equity


The externalities like congestion, air pollution, noise and safety in urban area are
mostly resulting from car using, however, affect the whole population (for the
most part are not car users) who live in the same area. The implementation of the
policy measures should be more creative in dealing with improving the quality of
live at the neighbourhood level.



The adequate parking places and relative lower parking fee promote high car use
in the MMA. The policy measures like increasing parking charge fees would be
efficient to reduce the demand of car trips in the MMA (Monzón et al., 2008).

The above identified problems help select the possible TDM measures for the MMA.
Regardless of the problems related to the lack of participation and lack of institutional
coordination at different levels, a significant part of the diagnosis of the problem is that
there is not a comprehensive understanding among the areas that should involve urban
policies, such as transport, land use, environment and social and economic development.
Therefore, a comprehensive study on the impacts of the selected measures, in particular
the long term impacts within a dynamic urban system of transport and land use, should be
made.

4.2 TDM measures selection
There is an extensive literature on policy measure selection, but so far none used
methodology is universally accepted or adopted by decision makers and transport
planners (Vieria, 2007). Taylor et al. (1997) selected an appropriate set of TDM measures
for a given study area relying on limited, readily available data and tools. May et al., (1999)
conducted 70 strategic models in order to identify those strategies which performed best
in terms of economic efficiency within given financial constraints. Vieria (2007) chose the
policy instruments according to some specific reasons, such as representativeness and
implementing barriers. In this content, the current work selects possible TDM measures
for the case of Madrid based on the following four principles:


can support the defined overall goal,



relatively fewer barriers to implement,



conform to the limitations of the used evaluation tool



can solve/ease the identified current and future problems of the study area

For the first principle, the assessment criteria of the sustainable mobility plan are
economic sustainability, environmental sustainability and social sustainability. To support
the defined goal and objectives, it requires a type of policy measures which are able to
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affect the performance of the transport system by changing the demand of travel or
changing the supply of transport facilities (Acutt and Dodgson, 1997). Moreover,
appropriate TDM measures implementation could enhance the objective of sustainable
urban mobility (Small, 1997; Vieria, 2007).
Regarding the implementation barriers of TDM measures, this consists of four
categories, which are legal and institutional barriers, resource (financial) barrier, political
and cultural barriers, practical and technological barriers. The survey conducted for the
project PROSPECT (May et al., 2003) found that land use and road building are the policy
measures most commonly subject to legal and institutional barriers. And road building
and public transport infrastructure measure are the two policy actions which are subject
to financial constraints. The typical policy measures of road building and pricing are the
most subject to political barriers. For practical and technological barriers this occurs in
most of TDM measures implementation.
The third principle to select TDM measures for this study is the limitations of the
evaluation tool. So far there is not a universally accepted tool that can evaluate all kinds of
policy measures. Therefore, transport planners have to consider the limitations of the tool
they adopted for the policy selection. In this work, the evaluation tool is a dynamic
strategic LUTI model MARS. It works with a significant level of aggregation and makes
long‐term assessments. Owing to the aggregation level, MARS model is not able to assess
the impact in relation to the road network. The implementation of TDM measures
associated with road network, such as traffic claim measure, thus are not being able to be
simulated by MARS. Considering this limitation, the TDM measures are selected in this
work are the one can be assessed in an aggregated level.
Meanwhile, clearly specifying the current and future problems is another principle
(also a very important one) to identify the potential TDM measures (Hill et al., 2012). The
methods to identify the problems in the study area are several. It can be achieved by
specifying the most probable future scenario, then assessing the performance of the
strategies against the objectives, or it may also be realised by consultation and local
monitoring. Consultation means identifying the problems by consulting the city authority
to develop the appropriate strategies. However, the consultation method is more useful to
identify the current problems rather than future problems. And monitoring is a way of
specifying current and future problems, enabling to observe the trends and to singles out
the potential strategies.
The Spanish Strategy of Sustainable Development (Ministry of Presidency, 2007)
drafted a long‐term perspective for a more cohesive society in terms of rational use of
common resources, and more equitable society in relation to land development. To
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achieve the objectives, Madrid still faces many challenges regarding the environmental,
social and economic aspects. In this context it is necessary to apply effective transport
demand management measures for the current study area.
The policy selection process based on the identified problems in MMA, as well as the
other three principles (i.e., support defined objectives, less implementation barrier and
meet model limitation) mentioned before. Finally, four TDM measures along with the two
types were proposed for the practice of this work, aiming to resolve the problems as well
as encourage sustainable development in Madrid, which are
 Car restriction measures: cordon toll and parking charge increase.
 Public transport incentive measures: bus fare decrease and bus frequency
increase.
Cordon toll as one type of road pricing schemes, regulates demand to travel into a
particular area like a city centre at certain time by enforcing vehicle users to pay a fix or
flexible fee directly. From the application of London, Stockholm, Singapore, and Milan,
cordon toll can receive very efficient congestion reduction (Eliasson & Mattsson, 2001).
Parking charge increase measure means increasing the parking fee to reduce the
demand of car use in a certain area of the city at a particular time like peak hours. If a
parking place that is difficult to find or expensive to use will frustrate users and can
contribute to transport sustainable development in the end.
Public transport incentive measures means providing better PT services to encourage
car travellers shift their travel mode to public transport (like buses or metro) (Hensher,
2007). Though the bus fare decrease measure is not recommended at a time when the
government is cash‐strapped, it is an effective measure to promote PT use. And since the
current work is a theoretic and academic practice, the measure of bus fare decrease was
chosen to examine the long term impacts for the case of Madrid.
The TDM measure of bus frequency increase is to increase the current bus frequency
at certain times like peak hour to promote PT share. Unlike car restriction measures,
increasing bus frequency is mostly welcomed by travellers. According to the research by
Armelius and Hultkrantz (2006), when the public transport share is up to 40% for all
types of trips like in Madrid, road pricing measure then is more acceptable. As a
compensate measure, bus frequency increase measure can not only help increase PT share
but also reduce resistance by travellers to car restriction measures.
The current work will study the specific implementation of each proposed measure,
and examine the long term impacts in a land use and transport interaction system. Based
on the study on the Madrid metropolitan area, several potential time frames and

‐ 96 ‐

CHAPTER 4 –STUDY AREA

geographic scales to implement the proposed TDM measures are presented in the next
part.

4.3 Selected TDM measures implementation
What is the best way to implement the selected TDM measures in Madrid Metropolitan
Area? Three issues related to the implementation are addressed in this work, which are
time frame, geographic scale and intensity. Time frame means the time scale to start
applying the policy measure and the time over which policies might have more effect;
geographic scale are directed to the particular areas where the policy measures could be
implemented; and intensity is the level (e.g., road charging rate or bus frequency rate) of
the policy measures being implemented. For each selected TDM measure, the proposed
implementation for the case of Madrid is presented and explained as follows.
Based on the previous research on long term strategic planning, the time frame is
suggested to consist of three periods, which are a short term (in next 5 years), a middle
term (in next 10‐15 years) and a long term (in the next 20‐25 years) (Banister, 2005;
Howlett, 2005; Holguin et al., 2006). It means that each TDM measure has three
possibilities to be applied in Madrid, and the choice should depend on the achievements of
each option regarding the objectives.
To propose the proper geographic areas to implement the selected TDM measures is
much more complex. However, the aim of the strategic planning is to reduce the
congestion and mitigate transport related problems, so the target areas to deploy policy
measures would be the most congested areas. Table 4‐4 lists three more congested areas
of Madrid (i.e., city centre, the area inside the M‐30 and inside the M‐40) and their
characteristics data related to transport demand.
The reasons for choosing these three areas to implement TDM measures are several.
Firstly, the three areas are all high population density areas that generate a large number
of trips every day. Secondly, as seen in table 4‐4, the average speed in these three areas is
9.57 km/h, 21.97 km/h and 24.84 km/h, respectively. It shows these areas are heavily
congested and require more urgently implementing policy interventions to mitigate the
congestion. Thirdly, the three areas have higher possibilities to implement the two types
of TDM measures regarding the previous project conducted in Madrid Metropolitan Area
from project GESTA (Di Ciommo et al., 2011).
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Items

Area
(km2)

Inhabitants
(103)

Workplaces
(103)

Employees
(103)

Car share
(%)

City centre

5.24

150

16

97

29%

Inside the M‐30

41.8

1,020

91

633

45%

Inside the M‐40

410

2,555

143

1,586

69%

Areas

Table 4‐4 Characteristics of the three areas (INE, 2004; CRTM, 2004)
Regarding the intensity level of implementation, it is to find a best implement value to
start/end applying a policy measure. In order to find the best start intensity level, it needs
to take into account all the indicators and maximize the objective function on
sustainability to find the optimal value (refers the best implement value) for certain policy
measure. In this case, the current work adopts the MARS model which is embedded with
an optimisation process (i.e., Powell algorithm) to find the optimal start/end value. With
this optimal start/end value, the TDM measure can be implemented in a linear
increasing/decreasing way or a step‐wise increasing/decreasing way, etc. For the
simplicity of the work, it assumes all the TDM measures will be applied in a linear
increasing/decreasing way. The other type of intensity variations (like step‐wise
increasing) will be studied in further research.
Table 4‐5 lists the four selected TDM measures and the proposed implementations in
terms of time frame and geographic scale. Figure 4‐7 shows the location of the three
proposed areas in Madrid region.
TDM Measures
Cordon toll
Parking Charge increase
Bus frequency increase
Bus fare decrease

Implementation
Time Frame

Geographic Scale

Short term (in 5 years)

City centre

Middle term (in 10‐15 years)

Inside the M‐30

Long term (in 20‐25 years)

Inside the M‐40

Table 4‐5 Selected TDM measures and the implementation
However, to optimise and assess all the implementation possibilities for the four
TDM measures is time consuming. Especially, in some real cases when decision makers
consider a number of TDM measures, it would be impossible for transport planners to
examine the impacts of all TDM programs (means a TDM measure with certain
implementation). Therefore, the following Chapter will show a development
methodology to address the public most desirable implementation for each TDM
measure by a scenario building approach.
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Figure 4‐7 Location of the three geographic areas

‐ 99 ‐

ASSESSING URBAN MOBILITY THROUGH PARTICIPATORY SCENARIO BUILDING & COMBINED UR ASSESSMENT

‐ 100 ‐

CHAPTER 5 – TDM SCENARIOS OPTIMISATION AND ASSESSMENT

CHAPTER 5

METHODOLOGY
APPLICATION FOR THE
STUDY AREA

ASSESSING URBAN MOBILITY THROUGH PARTICIPATORY SCENARIO BUILDING & COMBINED UR ASSESSMENT

‐ 102 ‐

CHAPTER 5 – METHODOLOGY APPLICATION FOR THE STUDY AREA

This chapter is the application of the developed methodology for the study area‐the region
of Madrid. Four TDM measures were proposed to implement in Madrid Region in the last
chapter. And their long term impacts will be evaluated using the integrated assessment
framework, including the scenario building, the LUTI model and the evaluation process in
the chapter 5.
This chapter firstly introduces the scenario building process based on the modified
Delphi method with the incorporation of regret theory. Then it presents the description of
the MARS model for the case of Madrid as well as the implementation of TDM measures in
MARS. The third part is the scenario evaluation using the combined utility‐regret analysis
for the case of Madrid.

5.1 TDM scenarios definition for Madrid
As described in the chapter 3, the approach to build the TDM scenarios for the case of
Madrid is the two‐round modified Delphi based survey approach that incorporated the
regret theory. It aims to address the most desirable, the most expected and the least regret
TDM measures with their implementations to achieve the sustainable mobility.

5.1.1 Analysis of the survey results
5.1.2.1 Analysis of the 1st ‐round
The survey was valid according to the high response rate (45%) and the assumption of all
the respondents would dedicate their time and thought to answer the questions. Among
the respondents, the majority (87.0%) was transport researchers, 9.6% were decision
makers and the rest (3.5%) were transport operators. The high response rate from
transport researchers was due to two reasons, one was that the participants of the survey
who were attending a transport related congress (i.e., CIT 2012) were mainly transport
researchers; and another reason was that transport researchers probably were more
interest in policy planning for transport sustainability development. Studying in the
background of the respondent, there were 52.2% of the participants who are living in
Madrid, 37.4% of them who travelled to Madrid frequently, and only 10.4% of
respondents who were less familiar with Madrid (they have visited Madrid only few
times). The experts have the appropriate knowledge and interest in the region and include
both experts who reside in the region, and thus can consider the policies from both the
user and the expert perspective, and experts who do not reside in the region and would
not be directly affected by the policies.
The following analysis of the 1st ‐round survey was based on the answer from all types
of respondents; meanwhile, according the analysis of the opinions of the participants who
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are living in Madrid, the survey results are significantly similar. The analysis started with
the results of the importance of each criterion based on the opinions of the experts. The
importance also referred to the weight of each criterion in the basis of the utility‐based
multi‐criteria decision analysis (MCDA) and the regret‐based MCDA. Participants were
asked to rank the importance based on these two approaches to the three criteria in a
scale of 0 to 10 (see Appendix 1). The weights (see Table 5‐1) based on the two
approaches in respect of the three criteria were obtained using Equation 5‐1.
∑

∑
∑

∑

Equation 5‐1
Where Pi is the value of weight for criterion I (i=1, 2, 3); and (n=0, 1, 2…, 10) is the value of
the scale; and

is the number of participants have chosen the scale n.

As shown in Table 5‐1, it received very equal values of weight among the three criteria
both for utility‐based and regret‐based MCDA. It may indicate that the three criteria are
equally important for Madrid from the point of view of the transport experts, although the
importance of transport system efficiency is a bit higher than environment protection and
social equity. Comparing the weights between for these two approaches, the results are
very alike, i.e., transport system efficiency is more important than environmental
protection, and environmental protection is more important than social equity, but the
regret‐based scores show higher variance considering the higher standard deviation value.

Utility‐based

C1: Transport system
efficiency
0.353 (1.29)

C2: Environment
Protection
0.334 (1.43)

Regret‐based

0.351 (2.44)

0.337 (2.39)

Approaches

C3: Social equity
0.314 (1.85)
0.312 (2.63)

Note: Average score = 0.353; Standard deviation= (1.29)
Table 5‐1 Weights in respect to three criteria for MAU and RDRM
The next part presents the analysis of the 1st ‐round for each TDM measure in terms of
two aspects.
1) It lists the proportion of the respondents choosing the certain time frame and
geographic scale to implement the TDM measure in terms of the most desirable
(desirability) and expected (probability) choice. In addition, it presents an average regret
degree of each alternative given by respondents associating with the most desirable choice
by Equation 5‐2. The scale of the regret degree is from 0 to 10. The alternative with the
lowest regret degree is more ensured by respondents.
∑

∑

Equation 52

∑
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Where

is the regret degree of alternative i (i=1, 2, 3), n (n=0, 1, 2…, 10) is the value of

the regret degree; and

is the number of participants who chose the regret degree of n.

2) The second part results are the average contribution scores that the participants
assuming the most desirable/expected/the least regret choice could be able to accomplish
in respect to the three criteria. In order to assess the ability of the TDM measures to
achieve the objectives, the mean value and the standard deviation of the scores were
calculated, with lower standard deviations indicating possible consensus. These results
help to analyse the participants´ consideration and the limitations of each TDM measure.
Higher standard deviation in this case means survey participants may not achieve a
consensus on the contribution of the TDM measure to the certain criterion. The score of
contribution is given on a scale from ‐10 to 10. The higher value means the selected choice
would able to achieve higher utility to the certain criterion. The negative value then refers
to the negative utility that the choice would get.
 Cordon toll measure
In the table 5‐2, the majority of the respondents prefer to apply the cordon toll in a short
term (60.0%) and in a relatively bigger area, inside the M‐30 (56.4%). Yet they expect the
government of Madrid to bring about the cordon toll measure in a middle term (45.2%)
and in the city centre (63.0%). On the other hand, respondents expect the city authority
would apply the measure in a smaller area and much later. That is because applying the
cordon toll in bigger area would affect more people, and then may lead bigger public
resistance. Transport experts believe the government most probably would apply this
measure in a relatively small area to avoid the big protest.
Apart from that, there are 20.0% of respondents chosen not to implement the cordon
toll measure no matter whether in the short term or in the long term. According the regret
degree, the least regret choice is in the next 5 years (5.52) and inside the M‐30 (5.66). It
was also found that no matter what considerations were taken into account for
desirability, possibility or the regret degree, the cordon toll is not recommended to apply
in long term and in a large area like inside the M‐40. It means respondents think a car
restricting measure like cordon toll should not be applied in a relatively big area for the
purpose of public acceptability. Moreover, these results show a significant consensus on
cordon toll implementation to resolve the problems of Madrid such as mitigate the
congestion problem and generate revenues.
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Time frame

In 5 years

In 1015 years

In 2025 years

Desirability

60.0%

17.4%

2.6%

No
implement
20.0%

Probability

27.0%

45.2%

10.4%

17.4%

Regret Degree

5.52

5.87

6.03

Geographic
scale
Desirability

City Centre

Inside the M30

Inside the M40

31.5%

56.5%

12.0%

Probability

63.0%

30.4%

6.5%

Regret Degree

5.72

5.66

6.31

Table 5‐2 Desirability, probability and regret degree for the cordon toll
Regarding the average contribution score of the cordon toll measure, these values (see
in table 5‐3) are obtained based on the most desirable, the most expected and the least
regret choice of the implementation. There are several findings:
1) The three choices to implement a cordon toll in Madrid were assumed by the
survey participants to be effective in respect to the criterion of transport system efficiency
and environmental protection. However, regarding social equity criterion, the score is
quite low (0.22 for the most expected choice). These results accord to the previous finding
on the implementation of road pricing measures, which would lead social regressive
(Button & Verhoef, 1998; Jones, 2003).
2) The most desirable choice of the cordon toll achieved the highest score among the
three choices on transport system efficiency and environmental protection. And the least
regret choice that has the same implement time and area received different contribution
scores on the three criteria.
3) The most expected choice was to implement the cordon toll in the city centre in 10‐
15 years. That is the choice with the highest probability given by the survey participants.
However, the average contribution score of the most expected choice is very low, and its
standard deviation is high. That means the participants had distinct opinions on this
choice, and the majority of them believe this choice would not achieve high utility against
sustainable mobility.
C1: Transport system
C2: Environment
C3: Social equity
efficiency
Protection
7.80 (8)
7.33 (7.5)
3.40 (5.5)
Most
Desirable
Sd. 1.68
Sd. 2.29
Sd. 5.35
4.11 (5)
2.72 (2.5)
0.22 (0)
Most
Expected
Sd. 4.36
Sd. 5.31
Sd. 4.89
6.28 (6)
6.49(7)
4.48 (5)
Least
Regret
Sd. 2.60
Sd. 2.94
Sd. 3.26
Note: Average value=7. 80; Median value= (8); Standard deviation= Sd.1.68
Criteria
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Table 5‐3 Contribution scores of the cordon toll measure
 Parking charge measure
From the opinion of the majority on the parking charge increase measure (Table 5‐4), the
most expected and the most desirable choice were the same, which was applying this
measure in 5 years (75.0% and 63.0%) and inside the M‐30 (64.4% and 54.7%). This
result means that the parking charge increase measure is indeed a less risky choice for
decision makers and thus it is more acceptable and more likely to be implemented in the
short‐term and in a larger geographical scope. Seeing the desirability and probability of
this measure, there is a high consensus for both of the cases, although there are less people
agreed with the most desirable choice. The high consensus implies transport experts
believe by increasing parking fees in Madrid they would be able to restrict car use and
collect revenue.
Moreover, there were also 19.4% of the respondents who chose not to increase
parking fees in Madrid by their preference, which reflects the public reluctance of
accepting this measure. The least regret choice of increasing the parking charge is in
medium term (10‐15 years) and in the smallest area of Madrid (City Centre). Similar to the
case of the cordon toll, a bigger area like inside the M‐40 and longer term (in 20‐25 years)
was not chosen for all the three cases. It implies people do not hope nor expect car
restriction measure influencing a large number of people, though they believe those
measures are effective to relieve congestions for Madrid.
Time frame

In 5 years

In 1015 years

In 2025 years

Desirability

63.0%

14.8%

2.8%

No
implement
19.4%

Probability

75.0%

16.7%

0.9%

7.4%

Regret Degree

4.27

4.24

5.71

Geographic
scale
Desirability

City Centre

Inside the M30

Inside the M40

31.4%

54.7%

14.0%

Probability

32.2%

64.4%

3.4%

Regret Degree

5.45

5.50

6.84

Table 5‐4 Probability, desirability and regret degree for the parking charge
The average contribution scores of the parking charge increase in terms of all three
choices (Table 5‐5). The highest contribution scores on transport system efficiency and on
environment was achieved by the most expected choice, which means the parking charge
increase measure was assumed by participants to be effective to improve transport
efficiency and environment protection.
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Since the parking charge increase measure is one type of road pricing measures,
aiming to restrict car using in the specific area, as expected, the contribution scores of this
measure in respect to the social equity criterion are low. But a relatively higher score on
social equity (3.79) was obtained for the case of the least regret choice. These results are
similar as it got for the cordon toll measure, i.e., the least regret choice is normally a less
risky choice, so it assumed having less harm on social equity.
C1: Transport
C2: Environment
C3: Social equity
system efficiency
Protection
6.79 (8)
6.19 (7.5)
2.10 (2.5)
Most
Desirable
Sd. 3.52
Sd. 3.31
Sd. 5.30
7.55 (8)
6.55 (7)
2.30 (3.5)
Most
Expected
Sd. 1.93
Sd. 3.41
Sd. 5.20
6.10 (6.5)
6.20 (7)
3.79 (4)
Least
Regret
Sd. 2.93
Sd. 2.86
Sd. 3.33
Note: Average value=6. 79; Median value= (8); Standard deviation= Sd.3.52
Criteria

Table 5‐5 Contribution scores of the parking charge measure
 Bus frequency increase measure
The measure of bus frequency increase (BFI) requires high operation costs, and since
the experts know the government is applying fiscal austerity policies, this measure is thus
expected to be applied in a longer term (40.0% respondents chose 10‐15 years) or not be
implemented (33.3% of respondents chose not to implement). However, there were still
71.4% respondents would like to increase bus frequency in the next 5 years. That is
because this measure leads more benefits to travellers (i.e., less travel time) and
consequently increases public transport share, which is the one of the primary indicators
of sustainable mobility development.
For the implement area of the BFI measure, respondents expect the government to
increase bus frequency inside the M‐30 (43.3%), but they prefer to apply the measure in a
larger area (inside the M‐40) (68.1%). Not choosing the larger area (inside the M‐40) as
the most desirable choice is probably due to the concern of high operation costs which is a
heavy burden for the local government. Regarding the regret degrees to the implement
area, the least regret choice is also a compromising choice between the smallest area and
the biggest area, i.e., inside the M‐30.
In 5 years

In 1015 years

In 2025 years

Desirability

71.4%

15.2%

0%

No
implement
13.7%

Probability

19.0%

40.0%

7.6%

33.3%

Regret Degree

1.6

3.3

6.4

Time frame
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Geographic
scale
Desirability

City Centre

Inside the M30

Inside the M40

2.2%

29.7%

68.1%

Probability

22.2%

43.3%

34.4%

Regret Degree

6.4

4.2

5.2

Table 5‐6 Probability, desirability and regret degree for bus frequency
Regarding the average contribution scores of the BFI measure among the three
choices (see Table 5‐7), the most desirable choice achieved the highest contribution score
(the average scores to the three criteria were 7.26, 6.59 and 7.87 respectively). And the
contribution scores of the least regret choice were slightly lower, but is still much higher
than the choice of the most expected (6.88, 6.27 and 6.45). Particularly for the criterion of
environment protection, the most expected choice got a lower contribution score. Since
the most expected choice has different implement time and area (in 10‐15 years and
inside the M‐30), it means transport experts believed this type of BFI implementation
would lead less benefit on the environment of Madrid. Overall, the high contribution
scores in respect to the three criteria imply the bus frequency increase measure is more
sustainable and social progressive TDM measure comparing with the car restriction
measures.
C1: Transport
C2: Environment
C3: Social equity
system efficiency
Protection
7.26 (8)
6.59 (8)
7.87 (8)
Most
Desirable
Sd. 2.23
Sd. 3.83
Sd. 2.36
4.07 (5)
3.15 (4)
4.23 (5)
Most
Expected
Sd. 4.29
Sd. 4.04
Sd. 5.04
6.88 (8)
6.27 (7)
6.45 (8)
Least
Regret
Sd. 2.90
Sd. 3.02
Sd. 3.19
Note: Average value=7.26; Median value= (8); Standard deviation= Sd. 2.23
Criteria

Table 5‐7 Contribution scores of the BFI measure
 Bus fare decrease measure
Regarding the probability of the bus fare decrease (BFD) measure, 72.4% of survey
respondents thought the local government would not put this into practices neither now
nor in future (72.4%). While the bus fare in Madrid has been increased rapidly since 2008
(Between 2012 and 2013, the Monthly Pass in Madrid increased 4.57%), most of the
transport experts do not expect the bus fare to be reduced.
But the desirability value indicates different opinion on the implementation of this
measure, which public indeed wants to reduce the bus fare in a very short time (60.0%
respondents chosen in 5 years) and in a big area like inside of the M‐40 (81.2%). In terms
of the least regret choice, the implementation of this measure is recommended as same as
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in the most desirable choice, which is in a big area like inside the M‐40 and in the next 5
years.
In 5 years

In 1015 years

In 2025 years

Desirability

60.0%

7.6%

1.0%

No
implement
31.4%

Probability

8.6%

17.1%

1.9%

72.4%

Regret Degree

3.7

5.7

7.0

Geographic
scale
Desirability

City Centre

Inside the M30

Inside the M40

2.9%

15.9%

81.2%

Probability

‐

‐

‐

Regret Degree

6.3

4.5

4.2

Time frame

Table 5‐8 Probability, desirability and regret degree of each choice
Since the bus fare decrease measure is not suggested to be implemented in Madrid
with respect to the most expected choice, its average contribution score is unknown
(Table 5‐9). Survey participants perceive the BFD measure would be very beneficial in
respect of social equity, as well as to the transport system efficiency and environmental
protection. However, considering the high operation costs to encourage the
implementation of this measure, it is not plausible to consider this measure in Madrid
through the opinions of the majority of respondents. Hence, the results of the bus fare
decrease measure were not presented in the second‐round survey.
Criteria

C1: Transport
system efficiency
6.98 (7.5)
2.90

C2: Environment
Protection
6.85 (7)
Sd. 2.72

C3: Social equity

8.33 (9)
Most
Desirable
Sd. 2.04
Most
‐
‐
‐
Expected
6.42 (6)
6.45 (7)
7.27 (8)
Least
Regret
Sd. 3.09
Sd. 2.97
Sd. 2.86
Note: Average value=6.98; Median value= (7.5); Standard deviation= Sd. 2.90
Table 5‐9 Contribution scores of the bus fare decrease measure
5.1.2.2 Optimisation results
The optimisation process via the MARS model generated the optimal startingyear and
endyear values for the implementation intensity of the desired, expected and least‐
regret TDM measures. The starting‐year value is the value that the measure started to
implement from the current year (i.e., 2012). For example, the most desirable cordon toll
was recommended to be applied in the next 5 years (2017), and in the most expected case
the start year of the cordon toll was 2022 (in 10‐15 years). The end‐year value is the value
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the measure will be finally implemented, which obtained from the end of the simulation
year, i.e., 2034
It was pointed that the optimisation results related to the bus fare measure were not
provided in the second round, because decreasing the bus fare was not supported by the
majority of transport experts. Furthermore, given the economic situation of the
government of Madrid, it was also not plausible to consider this measure in Madrid for
neither now nor the future. Therefore, the results of three single TMD measures (i.e.,
cordon toll, parking charge and bus frequency increase) and one combined policy‐package
(i.e., all three measures together) were included in the second‐round survey. For the
combined policy‐package of TDM measures, this was not included in the 1st‐round because
of the survey length and complexity. However, it was important to understand the experts´
opinion on the combined package and its implementation since it normally can achieve
better social welfare on sustainable development (Geerlings & Stead, 2003; Banister et al.,
2003).

The combined policy‐package means to implement three single measures

simultaneously in the model run. The specific implementation of the combined policy‐
packages in terms of the three choices (i.e., the most desirable, the most expected and the
least regret) came from the single measure implementation and was optimised by the
MARS model. Based on the results of the optimisation, the 2nd‐round survey asked the
experts about the TDM measures as a package of policies, thus taking into account the
mutual effects of the different measures. Since the survey participants reached a majority
opinion on the most desirable and the expected choice for the single measure, the
combined package was then limited to the majority opinion as well. Due to the synergy
effects between the measures, the results of the combined package were significantly
different compared to the result when a single measure was implemented. Table 5‐10 ‐ 5‐
13 list the optimal implementation values of all single TDM measures and the combined
policy‐package respectively.
 Cordon toll measure
Table 5‐10 lists the survey results of the first‐round and the model outputs based on
the different implementations of the cordon toll. It can be seen that the optimal cordon
charging rate was increasing from the start year to the end year (from 1.0 €/vehicle to 5.0
€/vehicle) in the most desirable and the least regret choice. However, the result of the
most expected choice was distinct, a higher cordon fee (4.8 €/vehicle) was charged at the
beginning and a lower fee (3.6 €/vehicle) was obtained at the end of the simulation year
2034. This result can be explained by the optimisation results obtained from the MARS
model. There was a trade‐off between the criterion of transport system efficiency and
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social equity for the cordon toll. While the cordon toll charging area is relatively small,
such as in the city centre, the transport system efficiency would not get more
improvement in the long term since there are less and less travellers are willing to shift
from private cars to public transport. Meanwhile the social equity would get harmed when
the charging fee is increasing, so the optimal option is to implement the cordon toll in a
decreasing charge tariff (i.e., from a higher rate to a lower rate).
Survey Results
Model Outputs
(Base year
Implementation
Optimal
Optimal
2012)
Geographic
Start value
End value
Time Frame
scale
Most
In 5 years
1.0 €/veh
5.0 €/veh
Inside the M‐30
desirable
( year 2017)
Most
In 10 years
City centre
4.8 €/veh
3.6 €/veh
expected
(year 2022)
In 5 years
1.0 €/veh
5.0 €/veh
Inside the M‐30
Least regret
( year 2017)
Table 5‐10 Survey results and Model outputs of cordon toll measure
 Parking Charge measure
Considering the parking charge measure is an existing TDM measure in Madrid (the
current charge is 2.5 €/hour for car users in the area inside the M‐30), the optimal
charging rate of the parking charge is the same as the existing one (2.5 €/hour) in the case
of the most desirable and expected choice (see Table 5‐11). But for the least regret choice,
the optimal value is much less, 0.8 €/hour charged in the beginning year and 0 €/hour
charged in the end of the simulation year 2034. Because of the optimisation of parking
charge measure was used the same objective function as other TDM measures, so this low
rate of parking charge was achieved by maximizing this objective function.
As seen the results of the optimisation, when the parking charge area is small (like
city centre), it would decrease the transport system efficiency, in order to achieve higher
utility value, the only way to improve social equity would be by reducing parking fees even
to a free parking scheme (0 € /hour).
(Base year
2012)
Most
desirable
Most
expected

Survey Results
Implementation
Geographic scale
Time Frame
Inside the M‐30

In 5 years
( year 2017)

Model Outputs
Optimal
Start value

Optimal
End value

2.5 €/hour

2.5 €/hour

In 5 years
2.5 €/hour
2.5 €/hour
( year 2017)
In 10 years
Least regret
City centre
0.8 €/hour
0 €/hour
(year 2022)
Table 5‐11 Survey results and Model outputs of parking charge measure
Inside the M‐30
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 Bus frequency (BFI) measure
Table 5‐12 shows the first‐round survey results and optimisation results on the different
implementations of bus frequency increase measure. For all three choices, the BFI
measure was recommended to be implemented in a decreasing trend (from 53% to 30%;
from 36% to 26%; and from 35% to 28%). That is because the end values of the BFI are
mainly determined by the trade‐off between the criterion of environmental protection and
social equity. Since the social equity is increasing when the BFI measure applied, the
environmental benefit is decreasing due to the fact of more vehicles leads more pollution.
So the optimisation process finally results a decreasing trend on the implementation of the
BFI measure in order to lessen the environmental negative impacts.
Survey Results
Model Outputs
Implementation
Optimal
Optimal
Start value
End value
Geographic scale
Time Frame
Most
In 5 years
53%
30%
Inside the M‐40
desirable
( year 2017)
Most
In 10 years
Inside the M‐30
36%
26%
expected
(year 2022)
Least
In 5 years
Inside the M‐30
35%
28%
regret
( year 2017)
Table 5‐12 Survey results and Model outputs of BFI measure
(Base
year
2012)

 The combined policypackages
The combined policy‐packages are to implement the three single measures all together in
terms of the three choices. Table 5‐13 lists the survey results and model outputs of the
three combined packages. Due to the synergy effects between the measures, the model
outputs of the combined package are significantly different with the results when the
single measure implemented.
In the expected and the desired TDM policy‐package scenarios, the model results
show a substitution effect between the cordon toll and the parking fees, and a
complementary effect between the cordon toll and the bus frequency increase. The
parking fees are much lower than the cordon toll and approach zero in the least‐regret
scenario. The results are reasonable when considering a substitution effect between the
two measures because both impose a fee on car travellers to the city centre, and both can
be designed to affect local and non‐local residents to a different extent. Likely, the model
does not differentiate between the two measures (see table 5‐13). The complementary
effect between the cordon toll and bus frequency increase is evident from the results
because the higher the optimal cordon toll, the higher is the optimal bus frequency.
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Notably, the cordon toll and parking fee values in the desired and expected scenario derive
from the trade‐off between transport efficiency and social equity in the MCDA objective
function.
(Base
year
2012)

Most
desirable

Combined
Package
Cordon
toll

Inside the M‐30

Parking

Inside the M‐30

Bus
frequency
Cordon
toll
Most
expected

Survey Results
Implementation
Geographic
Time Frame
scale

Parking
Bus
frequency
Cordon
toll

Inside the M‐40
City centre
Inside the M‐30
Inside the M‐30

In 5 years
(year 2017)
In 5 years
(year 2017)
In 5 years
(year 2017)
In 10 years
(year 2022)
In 5 years
(year 2017)
In 10 years
(year 2022)

Model Outputs
Optimal
Start value

Optimal
End value

4.0 €/veh

2.9 €/veh

2.5 €/h

0 €/h

52%

34%

5.2 €/veh

3.7 €/veh

2.5 €/h

0 €/h

36%

27%

In 5 years
1.1 €/veh 6.0 €/veh
(year 2017)
Least
In 10 years
Parking
City centre
0 €/h
0 €/h
(year 2022)
regret
Bus
In 5 years
Inside the M‐30
50%
22%
(year 2017)
frequency
Table 5‐13 Survey results and model outputs of the combined packages
Inside the M‐30

Comparing the most desired and the expected choice, in the former travellers will
enjoy lower cordon toll costs and higher bus frequency, in both the medium‐term and the
long‐term. This means that the experts’ desired scenario is also superior from the
perspective of the single traveller, and thus may be associated with higher political
acceptability.
Comparing the least‐regret scenario and both the desired and expected scenario, the
user in the least‐regret scenario will enjoy lower cordon toll fees and higher bus frequency
in the short‐term, and will suffer higher cordon toll fees and lower bus service frequency
in the long‐term.
5.1.2.3 Analysis of the 2nd ‐round
The second‐round survey was mainly to verify the results obtained from the 1st ‐round on
the three TDM measures (i.e., cordon toll, parking charge increase and bus frequency
increase) and their specific implementations. Each measure was presented in terms of the
three choices (i.e., the most desirable, the most expected and the least regret). Moreover,
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in order to ask participants for their opinions regarding the implementation intensity, the
results of the optimisation of each TDM measure were also presented in the 2nd ‐round.
The following analysis firstly introduces the percentages of the agreement level that
respondents gave to each TDM measure regarding the most desirable, the most expected
and the least regret choice. The agreement level was not only to the survey results but also
to the model outputs in a four point scales (totally disagree, partly disagree, partly agree
and completely agree). Then it illustrates the critical considerations addressed by the
survey participants.


Cordon toll measure

Figure 5‐1 shows the percentages of the agreement level to the survey results (left) and
model outputs (right) of the cordon toll measure. The agreement from the respondents on
implementing a cordon toll in Madrid is fairly high regardless of the different time/area
choices. Considering the answers from the first‐round, the percentages of choosing partly
agree and completely agree are 88% in the case of the most desirable choice (inside the M‐
30 and in 5 years); 68% of the most expected choice (in the city centre and in 10 years);
and 79% agree with the least regret choice (inside the M‐30 and in 5 years). It is found
that though the implementation of the cordon toll in the most desirable and in the least
regret choice is the same, there is a different level of agreement on it (88% compared with
79%). This is treated as the consequence of the transport experts chose different
implement time/area in terms of these two choices in the first‐round.
Regarding the model outputs of the optimisation (Figure 5‐1, right) that were
obtained on the basis of different implementations, the model results based on the most
desirable choice achieved the highest agreement (44% completely agree and 42% partly
agree), followed by the least regret implementation (32% completely agree and 47%
partly agree). For the most expected choice (the cordon toll starts to apply with 4.8
€/vehicle and ends with 3.6 €/vehicle), respondents that were unsure to the values (44%
respondents partly disagree and 32% partly agree). Moreover, possibly the experts
disagree with the high optimal rate of the toll because they think that the decision makers
are normally risk averse and thus they would not like to apply such high values.

‐ 115 ‐

ASSESSING URBAN MOBILITY THROUGH PARTICIPATORY SCENARIO BUILDING & COMBINED UR ASSESSMENT

Figure 5‐1 Percentages of agreement on the results of the cordon toll measure


Parking charge measure
The most desirable and the most expected choice to implement parking charge

measure are the same, i.e., inside the M‐30 and in 5 years. Respondents agreed more with
these two choices, the percentages are 80% and 85% respectively (the sum of completely
agree and partly agree). It means that transport experts were more assured that the
parking charge measure would be implemented in the short term and in a larger area in
Madrid.
On the contrary, respondents were more against to apply the parking charge measure
in the city centre and in 10 years, in which was the least regret choice (67% partly
disagree and totally disagree) (in Figure 5‐2, left). This result was not expected; since the
regret degree of the least regret was just slightly lower than the most desirable/expected
choice (for time frame is from 4.27 to 4.24 and for geographic scale is from 5.45 to 5.50). It
was found that in the decision making problem, when the regret degree between
alternatives is tiny, the decision makers then more tend to choose the most desirable one.
Considering the agreement level to the model outputs (Figure 5‐2, right), there were
71% (sum of 34% completely agree and 37% partly agree) and 78% (sum of 33%
completely agree and 45% partly agree) of respondents agreed on the optimal values of
the most desirable and expected choice. And because of the parking charging fee is same
as the existing one in Madrid, the high agreement level shows the current parking charge
fee (2.5€/hour) is highly accepted by the respondents. However, the lower parking charge
fee in terms of the least regret choice was mostly rejected by the respondents (27% partly
disagree and 39% totally disagree). It implies that public would not be glad to see the
government totally calls off the parking charge in Madrid.
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Figure 5‐2 Percentages of agreement on the results of parking charge measure


Bus frequency increase measure

From Figure 5‐3 (left), the respondents highly agreed with results in terms of all the three
choices. In particular, the most desirable choice got the highest agreement percentage (57%
completely agree and 26% partly agree) following by the most expected choice (18%
completely agree and 62% partly agree) and the least regret choice (26% completely
agree and 47% partly agree). It is seen that the BFI measure is very favourable by public to
be implemented in Madrid.
The percentage of the agreement on the model outputs of BFI implementation (Figure
5‐3, right) is also very high for all three choices. The highest percentage is from the most
desirable choice, 86% of respondents (49% completely agree and 37% partly agree) agree
on increasing the bus frequency from 53% to 30% from 2017 to 2034. However,
comparing the level of agreement on survey results and on model outputs of the most
desirable choice, 8% respondents switched their opinion from the completely agree to
partly agree. This may due to the reason of the respondents did not fully understand
increase bus frequency in a decreasing trend (i.e., from a higher increasing rate to a lower
one).
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Figure 5‐3 Percentages of agreement on the results of BFI measure


The combined policypackage

Respondents gave their agreement level to results presented in the Figure 5‐4. The
agreement on implementing the combined TDM package in Madrid was very high,
particularly in the case of the most desirable choice (37% completely agree and 37%
partly agree).
However, it was found that the percentages of agreement to the combined packages
were a bit lower than to the single measure (see in Figure 5‐1, 5‐2 and 5‐3). The reason of
that is maybe because the respondents ranked their agreement mainly considering
whether the combined package consists of a single measure that they do not desire or not.
For example, respondents do not like implement a cordon toll, so even they prefer a BFI
measure, they ranked less agreement to the combined package.
When paying attention to the percentages on the model outputs of the combined
package, the respondents seemed not convince on the implementation intensity. Although
the most desirable choice received 26% ¨completely agree¨ and 37% ¨partly agree¨, there
were still many respondents changed their opinions to ¨partly disagree. These
disagreements on model outputs were probably due to the negative parking charge rate,
which was partly illustrated in the answers from the open question in the second‐round
survey (see as below).

Figure 5‐4 Percentages of agreement on the results of the combined package
Critical considerations
In order to justify the considerations of the participants on the selection of TDM
measures and their implementations, the 2nd‐round survey has asked respondents to
comment on the presented results. However, since it was an open question, respondents
not only commented on the key factor that drove their selection, but also recommended
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other TDM measures that should be implemented in Madrid, some detailed
implementation issues when applying the certain TDM measures, and also their doubts
about the model results as well, etc. Finally, 15 comments (present as below) were
received from the 32 complete answers.
There were 6 respondents that mentioned 3 factors that drive their choices in the
survey, which are
1) Environment factor, it was mentioned by 3 respondents, which was the most
important consideration from the respondents to influence their decisions. This factor
involved the impacts of air pollution, green house emission and energy consumption,
etc.
2) The factor of acceptability, 2 respondents wrote their concern about the
acceptance of applying a cordon toll in Madrid, particularly when the cordon toll was
implemented in a relatively big area like inside the M‐30 instead of a smaller area like
city centre.
3) Economic consideration, 1 respondent mentioned the economic crisis in Spain,
resulting in not agreeing with the implementation of cordon toll and parking charge.
He thought the implementation of these measures would become another economic
burden for citizens.
7 respondents gave their recommendations to apply some other TDM measures in
Madrid, such as traffic calming, car sharing, cycling improvements, carbon tax, vehicle
use restrictions in the city centre, and least polluting vehicles (hybrid cars and electric
vehicles) and so on. And 2 respondents mentioned that along with the cordon toll
implementation, other complementary transport modes (such as new metro line, more
bus services) should be provided to travellers. In addition, the way of implementing
the three proposed measures should be progressive.
Regarding the doubts to the survey results, the main concern was the free parking
rate obtained in the long term. As it explained, this rate came from the trade‐off
between the criterion of transport system efficiency and social equity based on the
defined objective function. However, reducing the current parking fee would be hard
to be accepted by the stakeholders. Another doubt came from the decreasing trend of
the cordon toll, it has been explained before. For these reasons, respondents ranked
relatively low agreement on these two measures.

5.1.2

Definition of the TDM scenarios

The TDM scenarios were generated by calculating the proportion of respondents choosing
the desired and the expected implementation option for each TDM measure in terms of
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time‐frame and geographic scope. Based on the results analysis of the two‐round survey in
respect to the most desirable, the most expected and the least regret choice, 13 scenarios
were finally built. Firstly, a ¨do‐nothing¨ scenario was conducted as a reference scenario to
compare the contributions of the policy scenarios. Secondly, each single measure and the
combined policy‐package could be implemented in terms of the three choices (i.e., the
most desirable, the most expected and the least regret). So in terms of the three different
implementations, there were 12 scenarios constructed with a single TDM measure or a
combined policy‐package. The description of each scenario is given below.


Donothing scenario (S0)

Do‐nothing scenario or ¨base scenario¨, as a reference scenario, represented the case
of the Madrid did not implement any TDM measure from the base year 2012 to the end
year 2034. In the do‐nothing scenario, it assumed during the simulation period (from year
2012 to 2034), all exogenous variables, like population, housing price, household income
were increasing in a fixed rate, which were not influenced by the implementation of the
TDM measures. Without any policy intervention, the transport problems (such as traffic
congestion, air‐pollution, etc.) would become more serious. Building the do‐nothing
scenario thus was to examine the contributions on sustainability that could be achieved by
the TDM measures.


Scenarios with single TDM measure
For the scenario with a single TDM measure, it included the specific implementations

on the time frame, geographic scale and intensity (see Table 5‐14). The implementation
intensity was the optimal start/end value that obtained through the optimisation process.
Hence, based on the specific implementation, each scenario then was simulated by the
MARS model and assessed based on the combined utility‐regret analysis.
Scenario

Measure

CT‐MD
CT‐ME

Cordon
toll (CT)

CT‐LR
PC‐MD
PC‐ME

Parking
charge
(PC)

Choice
Most
desirable
Most
expected
Least
regret
Most
desirable
Most
expected

Implementation (base year 2012)
Start
End
Geographic
Time
scale
Frame
value
value
Inside the
In 5 years
1.0
5.0
€/veh
€/veh
M‐30
(2017)
In 10 years
4.8
3.6
City Centre
€/veh
€/veh
(2022)
Inside the
In 5 years
1.0
5.0
€/veh
€/veh
M‐30
(2017)
Inside the
In 5 years
2.5 €/h 2.5 €/h
M‐30
(2017)
Inside the
In 5 years
2.5 €/h 2.5 €/h
M‐30
(2017)
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PC‐LR
BFI‐MD
BFI‐ME
BFI‐LR



In 10 years
Least
City Centre
regret
(2022)
Most
Inside the
In 5 years
desirable
M‐40
(2017)
Bus
frequency
Most
Inside the
In 10 years
increase
expected
M‐30
(2022)
(BFI)
Least
Inside the
In 5 years
regret
M‐30
(2017)
Table 5‐14 Scenarios with single TDM measure

0.8
€/h

‐1.0
€/h

53%

30%

36%

26%

35%

28%

Scenarios with the combined policypackage

The scenarios with the combined TDM package were to implement the two single
measures all together in terms of the three different choices (see Table 5‐15). However,
since the optimal parking measure rate was 0, it could not be considered as a car
restriction measure. For the reason of that, the final scenarios with the combined package
were built by excluding the parking charge measure.
Scenario

C‐MD

C‐ME

C‐LR

Choice

Combined
Measures

Implementation (base year 2012)
Geographic
scale

Time
Start
Frame
value
In 5
Inside the
Cordon
4.08
years
toll
€/veh
M‐30
Most
(2017)
desirable
In 5
Inside the
Bus
years
52 %
frequency
M‐40
(2017)
In 10
Cordon
5.18
City Centre
years
toll
€/veh
(2022)
Most
In 10
Inside the
Bus
expected
years
36%
frequency
M‐30
(2022)
In 5
Inside the
Cordon
1.01
years
toll
€/veh
M‐30
Least
(2017)
regret
In 5
Inside the
Bus
50 %
years
frequency
M‐30
(2017)
Table 5‐15 Scenarios of the combined TDM measures

End
value
3.08
€/veh
28%
3.66
€/veh
27 %
5.20
€/veh
22 %

5.2 Implement TDM scenarios in MARS
This part firstly introduces the MARS model that was calibrated for the case of Madrid, and
then emphasises on the implementation issues (i.e., time frame, geographic scale and the
presumptions) of TDM scenarios.
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5.2.1 MARS model for the Madrid case
MARS model for the case of Madrid was developed and calibrated in the PhD thesis of
Guzmán (2011) based on the Pfaffenbichler´s model. Figure 5‐5 shows the zoning of
Madrid region by the MARS model on the basis of the administrative municipal boundaries.
It consists of 90 zones which trying to group the areas under homogeneous territories
where have similar population, socioeconomic, political division and mobility. Another
important factor for defining this zoning is the availability of information, and the level of
aggregation. In the city of Madrid, the zone aggregation is served at the district level;
outside of this area, it grouped at the municipal level; and in remote and sparsely
populated area, the zone is aggregated in municipalities. The name of each zone
corresponding to the municipalities of Madrid, and the area (e.g., city, metropolitan area
and region) which they belong are given in the thesis of Guzmán (2011).

Figure 5‐5 Madrid Zoning in MARS model (Guzmán, 2011)
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The reliability of model outputs largely depends on the quality of the data (the input),
thus the MARS model for the case of Madrid used the data of socioeconomic mobility and
statistics of the Community of Madrid for its operation. The data for the exogenous
variables in general has three types:


The growing rate for population, employment, number of vehicles, etc. (INE,
2010).



Basic data of transport mobility, like trip distance between zones, average trip
time, car operating costs, value of time, etc.



Basic data of land use, such as the functional proportion of land use (resident,
production and service), number of residents and employees, land price, etc.

The data on the growing rate of land use were collected from the National Statistics
Institute and the Madrid mobility data were partly obtained from VISUM transport model
which has conducted through road network of the model, and partly obtained directly
from the Madrid Regional Consortium of Transport (Guzmán, 2011). Besides that, the
Madrid MARS model was calibrated by using two household mobility surveys of Madrid in
1996 and 2004 (CRTM, 1998 and 2006). The calibration process involved adjusting the
values for MARS as external variables. For example, the MARS model considered the
journey from home to work as a tour and calculated the number of tours based on the
number of jobs in each zone. Thus, one of the data calibrated was the rate of trips to work
per person. Other aspects of the calibration parameters consisted in the friction factor
(also calls the trip impedance or generalised travel cost) of the three travel modes (i.e., car,
public transport and slow mode), the cost and time of operation (in the case of motorized
modes), car availability, etc. (Guzmán 2011).
As mentioned above, the transport data in relation to the road network, such as the
number of commuting routes, travel distance and free flow speed between the origin and
destination zone, were obtained by a supplementary transport model VISUM. Via VISUM
model, it provided all the necessary data to the MARS model by joint the aggregated zone
name. The main hypothesis of MARS is that mobility is only a means of satisfying the
demand, but not a necessity in itself. Additionally it assumes that people have a travel time
budget available to spend on travel, since empirical studies showed that the time spent
travelling remains constant over time and between areas (Hüpkes, 1982; Marchetti, 1994;
Levinson and Kumar, 1994; Kölbl, 2000; Schafer, 2000). Under these concepts, the Madrid
MARS model worked well with the following parameters listed in Table 6.
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Model Feature

MARS for Madrid

Number of zones

90 zones on the basis of the administrative municipal boundaries

Modes of travel

Car, public transport (bus, metro, urban train), slow mode (walking
and cycling)

Congestion effect

Origin‐destination speed‐flow curves for commute trips

Friction factor

In‐vehicle time, monetary costs, access/egress, parking search time,

(Generalized cost)

waiting time, transfer time

Journey purpose

Commute, other

Time period

Peak hour and off‐peak hours

Demographics

Average household size, number of employees, motorization level,
average income per zone

Choice

Simultaneous mode and destination choice

Transport demand

Inelastic commuting trips and constant time budget

Land‐use changes

Yes

Table 5‐16 Main features of the Madrid MARS model (Guzmán et al., 2012)

5.2.2 Time frame and geographic scale
To implement the constructed TDM scenarios in MARS model, it is essential to clarify the
mechanism of two related issues (i.e., time frame and geographic area) which are
characterised in the MARS model.


Time frame

In general, TDM measures can be applied at any level in any year of the defined simulation
period. But for the purpose of this work, the optimisation and simulation of the TDM
measure were arranged for three types of years: optimisation base year, the policy
implementation starts year Ts and the policy end year Te (Figure 5‐6). Between the
implementation start and end year, the policy measures were linearly interpolated (the
simplest manner to apply TDM measures was employed in this work, i.e., linear, but the
MARS model could also use another manner like stepwise). Through the optimisation
procedure, the TDM measure was applied from the start year with an optimal start value
Ps and ending with the optimal policy value Pe .
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Policy Value
Pe

Ps

Ts

Te

Time

Figure 5‐6 Policy profile Definition
In this work, the time horizons were defined as follows:
o Simulation base year (2012): as the reference year, it was chosen as the default
policy implementation year in the two‐round survey that was conducted in 2012,
o Policy implement start year:
‐ Year 2017: short‐term policy implementation year,
‐ Year 2022: middle‐term policy implementation year,
‐ Year 2027: long‐term policy implementation year,
o Policy implementation end year (2034): final year, or called simulation end year.
MARS model for Madrid was created in a 30 year time period, and was calibrated
using the data from 2004 (from 2004 to 2034), so the policy end year was set as
2034.
 Geographic scale
To set up the specified geographic area in MARS model, it needs to define a variable to
describe their specific implementation of each policy action. For example, a ¨toll zone¨
variable was defined to apply the cordon toll measure. It limited the charging area in
accordance with the number of toll zones. Otherwise the model returned a value of 0 to
the policy profile. For the case of Madrid, the constructed TDM scenarios were proposed to
be implemented in three different geographic scales, i.e., the smallest city centre, inside
the M‐30 and the biggest area inside the M‐40. The characteristics of the three area scales
were given in Chapter 4, part §4.3. According to the zoning of the MARS model, the three
geographic areas used in this work are corresponding to the following zones:
o City centre: zone 1 of the districts of Madrid‐Centro.
o Inside of M‐30: zone 1 to 7, including the districts of Madrid‐Centro,
Arganzuela, Retiro, Salamanca, Chamartín, Tetúan, Chamberí.
o Inside of M‐40: zone 1 to 15 (except 8), including the districts of Madrid‐
Centro, Arganzuela, Retiro, Salamanca, Chamartín, Tetúan, Chamberí,
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Fuencarral, Moncloa, Latina, Carabanchel, Usera, Puente de Vallecas,
Moratalaz, Ciudad Linear.
With the definition of time frame and geographic scale, the TDM scenarios then can be
implemented gradually from the start year to the end of the evaluation period according to
the Equation 5‐3. As seen in the equation, the simulation of the policy measure stops when
the current year t is after the defined end year Te. And during the optimisation process,
the variables of policy start value Ps and end value Pe change to get the maximum welfare.
´

´

,

,

0,

,

´
´
Equation 5‐3

Where,
t: time, in a step of 1 year,
z: zone number,
´ & ´ : start/end value of policy measure, decided through the optimisation process
&

: TDM measure start/end implementation year

Z´: defined policy implementation area.

5.2.3

The presumptions of the implementation of TDM measure

In order to assess and compare the impacts resulted from the different implementations;
several presumptions related to each TDM measure were clarified in this part.


Cordon toll measure

The cordon toll measure assumed that car travellers were required to pay a fee to
enter a particular area during the peak hour period (7‐11 am and 5‐8 pm), but travellers
did not need to pay when they left this area. The rate of the cordon toll for car users
entering the proposed area depended on the optimisation results.
The entry points of the cordon toll, the way it handled the collection, and technological
and logistical issues were not part of this work. It was assumed that the fee was
automatically charged to drivers, when passing through checkpoints. A simplified example
of application of this measure can be found in Guzmán et al. (2011).


Parking charge measure

The parking charge measure is already in operation in Madrid. This work remained
the measure for the same time of the day (i.e., 9 am to 9 pm) and for all types of car users
(such as private cars, company cars). For practical reasons, this work assumed a uniform
rate, an average tariff of € 2.50 per hour in the policy base year (2012).
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The implementation of the parking charge measures was applied during the peak
hour (7‐11 am and 5‐8 pm) of the day. And the charging rate (a uniform rate used for all
types of cars) was varied depending on the optimal results that are obtained from the
MARS model. The techniques involved with the collection of parking, metered area were
not considered in this work.


Bus frequency increase measure

The bus frequency increase measure refers to the service provision on bus frequency
which is increasing in percentage, taking as a point of comparison with the baseline
scenario operation. This measure was applied to the bus trips during the peak hour (from
7‐11 am and 5‐8 pm) from defined policy start year to the end year in the particular area
that was limited within scenario.
Consistent with the implementation of this measure, the operating costs of bus varied
in the same proportion as it increases the service. It started from a base cost for operating
the bus services, and then calculated the increase in operating costs as the variation
present the frequency of providing services.

5.2.4

Run optimisation in MARS

For running the optimisation in the MARS model, is to maximise the objective function of
dealing with the related variables of each TDM measure. No matter a single measure or a
combined policy‐package implemented, the optimisation process is similar. The difference
is the number of variables that the optimisation process involves. Two elements (i.e., the
objective function and variable range) are needed to be specified in advance by modeller
to conduct the optimisation.
(1) Objective function: it is necessary to define the objective function within the
related criteria and weights to run the optimisation. In order to minimise a negative
objective function, sometimes it requires assigning a negative weight for the objective
function so it wish to maximise the negative of the MCDA value which is equivalent to
minimising the MCDA value. In this case, the definition of the objective function and its
criteria and weights were given in the following part §5.3. The weights of each criterion
were fixed as constants in the optimisation process.
(2) Variables range: modellers need to delimit the range (a lower bound and an
upper bound) for each variable that will be optimised in a fixed limit. The delimitation of
variable range is to search the best value in accordance with the objective function in a
user defined range. Without the delimitation for each TDM measure variable, the model
running time could be indefinite and the optimal value could be totally unrealistic.
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Table 5‐17 shows the three TDM measures and its lower bound and upper bound
values. For this case, the lower/upper bound of cordon toll was defined considering the
exited congestion charging fee in London (10 £ per vehicle) from 0 € per vehicle to 10 €
per vehicle. The parking charge rate range was limited based on the growing rate of
parking charge in Madrid for year 2004 to 2012 (INE). And the range for the increase in
bus frequency was established considering operating cost restrictions (Guzmán, 2012).
Instrument

Lower bound

Upper bound

Cordon charge peak

0 euros

10 euros

Parking charge peak

0 euros

10 euros

Bus frequency peak

0%

+100%

Table 5‐17 TDM measures and the used lower and upper bounds
The optimisation for a single TDM measure needs to deal with the two variables (i.e.,
the start value and the end value), and the combined package (two measures applied
together) then is dealing with four variables, consequently costs more time. With the
definition of the objective function and policy measure variables, the optimisation process
based on the Powell algorithm was conducted to find the maximum of the objective value
within the settled ranges.
The results of the optimisation included a start and an end value both for a single
measure and the combined package. A ¨policy¨ facility (Equation 5‐3) where an objective
function was given to the model (in this case based on MCDA objective value) was used to
obtain values for the optimisation for each TDM measure. The constructed TDM scenarios
can be optimised through the process that maximises the given objective in MARS model.

5.3 TDM scenarios evaluation in MARS
The evaluation of the constructed TDM scenarios is based on the combined utility‐regret
analysis, which include the utility‐based and regret‐based MCDA Chapter 3 has detailed
introduced the theory of the combined UR analysis, this part focuses on the scenarios
evaluation process for the case of Madrid, which includes the definition of the weights of
the utility and regret MCDA and the corresponding objective functions.

5.3.1 Two groups of weights
For both the utility‐based and regret‐based MCDA, it is necessary to assign a weight of 0‐1
for each criterion to indicate their relative importance to the overall target of sustainable
mobility. There are several methods to estimate the weight in MCDA. Nijkamp et al., (1990)
present a comprehensive review of existing methods for MCDA weight estimation. In the
previous work on MARS model (Guzmán, 2011), it was used the method of REMBRANDT
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(Lootsma, 1992) based on the Analytic Hierarchy Process (AHP) to estimate the weight of
each indicator and criterion (Saaty, 2000). REMBRANDT is one of the most popular
procedures and retains the strengths of the AHP, avoiding some of its drawbacks (BEUTHE,
1998). It requires participants to express their preferences by comparing a couple of
criteria within a qualitative scale (Lootsma, 1992). These qualitative responses are
expressed in numerical values within a range of between ‐8 and +8. These values are
subsequently transformed using a logarithmic scale, to finally obtain the corresponding
weight.
Based on the REMBRANDT method, Guzmán (2011) launched a survey during the IX
Transport Engineering Congress in year 2010 to all the conference attendants. The survey
was to ask about the importance of each criterion comparing to other criteria in a scale of
+1 to +7 (+1 is less important; +7 is the most important). With the answers from the
survey, there is a valid sample that represents the preferences of Spanish experts in
sustainable mobility.
However, the new method (i.e., the combined UR analysis) used in the scenarios
evaluation is required to obtain two groups of weights of each criterion on the basis of
transport experts´ opinion. Therefore, in the 1st‐round of the survey, respondents were
asked to rate on a 100‐point to the three given criteria based on their preference,
moreover, they needed to estimate their regret degree (from 0 to 100) on the case of the
corresponding criterion would not be accomplished (see Appendix 1 part A). In the end,
two groups of weights based respectively on the utility and the regret theory were
obtained. The description of the two groups of weights is given as below. Meanwhile, as a
reference, the weight is used in the study of Guzman based on the REMBRANDT and AHP
approach is also given.


The weight of Utilitybased MCDA is the group of weights that were obtained
through the two‐round survey in 2013. This group of weights was collected
based on the transport experts´ opinion on the importance of each criterion in
order to achieve the maximal aggregate objective utility.



The weight of Regretbased MCDA is the group of weights that were obtained
from the two‐round survey but based on the regret minimization. This group of
weights described the importance of each criterion from a regret‐based point
of view. It was used in the combined UR analysis to calculate the regret value of
each scenario.



The weight based on the REMBRANDT method is the group of weights that
were concluded based on the REMBRANDT and AHP method from the work by
Guzmán (2011) in 2010. Similar to the utility or regret‐based weight, it is used
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for the utility‐based MCDA to calculate the aggregate objective utility, but
presents the preference of the experts in sustainable development.
The relative importance weights and the anticipated‐regret weights of the objectives were
calculated to serve as input to the MCDA objective function. The utility‐based weights
were calculated on the basis of both the multi‐attribute utility (MAU) theory and the
REMBRANDT method, which is based on the Analytic Hierarchy Process (AHP) to estimate
the weight of each indicator and criterion while avoiding some of its drawbacks (Lootsma,
1992). The regret‐based weights describe the importance of each criterion from a regret‐
based perspective.
It can be seen in Table 5‐18, utility‐based and regret‐based weights ranked the three
criteria as transport system efficiency more important than environmental protection, and
environmental protection more important than social equity. However, the weight based
on the REMBRANDT obtained two years earlier has a higher score on environmental
protection and a lowest score on social equity than the one obtained in the recent survey.
Besides that, the difference between the three groups of weights is small, it implies that
transport experts concern more evenly the three dimensions of the sustainable mobility.
Criteria

Utility
based

Regret REMBRANT
based
based

Indicators
Travel time (TT)

Transport
system
efficiency

0.352

Environmental 0.334
protection

Social equity

0.314

0.351

0.337

0.312

0.354

0.357

0.289

Weight of
indicator
0.496

Car modal share
(CM)
Car operating costs
(CO)
CO2 emission (CE)

0.465

Air pollution (AU)

0.338

Land use
consumption (LU)
Accessibility (AC)

0.192

Accident (AI)

0.337

Weighted user
benefit (WUB)

0.366

0.039
0.470

0.297

Table 5‐18 MCDA criteria and weights
The current thesis used the utility‐based weight to calculate the aggregate objective
utility based on the MAU theory and applied the regret‐based weight to compute the
regret value of each scenario by comparing its utility value with other alternatives. The
weights of each indicator that were collected from the work by Guzmán (2011) were still
used in this work.
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5.3.2 Objective functions


Objective function of the utility‐based MCDA

The utility‐based MCDA is based on MAU, a structured methodology designed to handle
trade‐offs among multiple objectives in a rank ordered evaluation of alternatives that
reflects the decision‐makers' preferences. Therefore, MAU represents compensatory
behaviour. While numerous MAU methods have been proposed for aggregating the
individual utilities into a single scalar utility, the most widely used form is the linear‐
additive utility function (Costa & Carlos, 2001). While MAU is widely known, it is briefly
described here for reasons of completeness.
With the definition of the three criteria and the weights for the case of Madrid, the
objective function of the utility‐based MCDA towards sustainability is given by the
Equation 5‐4. The performance indicator values were obtained from the model results for
the technically‐optimal solution for each implementation scheme.
.
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Equation 5‐4



Objective function of the regret‐based MCDA

According to the definition of the reference‐dependent regret model, the objective
function of the regret‐based MCDA associated with the choice of alternative

is given in

Equation 5‐5.
1
1

0.351

0.337

0.312
Equation 5‐5

The regret value

, ,

of criterion i is calculated based on the chosen regret‐

building function G(x) (Equation 3‐21), and is also associated with the choice of alternative
Ai over a foregone alternative Aj.


Objective function of the combined utility‐regret MCDA

As defined in part §3.4.3, a combined utility‐regret function is embedded in the MCDA to
evaluate the contribution for each TDM scenario. The objective function of the utility‐
regret MCDA is calculated by the difference of the aggregate utility value
anticipated‐regret value

, as given in Equation 5‐6.
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=

[
Equation 5‐6
The utility‐based, regret‐based and combined utility‐regret‐based MCDA objective
functions were calculated by using the model output regarding the performance indicators,
and the utility‐based and regret‐based importance weights. The scenario evaluation thus
is to calculate the modified utility value using the optimal implementation intensity value
(the toll rate and bus frequency) for each TDM measure. The optimisation and assessment
can be made in any specified period of time depending on specific needs (for example
middle term planning or long‐term planning). In this case, the assessment was based on
the value that obtained in the end year of the simulation in a 23 years planning. All the
results of the evaluation are given in the next chapter.
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6.1

Introduction

This chapter follows the contents on the application of the developed methodology for the
case of Madrid, and presents the analysis of the results in the basis of the combined utility‐
regret analysis. This work analyses and compares the effects of all TDM scenarios that
included a single measure or a combined policy‐package over time (from 2012 to 2034).
Beyond the utility‐regret analysis, it is also interesting to evaluate the results from
different views (spatial impacts for example), since the potential effects of certain
measures may affect the sustainable mobility at different levels for distinct urban areas.
The results presented in this chapter represent a strategic trend of environmental,
social and transport mobility in the long‐term. It should be noted that the results of TDM
scenarios are only indicative and are part of a theoretical exercise. The analysis of the
results includes the following four parts.
1) Results of optimisation: the optimisation results in this work refer to the policy
implementation intensity (i.e., the optimal start and end year value to apply the TDM
measure), which were obtained through the optimisation process in the MARS model.
These results were assumed to be the best implementation intensity that can achieve the
maximum objective utility towards the goal of sustainable mobility.
2) Results of utilityregret (UR) analysis: these results were produced through a
two‐step utility‐regret analysis. The UR analysis involved the aggregate objective utility,
the regret value and the modified utility of each alternative scenario (as explained in part
§3.4). For the first step, it aims to find the ¨best choice¨ of implementation among the most
desirable, the most expected and the least regret options for each TDM measure, and the
second step analysis then is to address the ¨best TDM scenario¨ in the case of the scenarios
implemented in their ¨best choice¨.
Moreover, the results identify the corresponding values of each indicator based on the
MCDA, by comparing with the do‐nothing scenario. For the purpose of comparing the
effectiveness of TDM scenarios on sustainable mobility, the analysis also shows the
variation of the modal share between the private car and public transport (bus, metro and
urban train) from the policy start year to the end of the simulation.
3) Spatial impacts: this analysis uses the Geographic Information System (GIS)
program to present different impacts in mobility, environment and social equity by zones
in the Madrid region. The analysis of the spatial impacts focuses on the specific areas
where there is a strong influence from the implementation of TDM scenarios.
4) Sensitivity analysis: the sensitivity analysis is to examine the output results
variation when changing the assumption about the value of the constants (input) in the
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model. The results of sensitivity analysis can help decision makers and analysts to figure
out the impacts of the certain criterion caused by the implementation intensity (like
cordon toll rate and bus frequency).
The chapter is organised as follows: section 6.2 describes the optimisation results and
6.3 presents the general contributions of the optimal scenarios respectively. Section 6.4
and 6.5 shows the spatial impacts and sensitivity analysis in order to provide more
information to aid policy designing. Finally, section 6.6 summarizes the results and policy
implication for each TDM scenario.

6.2

Results of Optimisation

Via the optimisation process, the optimal implementation intensity of the three proposed
TDM measures were obtained in terms of the most desirable, the most expected and the
least regret choice (Table 6‐1). For the combined package, it was the implementation of
two TDM measures together (i.e., cordon toll and bus frequency increase). The parking
charge measure was not included in the final optimisation process in order to avoid the
synergistic impacts by a zero parking charge rate (free parking tariff leads overestimation
of the cordon charging fare). Hence, the optimal results of the combined package were
slightly different with the results that were presented in the second‐round survey, which
included three singles TDM measures in the combined package.
Base year 2012

Optimal Policy Implement Value
Most desirable

Most expected

Least Regret

Start
End
Start
End
Start
Value
value
value
value
value
Single TDM measure
Cordon toll
1.03
5.02
1.03
4.83
3.59
(€/veh)
Parking charge
2.5
2.5
2.5
2.5
0.80
(€/hour)
Increased bus
53%
30%
36%
26%
35%
frequency (%)
Combined package
Cordon toll
4.08
3.08
5.18
3.66
1.01
(€/veh)
Increased bus
52 %
28 %
36 %
27 %
50 %
frequency (%)
Table 6‐1 Optimal implement values of each TDM measure
Start/End value

End
value
5.02
0
28%
5.20
22 %

From these results (Table 6‐1), the discussions are given in the following two aspects.
Firstly, a TDM measure implemented in different time frame and geographic scale
generated different optimal results.
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For example, the optimal charging rate of the cordon tool in terms of the most
expected (ME) choice (starts with €4.83/veh and ends at €3.59/veh) is
different with the value obtained from the most desirable (MD) and the least
regret (LR) choice (from €1.03/veh to €5.02/veh). According to the calculating
results, while the charging area is relative small (like city centre), the
transport system efficiency would not get more improvement in the long term
since there are fewer car users who willing to stop using the car, meanwhile
the social equity gets worse when the charging fee is increasing, so the optimal
choice would be implementing a cordon toll measure with decreasing trend of
rate like the most expected choice was.



The MD and ME choice of parking charge measure is to increase the charging
rate inside the M‐30 and in 5 years. But the optimal value obtained from the
MARS model is to keep the same charging fee in Madrid, i.e., 2.5 €/hour. It
implies that the current parking charge rate is proper for achieving the goal of
sustainable mobility in Madrid. And for the LR choice of parking charge
measure (in the city centre and in 10‐15 years), the optimal start value
becomes much less than the current level (0.8 €/hour), and the optimal end
value is zero (free parking). It could be explained while the parking charge
area is small (like city centre), it decreases the transport system efficiency, in
order to maximize the objective welfare, and the only way to improve the
social equity is to reduce the parking fee until zero. However, this is in conflict
with the intention to increase parking charge fees to restrict car using in
Madrid, thus this optimal value is not recommended to be implemented.



The optimal start/end values of the bus frequency increase (BFI) measure for
the MD, ME and LR choices are all based on a decreasing trend, which means
increasing more frequency with a higher rate in the start year and lower rate
in the end of the simulation year. The synergistic impacts between the
criterion environment and social equity were generated by the implementation
of the BFI measure. Since the social equity is increasing when the bus
frequency measure is applied, the environment benefits decrease because of
more buses in operation. With a larger implement area (like inside the M‐40),
there is a higher increase level on bus frequency than in relative smaller areas
(like inside the M‐30).

Secondly, regarding the differences between the single TDM measure and the combined
policy‐package, the major findings are:
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Comparing the optimal start/end value of the cordon toll in the case of the
single measure and the combined package, the values are very similar in the
case of the ME and the LR choice. But in the case of the MD choice, the optimal
single cordon toll rates are totally different with the values in the combined
package (the cordon toll rate is from €1.03/veh to €5.02/veh in the single
measure and from €4.08/veh to €3.08/veh in the combined package). It is
because of the synergistic effects by applying a cordon toll with the bus
frequency increase measure inside the M‐40. In the combined package, more
bus frequency services are provided in a big area (inside the M‐40), and the
cordon toll measure is charged in a smaller area (inside the M‐30). Therefore,
the transport system efficiency improves less over time while there are fewer
travellers shifting to public transport, and the social equity is reduced if the
charging fee is still increasing, so the optimal value in the combined package
goes from a higher value (€4.08/veh) to a lower value (€3.08/veh).



For the optimal values of the BFI measure, the difference between the case of
the single measure and the combined package shows mainly in the LR choice.
Though the optimal increasing trend of bus frequency is similar for all the
choices (i.e., from a higher increasing level to a lower increasing level), the
optimal start value of the LR in the combined package is much higher than the
single measure (50% compared with 35%). This difference is mainly because of
the impacts generated by the combined implementation of a cordon toll and the
BFI measure. Since a cordon toll is applied inside the M‐30 (in 5 years) with the
BFI measure at the same time, the value of social equity in terms of accessibility,
accidents and weighted user benefit is preserved by a higher bus frequency
provision (50%). Without the cordon toll (shown in the single measure), lower
bus frequency increase (35%) is sufficient to achieve the maximum objective
utility.



In the case of the MD choice, since the bus frequency increasing rate of the
combined package and the single measure are similar (53% and 52%), the
operation costs for providing these additional bus services are also similar.
Then the implementation of the cordon toll measure can help to compensate
the operation costs of the BFI measure by collecting toll revenue. Meanwhile,
the BFI measure can also help to preserve public acceptability for the operation
of a cordon toll measure. Thus the combined policy‐package is better than the
single measures with regard to the overall costs and public acceptability.
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6.3

Results of utilityregret analysis

6.3.1 Firststep results
In order to assess and compare the general contributions of different TDM scenarios, the
first‐step UR analysis presents the results of the utility‐based, regret‐based and the
combined UR MCDA for each TDM measure in respect to the four scenarios, i.e., do‐nothing
scenario, TDM scenarios implemented in the Most Desirable (MD), the Most Expected (ME)
and the Least Regret (LR) choice. The aggregate objective utility was obtained based on
the utility‐based MCDA towards to the goal of sustainable mobility. And the regret value
was calculated according to the regret‐based MCDA using RDRM. Finally, it ranked the four
scenarios on the basis of the modified utility value that depended on the value obtained
from the objective function of the UR MCDA. This result aims to identify the ¨best choice¨ of
implementation among the three specified choices, which represent respectively the
participants´ preference (desirability), the assumption on local governance (probability)
and their personal emotion (regret). With the ranking, it can implement the TDM measure
by the ¨best choice¨, and helps to identify the TDM measures impacts regarding the issues
of public acceptability. The following results are given firstly for the three single measures
(i.e., cordon toll, parking charge and bus frequency increase) and then for the combined
policy‐package.
o

Cordon toll measure

Regarding the answers of the two‐round survey, the most desirable and the least regret
choice of cordon toll were the same, which implement the cordon toll inside the M‐30 and
in 5 years (year 2017). So the aggregate utility value obtained from the utility‐based MCDA,
the regret value from the regret‐based MCDA and the modified utility value that is from
the combined utility‐regret MCDA of these two scenarios are the same (29.81, 0.12 and
29.69 respectively), which are ranked as the first among the four scenarios in Table 6‐2.
The difference of aggregate utility among the scenarios, including the do‐nothing scenario,
is small. However, when comparing the regret value of the four scenarios, the differences
are significant. The do‐nothing scenario and the scenario of the ME achieve high regret
value respect to the performance to the evaluating criteria (3.60 and 2.82). And in the case
of the most desirable (or the least regret), the implementation accomplishes all three
criteria better than the others. Therefore, the scenario in the case of the most desirable (or
the least regret) choice is the best implementation for the single cordon toll measure,
which is exactly what experts ranked in the survey
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Scenarios

Donothing
29.40

Most desirable
Inside the M‐30
In 5 years
29.81

Most expected
City centre
In 10 years
29.51

Least regret
Inside the M‐30
In 5 years
29.81

Implementation

‐

Aggregate utility
Regret value

3.60

0.12

2.82

0.12

Modified utility

25.80

29.69

26.69

29.69

Rank

4

1

3

1

Table 6‐2 Results of UR analysis for single cordon toll measure.
o

Parking charge measure

Since the current implementation of the parking charge measure is the same as the MD
and ME choice (i.e., inside the M‐30 and in 5 years with €2.5/hour charging rate), the
aggregate utility, the regret value and the modified utility for the do‐nothing scenario,
MD and ME choice of parking charge measure are equal, (i.e., 29.40, 1.08 and 28.32),
which are ranked as the best implementation at the same time (in Table 6‐3).
When only considering the aggregate utility value of the four scenarios, it shows
that the scenario in terms of the least regret is the best (29.52). But when comparing
the regret value, the LR choice becomes the worst option (6.40 comparing to 1.08).
The LR choice of parking charge is beneficial in social equity but harmful to the criteria
of economic efficiency and environmental protection (in Table 6‐6). It generates the
highest regret value when the scenario of LR choice is compared with other choices. In
this case, the best implementation of the parking charge measure is to keep the
current situation (i.e., the do‐nothing scenario) as it achieved in the most desirable, the
most expected choice. In another hand, it also indicates that the parking charge rate is
not suggested to be increased in Madrid.
Meanwhile, these results show the advantage to incorporate the regret theory with
the MCDA. It can be seen when one of the alternative performances much better than
others regarding one criterion, it would become the best option based on the utility‐
based MCDA. However, when considering the regret value, the inferior parts of this
alternative appear, like the LR choice in terms of the criteria of economic efficiency
and environmental protection. So by incorporating the regret theory with the utility‐
based MCDA would not only helps to determine the best alternative in a multi‐criteria
decision problem, but also support decision makers to avoid the alternative that has
less welfare than one or more criteria.
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Scenario

Donothing
29.40

Most desirable
Inside the M‐30
In 5 years
29.40

Most expected
Inside the M‐30
In 5 years
29.40

Least regret
City centre
In 10 years
29.63

Implementation

‐

Aggregate utility
Regret value

1.08

1.08

1.08

6.40

Modified utility

28.32

28.32

28.32

23.22

Rank

1

1

1

2

Table 6‐3 Results of UR analysis for single parking charge measure
o

Bus frequency measure

In the case of the bus frequency measure, the best implementation in terms of both the
utility value and the regret value is the most desirable choice, i.e., inside the M‐40 and in 5
years. Since the MD choice of the BFI measure is ranked by the survey participants with
the highest contribution score in the first‐round survey (average score is 7.24 to 10), the
UR results (in Table 6‐4) proves the fact that a larger area and short term implementation
of the bus frequency measure is the best option. Moreover, the do‐nothing scenario is
ranked as the worse choice for the BFI measure, which infers the necessity of applying the
BFI measure in Madrid.
Scenario

Donothing

Most desirable

Most expected

Least regret

Implementation

‐

Aggregate utility

29.40

Inside the M‐40
In 5 years
31.71

Inside the M‐30
In 10 years
30.47

Inside the M‐30
In 5 years
30.44

Regret value

2.50

0

1.37

1.54

Modified utility

26.90

31.71

29.10

28.90

Rank

4

1

2

3

Table 6‐4 Results of UR analysis for single bus frequency measure
o

Combined policypackage

The combined policy‐package is to implement two TDM measures (i.e., cordon toll and bus
frequency increase) together based on the most desirable, most expected and the least
regret choice. In terms of the aggregate utility value, the regret value and the modified
utility value (shown in Table 6‐5), the scenario of the MD choice achieves the best result
(i.e., 32.09, 0.03 and 32.06 respectively), which is ranked as the first among the four
scenarios. Meanwhile, the second‐best is the LR choice that is different with the MD choice
in terms of the implementation area of BFI (one is inside the M‐30 and another one is
inside the M‐40). A larger BFI area encourages travellers to use more public transport;
consequently this scenario generates higher utility value and lower regret value.
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Scenario

Donothing

Most desirable

Most expected

Least regret

Cordon toll:
City centre
In 10 years
Bus Freq:
Inside the M‐30
In 10 years
30.57

Cordon toll:
Inside the M‐30
In 5 years
Bus Freq:
Inside the M‐30
In 5 years
30.86

Implementation

‐

Aggregate utility

29.40

Cordon toll:
Inside the M‐30
In 5 years
Bus Freq:
Inside the M‐40
In 5 years
32.09

Regret value

6.10

0.03

4.17

1.00

Modified utility

23.30

32.06

26.40

29.87

Rank

4

1

3

2

Table 6‐5 Results of UR analysis for the combined policy‐package
Summary of performance indicators
Table 6‐6 shows the values of each performance indicator in the case of the utility‐based
MCDA that obtained using the results of optimisation. More detailed variations of each
indicator by time (i.e., in a short term, a middle term and a long term) are given in
Appendix 2.
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TDM measure
Indicators
Aggregate Utility
Transport
system efficiency
Car modal share

Cordon toll

Parking charge

Bus frequency

Combined package

Do
nothing

MD

ME

LR

MD

ME

LR

MD

ME

LR

MD

ME

LR

29.40

29.81

29.51

29.81

29.40

29.40

29.63

31.71

30.47

30.44

32.09

30.57

30.86

23.64

25.18

23.91

25.18

23.64

23.64

20.82

25.60

24.97

25.02

26.61

25.25

26.40

2.83

6.37

3.48

6.37

2.83

2.83

‐5.58

6.30

5.27

5.37

8.65

5.94

8.64

43.54

44.27

43.68

44.27

43.54

43.54

42.31

45.19

44.59

44.63

45.65

44.75

45.23

Motorized trip
time
Operation car
costs
Social Equity

24.64

24.99

24.66

24.99

24.64

24.64

25.79

25.39

25.12

25.13

25.60

25.13

25.40

21.44

17.93

20.95

17.93

21.44

21.44

30.92

23.50

22.69

22.73

21.25

22.21

18.94

Accessibility

43.06

42.71

42.98

42.71

43.06

43.06

43.37

43.30

42.88

42.86

43.05

42.80

42.51

Accidents

24.10

21.91

23.64

21.91

24.10

24.10

30.63

21.82

22.48

22.42

20.36

22.00

20.40

Weighted user
benefit
Environment

1.46

‐5.84

0.60

‐5.84

1.46

1.46

21.08

8.98

6.50

6.69

4.37

5.69

‐1.53

42.88

45.78

43.38

45.78

42.88

42.88

37.64

45.81

43.50

43.33

47.97

43.97

46.70

CO2 emission

19.36

24.50

20.25

24.50

19.36

19.36

10.16

25.62

21.55

21.38

29.34

22.44

27.07

Air pollution

14.66

16.14

14.92

16.14

14.66

14.66

11.91

14.61

13.55

13.37

15.84

13.79

15.46

Land consumption

91.81

91.75

91.80

91.75

91.81

91.81

91.83

91.81

91.70

91.59

91.80

91.61

91.55

Table 6‐6 Optimal values for each indicator by TDM measures
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The values of each indicator were obtained from the end year of the simulation (i.e.,
2034) and presented in terms of different TDM measures. The main findings through the
results of indicators can be concluded in three aspects according to the three assessing
criteria:
1) Regarding the criterion of transport system efficiency, it was found that all the
TDM measures in the case of the MD choice reach the best results. The ME choices
improve the criterion of transport system efficiency slightly compared with the do‐
nothing scenario. And the contribution achieved by the TDM measures in terms of the
least regret choice (in the case of BFI measure and the combined package) is between
the MD and ME choice.
More specifically, for the three indicators of transport system efficiency (i.e., car
modal share, motorized trip time and operation car costs), except the parking charge
measure, all the other TDM scenarios performs better than the do‐nothing scenario.
This implies that the proposed TDM measures, particularly the combined policy‐
package, are very effective in restricting car use and mitigate the congestion in Madrid.
2) Concentrating on the contributions to social equity, the values obtained from
TDM measures implementation are mostly less than the do‐nothing scenario except for
the BFI measure. It means car restricting measures like cordon toll and parking charge
would generate negative effects in terms of social equity, which is in accordance with
the previous studies on the road pricing application (Small, 1992; Parry & Bento, 2001;
Litman & Brenman, 2012). Therefore, the PT incentive measure (i.e., the BFI measure)
can benefit social equity, especially in the case of the most desirable choice.
Another finding in terms of social equity is that the ME choice of cordon toll is less
aggressive to the society than the choice of MD and LR (20.95 comparing to 17.93).
Because the implementation area in terms of the ME choice is smaller than the MD
choice, which means there is less population get influenced. Since decision makers
normally care public acceptability as much as the policy efficiency, this explains why
the survey participants chose smaller area in the most expected case. And because of
the optimal end value of parking charge is zero; the implementation of the LR choice
achieves the highest value of social equity. However, a negative rate of parking
charging may not be executed in reality, so it cannot conclude from this result either.
For the combined policy‐package, the value regarding the social equity criterion
is less than the do‐nothing scenario mainly because of the high charging rate of the
cordon toll. In particular, when the cordon toll rate is high as it has in the MD choice,
the weighted user benefit turns out to be negative. This also happens in the case of the
LR.
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More specifically, the accidents indicator is affected badly by the combined
package as the result of the high vehicle speed as the result of the congestion
mitigation. The values of accessibility also get slightly worse (except for the MD choice
of the BFI measure) than the base scenario as the result of the implementation of car
restrict measures. For the indicator of weighted user benefit, the negative impacts are
mostly generated by the cordon toll measure, as seen in Table 6‐6.
3) In terms of the criterion of environmental protection, all TDM measures (except
the parking charge measure) achieve better results than the do‐nothing scenario. It
illustrates the effectiveness of TDM measures implementation in terms of the
environment improvement in Madrid. In particular, the MD choices of all TDM
measures are the best option to achieve environmental benefit. And the combined
package gains a lot more than the single measure in respect of environmental
indicators except for land consumption indicator.
Looking at the three indicators of environmental protection criterion, the
contributions achieved by the implementation of TDM measures in terms of the CO2
emission and air pollution are more than the do‐nothing scenario (except for the LR of
the parking charge measures), which implies the usefulness of introducing TDM
measures to reduce CO2 emissions. Nevertheless, for the indicator of land consumption,
the differences between do‐nothing and TDM measure are not significant. That is
because all TDM measures considered in this work are all transport related measures,
not land use management measures (e.g., land use density and clustering, etc.), so the
impact of land consumption is low.
Summary of the firststep UR analysis
Through the first‐step of the utility‐regret analysis, the ¨best choice¨ corresponds to the
most desirable choice for all TDM measures, although the best parking charge
implementation is also for the do‐nothing scenario. The most desirable choice as it was
explained in the survey development depends on participants´ preferences. When the
desirability of the TDM measure is high, it leads high public acceptability. However, it also
needs to take into account that the best desirable choices were obtained by a group of
transport experts in Spain. So their opinion on the TDM measure implementation would
be different with transport stakeholders or ordinary citizens. It is highly recommended to
conduct a similar survey with transport stakeholders or Madrid citizens using the same
methodology as developed in this work.
The most desirable choice for the single cordon toll, the bus frequency measure and
the combined package were selected to conduct the second step utility‐regret analysis in
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order to find the ¨best TDM scenario¨ for the urban mobility development of Madrid. As for
the parking charge measure, since the best choice is to keep the current situation (do‐
nothing), it was not included in the second‐step of the UR analysis.

6.3.2

Secondstep results

The second‐step UR analysis expands the analysis to select the ¨best TDM scenario¨ for the
mobility assessment. The decision making process incorporating a regret value would be
more comprehensive since it considers not only the objective elements but also the
subjective component in the assessment. The second‐step results are useful for examining
the policy implication and designing the strategic urban planning for Madrid region. The
analysis consists of two parts:
1) It presents the utility‐regret analysis among the ¨best choices¨ of the three TDM
scenarios (i.e., with a single cordon toll, a single BFI and the combined package).
Same as the first‐step results, the value of the aggregate objective utility of each
scenario is obtained based on the linear additive utility function, and the regret
value is based on the reference‐dependent regret model. While the regret value
of each scenario is calculated depending on the number of alternatives involved,
it is different when comparing with the first‐step results.
2) A comparison of modal share between the private car and public transport (bus,
metro and urban train) by scenarios is also given. In order to distinguish their
level of contribution to the sustainable mobility target, modal share is a critical
parameter to be examined. It shows the modal share variation from the base
year (2012) to the end of the simulation year (2034).
Table 6‐7 lists the results of the second‐step UR analysis for the four TDM scenarios, i.e.,
the do‐nothing scenario (S0), the cordon toll (CT‐MD) applied in the most desirable choice,
the bus frequency increase in the most desirable choice (BEI‐MD) and the combined
package applied in the most desirable choice (C‐MD). It should notice that all TDM
scenarios listed in Table 6‐7 were start applied in the same year (2017). Therein the single
cordon toll was implemented from lower rate to a higher rate (i.e., from €1.03 per vehicle
to €5.02 per vehicle); the single BFI measure was applied from 53% to 30%; and the
combined package involves a cordon toll that applied from €4.08 per vehicle to €3.08 per
vehicle and a bus frequency measure with the intensity of 52% to 28%. The major findings
from Table 6‐7 are three:
1)

Concentrating on the modified utility value, the combined package reaches the
best result among the TDM scenarios (32.02), which is 40 per cent more than
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the value in the do‐nothing scenario (32.02 comparing to 22.82). The other
two TDM scenarios also obtain better utility value than the do‐nothing
scenario. This proves the effectiveness of TDM scenarios, especially the
combined

policy‐package,

on

mitigating

congestion

and

reducing

environmental emissions, etc. (Vieria, et al., 2007).
The second‐best TDM scenario is the scenario with a single BFI in terms of the
most desirable choice. This scenario generates a lower value of modified utility
than the scenario with the combined package (30.28 comparing to 32.02). But
regarding the values of the indicator to the criterion of social equity (in Table 6‐
6), BFI scenario achieves better results than the combined package.
The scenario with the single cordon toll is ranked as the third and it is better
than the do‐nothing scenario. The summary of indicators (Table 6‐6) shows that
cordon toll measure is effective to restrict car using but damages the social equity
by producing an extra economic burden on road users.
2)

In respect to the regret value, the lower regret value indicates better
performance, and then the conclusion on the ¨best TDM scenario¨ is the same,
i.e., the scenario with the combined package is the best for addressing better
urban planning.
In terms of the regret values of the TDM scenarios with a single measure, the
scenario with the single BFI measure is slightly better than the scenario with a
single cordon toll. The main reason of this difference is the cordon toll measure
generates negative values in the indicator of social equity criterion (in Table 6‐6).
Since the regret value is calculated based on the performance value of each
criterion comparing with other alternatives, the scenario with a ¨defect¨ (means
one of the criteria is particularly bad) would generate high regret value.

3)

The last finding is concluded from the do‐nothing scenario, no matter the
utility value or the regret value is considered, the do‐nothing scenario is the
last option for decision makers choose to do. Hence, policy intervention like
TDM measures is necessary to be implemented in Madrid during the
sustainable development to resolve the problems on congestion, air pollution,
social inequity etc. Following the title of the EU White paper in year 2010 (EC,
2010), it is ¨time to decide¨ for Madrid.
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TDM
scenarios

S0

CTMD

BFIMD

CMD

Implementa‐
tion

‐

Inside the
M‐30

Inside the
M‐40

Cordon toll: inside the M‐30

Utility value

29.40

29.81

31.71

BFI: Inside the M‐40
32.09

Regret value

6.58

1.76

1.43

0.07

Modified
utility

22.82

28.05

30.28

32.02

Rank

4

3

2

1

Table 6‐7 Results of UR analysis by TDM scenarios
Complementary to the results presented in Table 6‐7, Figure 6‐1 shows the yearly
variation of the aggregate utility value obtained from the utility‐based MCDA. Despite the
scenarios, the level of sustainability as measured in MCDA worsens over time. However,
the MCDA objective value starts to reverse the trend of declining from year 2030 to grow.
Since the TDM measures implement from year 2017, it decreases car modal share little by
little. There is a positive impact on the level of sustainable mobility in the long term.

Aggregate Utility from MCDA
38
37
36
35
34
33
32
31
30
29
28
2010

2015

do‐nothing

2020

cordon toll

2025

bus frequency

2030

2035

combined package

Figure 6‐1 Aggregate objective utility variation by scenarios
Moreover, Figure 6‐1 also shows that the scenario with the combined package is the
best scenario which involves the implementation of the BFI measure and the cordon toll
measure; consequently the sustainability of urban transport system depends heavily on
the use of integrated transport policy strategy, above a single policy measure.
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The following Table (6‐8) describes specifically how TDM scenarios influence each
indicator of sustainability over time. The indicator variation

is obtained using

(i.e., the value of TDM scenario subtracts the value of base scenario) from year 2034
subtracts the value from base year 2012 by the following equation.
Equation 6‐1
In Table 6‐8, higher value of the corresponding indicator means higher contribution
to the three assessment criteria. The negative value means the indicator got worsening in
a certain TDM scenario. Along the period from the base year 2012 to the end of the
simulation, the transport system efficiency is improved by the scenarios both with a single
measure and the combined policy‐package. Particularly, in respect to the indicator of car
modal share, the scenario with the combined policy‐package is the most effective one.
(year 20342012)

CTMD
0.28

BFIMD
2.30

CMD
2.58

Transport system efficiency

1.54

1.96

2.97

Car modal share

3.54

3.47

5.82

Motorized trip time

0.73

1.65

2.11

Car Operating costs

0.35

0.75

0.96

‐3.51

2.06

‐0.19

Accessibility

‐0.35

0.24

‐0.01

Accidents

‐2.19

‐2.28

‐3.74

Weighted user benefit

‐7.30

7.52

2.91

2.90

2.93

5.09

CO2 emission

5.14

6.26

9.98

Air pollution

1.48

‐0.05

1.18

Land use consumption

‐0.06

0

‐0.01

Aggregate Utility Value

Social Equity

Environment

Table 6‐8 Indicator variation by scenarios
However, regarding the criterion of social equity, only the scenario with BFI measure
produces positive impacts, though the negative impacts from the combined package is less
(‐0.19). For the scenario with cordon toll measure, the social equity value reduces in the
end. More specifically, the indicator of weighted user benefit and accidents are
significantly reduced due to the extra economic burden and vehicle speed increasing.
Concentrating on the critical concern of sustainability, the environment indicators, it
was found that the scenario with the combined package benefits more than with the single
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measure, though it leads to fewer impacts on land degradation which is affected mainly by
the area of green lands. In general, several main conclusions are given as below:
o

The scenario with the combined TDM policy‐package is the most effective TDM
scenario to improve the transport system efficiency, protect environment and
enhance the social equity.

o

TDM scenario with public transport incentive measure enables to enhance
social equity in terms of the accessibility and the weighted user benefit
indicators, but lead more CO2 emissions and air pollution.

o

TDM scenario with the cordon toll measure produces benefits on transport
system efficiency and environment, yet it generates negative impacts on social
equity. Therefore, it requires other complementary measures to preserve
public acceptability to implement this measure.

Modal split
A modal split analysis is made by comparing the car and PT (bus, metro and urban train)
modal share over time. Figure 6‐2 and 6‐3 show that there is a significant modal shift from
private car to public transport due to the implementation of the three TDM scenarios.
However, the implementations of TDM measures did not change the trend of car modal
share increasing over time. The percentage of the car modal share (in peak hour)
considerably reduced from the policy implementation year (2017), and then started to
increase year by year.
Seeing the difference between scenarios, the scenario with the combined TDM policy‐
package produces the lowest car modal share and highest public transport share
compared with the do‐nothing scenario, which implying the combined package is the most
effective policy action to achieve sustainable mobility in Madrid. Another interesting result
in this modal split analysis is that BFI measure is better than car restrict measures to
reduce car modal share; as it said the ´carrot policy´ is better than ´stick policy´.
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Car Share (%) Variation
54%
53%
52%
51%
50%
49%
48%
47%
2012

2016

2020

2024

2028

2032

Do‐nothing

Cordon toll

Bus freq increasing

Combined measure

Figure 6‐2 Car share variation in peak hour by scenarios

PT Share (%) Variation
53%
52%
51%
50%
49%
48%
47%
46%
2012
2016
2020
Do‐nothing
Bus freq increasing

2024

2028
2032
Cordon toll
Combined measure

Figure 6‐3 PT share variation in peak hour by scenarios
Summary of the secondstep
Based on the second‐step results of the UR analysis, the ¨best TDM scenario¨ for the
sustainable mobility of Madrid was obtained, i.e., the scenario with the combined policy‐
package in the most desirable choice, which including a cordon toll measure inside the M‐
30 from 2017 (toll rate is from €4.08/veh to €3.08/veh) and a bus frequency increase
measure in the area of inside the M‐40 from 2017 (bus frequency increase from 52% to
28%). It was realised that the TDM scenario with the combined package was the most
effective policy action towards the defined objectives and public acceptability (Banister,
2005).
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The scenario with a single bus frequency measure can contribute on sustainable
development more than the scenario with a single cordon toll, like the saying of the ´carrot
policy´ is better than ´stick policy´. However, to implement the bus frequency measure
requires a large amount of costs and would generate more negative externalities such as
CO2 emissions and air pollution.
The implementations of the proposed TDM scenarios in Madrid did not improve
sustainable mobility in the long term (from year 2012 to 2034); however, it did reverse
the trend of declining from 2030 to grow. No matter considering the utility value or the
regret value, the do‐nothing scenario was the last option for decision makers to choose.
Hence, policy interventions like TDM measures are necessary to implement in Madrid to
resolve the problems on congestion, air pollution, social inequity etc. As it stated in the EU
White paper in 2010, it is ¨time to decide¨ for Madrid (EC, 2010).

6.4 Spatial Impacts
The spatial impacts were investigated according to the zoning of Madrid and conducted
using the program of GIS (Geographic Information System) (Emberger et al., 2012). The
results were obtained by comparing the difference between the TDM scenarios (i.e., the
scenario with a cordon toll, with the bus frequency increase and with the combined
package in terms of the most desirable choice) and the do‐nothing scenario. Three
indicators were chosen for conducting the spatial analysis:
o

Car trips variation in peak hour from origin zone i,

o

Annual CO2 emissions variation in zone i,

o

Weighted user benefits (also called modified consumer surplus) variation in
peak hour in zone i, including the changes of travel time and travel costs (i.e.,
fuel costs, car maintenance costs and road charging costs) both for private car
and public transport.

The reasons to choose these three indicators are:
1) All these three indicators represent the sustainable mobility level that is
affected by the implementation of TDM measures.
2) In general more car trip reduction means less traffic congestion, thus the
spatial analysis using the indicator of car trip in relate to transport system
efficiency is able to find out the geographic‐scale effectiveness on congestion
mitigation.
3) The indicator of CO2 emissions involved in the environmental dimension
strongly affects climate changing and ecosystem. Identifying CO2 emissions
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variation after applying the TDM scenarios could help to explore the potential
benefit or harm by geographic areas in Madrid region.
4) The indicator of user benefit is mainly used to examine the social equity issue.
When the changes of this indicator comparing with do‐nothing scenario are
positive, it means travellers gain from the policy implementation, otherwise
they lose. This indicator can help draw the social equity impacts by geographic
areas, in order to find out the certain TDM scenario is progressive or regressive
to society.
5) The values of all these three indicators are available in terms of the geographic
zones in MARS model. Since there are some indicators related to the three
criteria (like transport system efficiency or social equity) calculated in MARS in
a way that sums the impacts for all of the zones, the changes of these indicators
cannot be presented by GIS.
Figure 6‐4, 6‐5 and 6‐6 respectively presents the distribution of the aforementioned
indicators in Madrid
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Figure 6‐4 Car trip variation (peak hour) by scenarios
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Figure 6‐5 Annual CO2 emission variation by scenarios
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By applying the TDM scenario with the cordon toll measure inside the M‐30, it
constrains car demand to this area. It can be seen in Figure 6‐4 (left) except for the area
inside the M‐30, car trips are reduced more in the zones outside the rim of the M‐30. That
is because of car users who live in these zones mostly drive to the inside the M‐30 to work.
While a higher travel cost occurs, these car users would call off their trip or shift to other
modes (like bus, metro and urban train). This indicates a cordon toll measure is effective
to restrict car use. And the areas inside the M‐30 generates more car trips resulting from
the cordon toll only restrict car demand to get into these areas, not the car demand inside
of it. Apart from that, it is found that the areas that receive more car trip reduction mainly
locate in the south of MMA, where basically are low income areas. Low income travellers
in general are more sensitive to the travel cost, thus they more probably abandon using
car when the cordon toll measure is implemented.
Car trip variation in the scenario with the bus frequency measure (BFI) (Figure 6‐4,
middle) has several differences compared with the cordon toll measure. 1) Since the BFI
measure was implemented in the whole area inside the M‐40, the most car trip reduction
was occurred also in this area. 2) The northern areas where are close to the Madrid city
produced more car trips. Referring the population distribution (in Figure 4‐1) and
household income distribution (in Figure 4‐2), it is found that the car trip increasing areas
where are mostly less population density areas and higher household income areas. When
car users who live in these areas perceive the congestion mitigation, they may conduct car
trips more than before. 3) Although there are more zones with car trip increasing in the
scenario with the BFI than in the scenario with a cordon toll, there is 35% more car trip
reduction generated by the implementation of the BFI measure than the cordon toll
measure.
The car trip variation resulting from the implementation of the combined package is
shown in Figure 6‐4, right. It can be seen that the scenario with the combined package is
the most effective scenario in terms of car trip reduction. Actually, this scenario reduces
two times more total car trips than the scenario with a single cordon toll and 50% more
than the scenario with the BFI. The areas have the most car trip reduction resulted by the
combined package occur in the Madrid metropolitan area, except one municipality in the
north (i.e., Tres Cantos) that generates slightly more trips (52 trips) than the do‐nothing
scenario in the end year of the simulation.
Figure 6‐5 presents the variation of annual CO2 emissions caused by the
implementation of three TDM scenarios. Firstly, both the single BFI scenario and the
combined package scenario produced a great of CO2 emissions reduction by the end of the
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simulation year. Therein the scenario with the combined package produced 161% more
CO2 reduction than the scenario with a single cordon toll and 32% more than the scenario
with BFI.
More specifically (Figure 6‐5, left), there is an important reduction of CO2 emissions
for the whole Madrid region by implementing the cordon toll measure. However, the ¨red¨
zones in the outside rim of M‐30 in where generating more CO2 emissions are mostly
because car users in these zones make detours to avoid passing through the cordon toll
area, which lead longer travel distance. Apart from that, it is found that the cordon toll
scenario reduced more CO2 emissions in the same areas where car trip reduction was
occurred.
The CO2 emissions reduction areas (¨green zones¨) of the scenario with the BFI and
with the combined package are similar (in Figure 6‐4, middle and right). More CO2
reduction emerged in the Madrid metropolitan area, both the northern and southern part.
The implementation of the combined policy‐package generated a bit more CO2 emissions
in the south of MMA. However, referring to the highway network of Madrid (Figure 4‐5), it
discovered that the CO2 reduction intends to emerge in the area where the radial highways
(these highways connect Madrid with other communities of Spain) locate.
It implies TDM measures (particularly the PT incentive measure and the combined
packages) are not only effective to reduce CO2 emissions in TDM implement area, but also
additionally benefit on the whole highway network.
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Figure 6‐6 User benefit variation (peak hour) by scenarios
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Concentrating on the variation of the weighted user benefit caused by the three TDM
scenarios, there are both positive and negative changes (in Figure 6‐6). In total, the
scenario with the BFI measure generated more benefits than the combined TDM package
(94 per cent more). The scenario with a single cordon toll produced negative benefits for
transport users.
As seen in Figure 6‐6 (left), the scenario with a cordon toll yielded a big loss for users
in most of zones of Madrid region. In particular, transport users who live in the southern
part of MMA got more influenced (lose more) than the northwest part, in which received
slightly more positive benefits. Since the southern areas are mostly low income zones, and
northern areas are the high income municipalities (in Figure 4‐2), it implies that the
implementation of the cordon toll scenario makes low income travellers lose more and
high income users gain more.
However, the user benefit variation caused by the implementation of the scenario with
the BFI is different. The user benefits increased for the whole Madrid region, especially in
the zones where were close to the city. Referring the map of the distribution of population
density (in Figure 4‐1), the zones where transport users gained more were the
municipalities with relatively more population.
The implementation of the scenario with the combined policy‐package also yielded
positive benefits for most of travellers. It can be seen in Figure 6‐6 (right), the impact of
this scenario was similar as the scenario with a single cordon toll, i.e., the user benefits
increased mostly in the northern part of MMA and decreased slightly in the southern part
of MMA. Considering the synergistic impacts of the cordon toll and the BFI measure, the
total user benefit variation corresponding to the do‐nothing scenario thus is positive in the
scenario with the combined TDM package.

6.5 Sensitivity analysis
The aim of the sensitivity analysis is to examine the output results variation when
changing the assumption about the value of the input variable in the model. Regarding this
work, the sensitivity analysis is related to the variation of the variables (like toll rate or
bus frequency) and the model assumptions (like implementation time and area). When the
model outputs (both for the objective utility and the values of performance indicators) get
worse by changing the model inputs, it could show a warning on the robustness of the
model results in the presence of uncertainty.
The manual way (also calls one‐at‐a‐time method) to conduct the sensitivity analysis
is to repeat the simulation many times while changing the value of the variable in every
simulation, then a spread of output values will be obtained (Saltelli et al., 2008). However,
‐161‐

ASSESSING URBAN MOBILITY THROUGH PARTICIPATORY SCENARIO BUILDING & COMBINED UR ASSESSMENT

the manual sensitivity analysis is time consuming and does not fully explore the input
space, thus it cannot detect the presence of interactions between input variables. One
method that can fill these defects and take accounts the variation for different variables
and assumptions is the multivariate sensitivity simulation (MVSS), also known as Monte
Carlo simulation (Metropolis and Ulam, 1949).
The Monte Carlo method makes the sensitivity testing procedure automatic. Since this
method was embedded in the MARS model, hundreds of simulations can be performed
through the model in a relatively short time. The constants chosen for conducting the
sensitivity analysis are two, one is the end value of the cordon toll rate and another is
the end value of the bus frequency increase rate. It analysed how the result of the
objective function varies in terms of these two constants change.
Apart from that, in order to conduct the Monte Carlo simulations, it needs to define
what kind of probability distribution of each parameter value is based, for example
random exponential, uniform, Poisson, normal, etc. The simplest distribution is the
Random Uniform Distribution, in which any number between the minimum and maximum
values is equally likely to occur (Robert & Casella, 2004). The Random Uniform
Distribution is suitable for the current sensitivity testing and thus is selected for the
current work.
The sensitivity analysis results can aid communication between modellers and
decision makers. In this case, the results are framed within confidence limits. These limits
mean that for example the confidence level equal to 50, then 25% of the simulations have
values greater than the upper limit of the confidence level, and 25% have less than the
minimum values. The sensitivity analysis is conducted based on the two single measures,
i.e., the cordon toll measure and the bus frequency increase measure.
Figure 6‐7 shows the sensitivity analysis of the utility‐based MCDA objective
function value and the three criteria (i.e., transport system efficiency, environmental
protection and social equity) value within the changes of the cordon toll rate.
The cordon toll scenario was implemented from 2017 (i.e., year 13 in the Figure 6‐
7), the resulting distribution was generated with a toll rate range from €0/veh to
€10/veh. It can be seen that more than half of the MCDA objective values (between 30
and 35) were generated with 50% confidence bands. Since the objective value
produced by the do‐nothing scenario is 29.4 (in Table 6‐2). Most of the simulations
with the toll rate (from 0 to €10/vehicle) generate higher benefit than do‐nothing
scenario. Meanwhile, the uncertainty did not increase by time, although the percentiles
were not uniform over time. It means that the behaviour of the function depends on
‐162‐

CHAPTER 6 – ANALYSIS OF THE RESULTS

the interaction between all model parameters that change over time due to the
implementation of the cordon toll measure.
Referring the sensitivity analysis of the three criteria values, the transport system
efficiency is relatively less sensible to the toll value changes than the criteria of social
equity and environment protection. The uncertainty is consistent over time for all three
criteria. Only the criterion of social equity produces negative value in the beginning of the
cordon toll implementation, however, there is still more than half of the values generated
between the 50% confidence bands.
Table 6‐9 lists the objective function values varied by year using the end value of
the cordon toll rate from €0/veh to €10/veh. The objective utility value is not
sensitive to the changes of the toll rate. Between the highest value (when toll rate is 4
and €5/veh) to the lowest value (when toll rate is 0 and €10/veh) in 2034, there is
only 1% difference. However, the objective value is decreasing when the toll rate
increasing/decreasing from the optimal value (€5.03/veh).
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Figure 6‐7 Sensitivity analysis results of the cordon toll scenario
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Year

2012

2014

2016

2018

2020

2022

2024

2026

2028

2030

2032

2034

Toll Value
0 €/veh

37.78

35.85

34.16

32.84

31.76

30.85

30.24

29.87

29.63

29.43

29.20

28.98

1 €/veh

37.78

35.85

34.16

32.84

31.76

30.88

30.29

29.93

29.71

29.51

29.30

29.08

2 €/veh

37.78

35.85

34.16

32.83

31.77

30.92

30.33

29.98

29.76

29.59

29.37

29.17

3 €/veh

37.78

35.85

34.16

32.82

31.78

30.93

30.35

30.02

29.81

29.64

29.43

29.25

4 €/veh

37.78

35.85

34.16

32.81

31.78

30.95

30.37

30.05

29.83

29.67

29.46

29.26

5 €/veh

37.78

35.85

34.16

32.81

31.78

30.96

30.39

30.06

29.84

29.67

29.46

29.26

6 €/veh

37.78

35.85

34.16

32.8

31.78

30.97

30.39

30.06

29.83

29.65

29.42

29.2

7 €/veh

37.78

35.85

34.16

32.79

31.79

30.97

30.40

30.06

29.82

29.63

29.39

29.16

8 €/veh

37.78

35.85

34.16

32.78

31.79

30.97

30.39

30.05

29.80

29.60

29.35

29.10

9 €/veh

37.78

35.85

34.16

32.77

31.78

30.97

30.38

30.03

29.78

29.57

29.32

29.08

10 €/veh

37.78

35.85

34.16

32.77

31.78

30.97

30.37

30.01

29.74

29.50

29.24

28.98

Table 6‐9 Sensitivity results by the changes of start value of the cordon toll
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Figure 6‐8 presents the uncertainty distribution of the aggregate utility value and
the three criteria value over time in accordance with the changing of bus frequency
increase rate of the end year. The rate of the bus frequency varied between ‐50% and
200%, which generated less variation of the aggregate utility value than the scenario
with the cordon toll measure (Figure 6‐8, left upper).
During the sensitivity simulations, the uncertainty of the rate changes was
increasing over time, particularly for the criterion of environment. Similar to the
cordon toll scenario, more than half of the simulations generated the values with the
confidence bands of 50%. Among the criteria, the environment was the most sensible
criterion to the changes of bus frequency rate, with an impact reducing over time.
Apart from that, the sensitivity caused by the BFI measure seems to have a ¨buffer
period¨, because the value changed always in 2‐3 years after the BFI was applied
(Figure 6‐8).
Table 6‐10 lists the objective function values changed over year by the
implementation of the different bus frequency rate (from ‐50% to 200%). The optimal
bus frequency rate for the end year was 30% (Table 6‐1), so the highest objective
value was obtained close to the optimal vale (50%). The differences of using different
bus frequency rate were bigger than the sensitivity result of the cordon toll rate (in
Table 6‐9). Comparing the lowest value (when the bus frequency decreases 50%) and
the highest value (when the bus frequency increases 50%), the difference of the
objective value was about 30%.
From this sensitivity analysis, it concludes that the implementation of cordon toll or
the BFI measure has a greater impact within the transport system for sustainable mobility,
which is given equal importance to the three aspects of sustainable development.
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Figure 6‐8 Sensitivity analysis results of the BFI scenario
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Year
Bus
frequency
‐50%

2012

2014

2016

2018

2020

2022

2024

2026

2028

2030

2032

2034

37.78

35.85

34.16

35.82

34.72

33.32

31.76

29.84

27.55

24.95

22.13

20.88

‐25%

37.78

35.85

34.16

35.8

34.76

33.59

32.53

31.42

30.09

28.53

26.7

24.77

0

37.78

35.58

34.16

35.78

34.77

33.72

32.92

32.28

31.67

30.97

30.10

29.12

25%

37.78

35.85

34.16

35.76

34.74

33.74

33.03

32.56

32.19

31.87

31.49

31.12

50%

37.78

35.85

34.16

35.73

34.7

33.67

32.95

32.47

32.11

31.81

31.45

31.13

75%

37.78

35.85

34.16

35.7

34.63

33.54

32.74

32.16

31.68

31.25

30.75

30.25

100%

37.78

35.85

34.16

35.67

34.54

33.36

32.44

31.72

31.08

30.46

29.76

29.05

125%

37.78

35.85

34.16

35.64

34.43

33.14

32.08

31.19

30.35

29.51

28.58

27.6

150%

37.78

35.85

34.16

35.6

34.32

32.9

31.68

30.60

29.56

28.5

27.34

26.12

175%

37.78

35.85

34.16

35.57

34.19

32.63

31.24

29.97

28.73

27.47

26.08

24.62

200%

37.78

35.85

34.16

35.53

34.05

32.34

30.78

29.32

27.86

26.37

24.73

23.02

Table 6‐10 Sensitivity results by the changes of end value of the bus frequency
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6.6 Summary and discussion
This chapter was an analysis of the results on the implementation of the constructed TDM
scenarios in Madrid. The analysis was based on the results obtained from the adapted
LUTI model (MARS). The practical application of this methodology depended on the
particular structure of the transport system, the geographic distribution of residents and
jobs and mobility patterns. Madrid has a public transport system that works well and
moderately priced compared to other European cities. The analysis of the results aimed
not only to find the ¨best TDM scenario¨ for strategic urban planning, but, above all to
investigate on the specific impacts achieved by the different TDM scenario in terms of
economic, environmental and social dimensions. In order to provide adequate information
and visibility to aid the decision making process, the regret theory was incorporated in the
analysis that involves the complex emotional elements of policy decision makers (DMs).
According to the horizontal (by geographic scale) and vertical (by time period) impacts of
TDM scenarios, the findings of this work covered all aspects of sustainability. For example,
the visualise information from the spatial analysis was important for DMs to examine the
social cohesion, avoiding social regressive.
The main findings from this chapter were summarized in four aspects:
1) Based on the results of optimisation, it was found that while the cordon
charging area was a relative small area (like city centre or inside the M‐30), the
optimal toll rate then started charging from a higher rate to a lower rate. Regarding
the parking charge measure, the optimal end value was found as a negative value
resulting from the trade‐off between transport system efficiency criterion and social
equity criterion. If the BFI measure implemented in a large area (like inside the M‐40),
it then requested more bus frequency services than a small area. Moreover, comparing
the impacts of a single measure and the combined package, the combined package
(with a road charging measure) was better than the single BFI measures because it
yielded less economic burden for the government.
2) This chapter carried out a two‐step utility‐regret analysis. The first‐step
aimed to explore the contributions of the different implementations of each TDM
measure. The impacts of the three choices (the most desirable, the most expected and
the least regret) were addressed and compared. The result of the first‐step showed
that the most desirable (MD) choice was the best one for implementing a single
measure and the combined policy‐package. Since the MD choice represented personal
preferences of a group of transport experts, these results were in accordance with
experts´ experience on the policy implementation for Madrid.
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The second step of UR analysis focused on addressing the ¨best TDM scenario
among the ¨best choices¨ of the three TDM measures. By comparing a set of values,
including utility value, regret value and indicator variation, and the combined TDM
policy‐package was proved to be the most effective policy action for achieving
sustainable urban mobility in Madrid.
3) This work selected three variables (i.e., car trips variation, annual CO2
emission variation and user benefit variation) to conduct the spatial analysis. By using
the program GIS, it presented the distribution of the three selected variables by
municipalities of Madrid.
Via the results of the spatial analysis, all three TDM scenarios were valid to
reduce car demand and CO2 emissions for Madrid. In particular, the scenario with the
combined package was the most valid scenario to reduce car trip and CO2 emission.
The scenario with the single BFI measure achieved the best user benefit among the
areas in Madrid. It was also found that the single cordon toll measure was more
regressive for society since low income users lose and high income users gain.
4) The sensitivity analysis in the current thesis was conducted using the Monte
Carlo method which was embedded in the MARS model (included in the VENSIM
software). During the analysis, the variable of cordon toll rate and bus frequency rate
varied among numerous simulations, and the results presented the values of the MCDA
objective function and the three criteria. The analysis results indicated that most of the
simulations with the toll range (from 0 to €10 per vehicle) generated higher benefit
than the do‐nothing scenario. Meanwhile, the uncertainty did not increase with time,
although the percentiles were not uniform over time. The sensitivity analysis showed
that the scenario with the BFI measure was less sensible than the scenario with the
cordon toll measure. The uncertainty caused by BFI measure was yet increasing over
time, particularly for the criterion of environment.
Regarding the whole analysis of the results, several main findings on policy
implication were made:
o

The TDM scenario with the combined package was the most effective policy
action for achieving sustainable mobility. No matter seeing the results of the
utility‐regret analysis or the results of other kinds of analysis, the scenario with
the combined package showed its superiority on reducing car modal share,
improving environment and enhancing social equity.

o

The scenario with the BFI was the most acceptable one regarding the social
equity dimension. But this scenario was less beneficial than the scenario with
the combined package in terms of the transport system efficiency and
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environmental protection, and this measure also requested a big amount of
operating costs from operators or government. Overall, PT incentive measures
could enhance social equity in terms of the accessibility and the weighted user
benefit indicator, so this measure is recommended to be implemented with
road pricing measures in order to mitigate the economic burden for the
government.
o

The scenario with the cordon toll measure enabled to improve transport
efficiency and the environment; however it required complementary measures
to preserve public acceptability. According to the results of the UR analysis, the
better implementation of the cordon toll measures was with a higher value at
peak hour and inside the M‐30, where public transport accessibility was better.
This was consistent with previous results obtained in other European cities
where have similar transport problems as Madrid (Eliasson & Mattsson, 2006).

As a general finding, it can be stated that it is impossible to propose a set of specific
measures that meet the needs of all cities. This will depend largely on the particular
conditions of each city. However, there are some general rules about the type of measures
that are likely to have a greater impact on certain objectives. For example, the
implementation of a cordon toll is complemented by an improvement in the provision of
public transport, getting greater benefits in the two types of assessments. It is also likely
that these TDM measures are further supplemented with land use measures, which raise
toll rates according to the distance of travel, benefiting short trip generation, public
transport and in areas of mixed developments.
In principle that society as a whole can benefit by the implementation of the various
TDM measures, but by looking at the result in more detail evidence was found that some
individual areas have more benefit than others. There is even evidence that some areas
have been negatively affected. In this case, a possible government strategy might be that
the portion of the population that benefits most paid compensation to those who were
affected negatively, the latter would also benefit from the measure and thus society as a
whole would be winning.
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7.1

Conclusions

The overall objective of this research ‐ to develop a methodology capable of
complementing previous assessment methodologies for assessing urban mobility ‐ has
been accomplished. A participatory scenario‐building and combined utility‐regret
analysis and the multidimensional optimisation technique integrating the aspects of
economic efficiency, social equity and environmental protection was used in this work,
which was not usually covered by the traditional assessment methodologies. The
proposed procedure was validated with its application for the assessment of the
constructed TDM scenarios in the case of Madrid.
The overall conclusions drawn from this research have been grouped into three
categories. The first group relates to the main tasks carried out in the thesis and the
general findings. The second group includes conclusions drawn from the development of
the proposed methodology. And the third group summarizes the analysis of the results
resulting from the application of the methodology to the case study.

7.1.1 Main tasks and general findings
The following are the main achievements corresponding to the objectives of this work as
well as the general findings:


Built thirteen scenarios through the interactive participatory process. The
scenarios include a reference scenario of do‐nothing and 12 scenarios with a
single TDM measure or combined policy‐package. All the TDM scenarios were
implemented in Madrid in terms of the most desirable, the most expected and
the least regret choice. The scenarios based on the most desirable and
expected choice was built based on the expected‐utility and the scenario of
least regret was constructed using the anticipated regret theory.



The scenario evaluation tool – MARS model ‐ was modified on the basis of the
MCDA, including renewing the objective function and several performance
indicators (i.e., accessibility and weighted user benefit indicators). This
evaluation tool was tested its robustness to evaluate and optimise different
types of TDM measures (such as car restriction measures and PT incentive
measure) over time in a complex context of land use and transport.



The developed methodology enabled both qualitative and quantitative
analyses for different types of TDM measures. The evidence of positive synergy
effects suggested that the integration of TDM measures increases the
likelihood of achieving the desired objectives. Although it is necessary to
further investigate the effects of the combined policy‐packages (like the
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investment and operation costs, and public acceptability, etc.), the positive
results suggest that it is better to design and implement the combined TDM
policy‐package than a single measure to achieve the target of sustainable
mobility.


This work incorporated the regret theory in the scenario building and the
scenario evaluation process, to avoid high levels of regret in the decision
making process. And the results show that (i) an interactive process involving
a feedback loop between expert judgement and transport modelling is useful,
(ii) regret‐based ranking has similar mean but larger variance than utility‐
based ranking, (iii) the least‐regret scenario forms a compromise between the
desired and the expected scenarios, (iv) the least‐regret scenario can lead to
higher user benefits in the short‐term and lower user benefits in the long‐term,
(v) utility‐based, regret‐based and combined utility‐regret‐based MCA results
in different ranking of policy packages, and (vi) the combined utility‐regret
ranking is more informative compared with utility‐based or regret‐based
ranking.



This work used the participatory planning method, using the survey approach
together with the mathematic model to design and assess policy measures. The
applied approach enriches the traditional planning process with interaction
between experts´ opinions and transport models. Instead of the traditional
approach in which the expert‐based scenarios precede the design and
assessment process by transport models, this study integrated the expert
judgement and the optimisation outputs in an iterative process. It shows
complementary use of expert judgment and computerized models could be
beneficial in terms of the acceptability of policy scenarios because of the
active participation of experts in the process...

The development and implementation of this thesis made it possible to carry out a
comprehensive analysis of urban planning strategies in the long term, taking into account
the uncertainties related to the key parameters in urban development and allowing
comparing the effects between strategies. A broad and systematic validation of the
scenarios across different countries and different cities could be a viable and an important
input to challenging conventional thinking, opening up new policy options and in widening
the perspectives of stakeholders. Besides that, there are two groups of conclusions drawn
respectively from the developed methodology and the analysis of the results that are
shown in the next sections.
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7.1.2 Conclusions concerning the methodology
The findings concluded from the developed methodology of scenario building include the
following five points.
1) In the scenario construction stage, the regret‐based importance scores are similar
in their average values to the utility‐based scores, but show higher variance,
indicating that utility‐based and regret‐based importance trigger a different type
of thinking. The difference is possibly due to the need for justifiability that is
associated with regret‐minimization (Zeelenberg and Pieters, 2007). In addition,
the experts associated a high level of regret to their non‐chosen alternatives, which
indicates that expert decision‐makers have strong opinions both in the majority
and minority expert groups. Thus, the least‐regret scenario is important as a
compromise solution between the majority and the minority opinions in
agreement with Iverson (Iverson, 2012).
2) Transport experts who completed the survey mostly agreed with the
implementation of TDM measures (particularly with the combined policy‐
package and PT incentive measures) in Madrid in order to solve the transport
related problems and to achieve sustainable urban mobility. But they were
reluctant to accept car restriction measures, like a cordon toll or parking
charge measure. More specifically, transport experts did not desire nor expect
the cordon toll measure to be implemented in a big area in Madrid, which
would influence more number of travellers.
3) Regarding the PT incentive measures, transport experts like to accept bus
frequency increase measure to encourage travellers to change their travel
modes from private car to public transport. But they do not expect the
government to implement these measures soon (both bus frequency increase
and bus fare decrease measure) because of the big amount of money it requires.
4) It was also found that the agreement level to the implementation of the
combined policy‐package was a bit lower than a single BFI measure. The reason
of this result was that transport experts ranked their agreement mainly
considering whether the combined policy‐package consists of a single measure
that they do not desire or not. For example, when a combined policy‐package
includes a cordon toll that people normally dislike, they would rank less
agreement on this combined measure. However, the combined policy‐package
would be more acceptable by decision makers, because it leads relatively less
economic burden to the government.
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5) The survey approach that was carried out in this thesis has shown both the
difficulties and the potential of opening the scenario building exercise to a
much wider circle of participants. Compared to the complexity of the issues, the
survey design has to be quite short, and the possible depth of questions is
limited. Decision makers and transport operators who do not perceive
themselves as being strongly involved in transport issues are difficult to reach.
The following part presents the findings that addressed from the improvement of the
analysis tools and scenario evaluation process. The current LUTI model‐MARS was
improved to optimise and assess the constructed TDM scenarios in a comprehensive
framework with more information. The improvements of the scenario evaluation method
included renewing the objective function with a re‐estimated group of weights and new
indicators of accessibility and weighted user benefit, updating the external variables (such
as household income, bus fare rate, etc.) and incorporating the regret‐based model with
the MCDA.
1)

The modified MCDA objective function and updated external variables
generated better results in the policy optimization in terms of the utility
results, spatial results and sensitivity analysis.

2)

The replacement of the conventional potential accessibility (PA) by an
adapted potential accessibility indicator (AA) shows that the introduction of
AA indicator influences the optimal value of the toll price and bus frequency
level, generating different results in terms of social welfare. Seeing the
difference between potential and adapted potential accessibility indicators
shows that the main changes occur in areas where there is a weak
competition among different land‐use opportunities (Wang et al., 2014).

3)

By the incorporation of the compensating weight to the weighted user benefit
indicator (WUB), was found that lower income users loss more and high
income user loss less comparing with the case without considering this
weighted coefficient. It proved the high regressiveness of a road pricing policy
(Di Ciommo & Lucas, 2013). And it shed light on the social inequity level by
the new consume surplus with the compensating weight. When all users are
beneficial from a policy measure implementation, such as PT incentive
measures and combined package, higher income users are less beneficial than
by the conventional consumer surplus calculation. The user benefit result in
compensating weight also reduces the differences for high and low income
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users, which shows a public improvement policy is a least regressive policy
measure in terms of social equity (Wang et al., 2012).
4)

The incorporation of the regret‐based model in the scenario evaluation
process was to assess the impacts of the scenarios and to enhance decision
making using the objective utility value and the subjective regret value. The
developed utility‐regret analysis enabled to determine the best alternative by
comparing the alternatives with each other, and helped to exclude the
alternative that got higher utility but with worse regret value. Thus,
considering a generalized utility combining both utility and regret in the
evaluation process could be informative to decision‐makers by considering
the impact of different MCDA models under uncertainty (Kujawski, 2005).
Consequently, the proposed assessment of policy‐packages is more robust and
transparent compared to the existing approaches solely based on utility‐
maximization.

7.1.3 Conclusions concerning the results
Regarding the results that were presented in Chapter 5 and Chapter 6, there are two parts,
one is related to the results obtained from the two‐round survey, and another part is from
the UR analysis, spatial and sensitivity analysis. Several major findings regarding policy
implications can be concluded based on these two parts of results.
o

In the case of the combined policy‐package, the most desired choice performs
better in terms of transport efficiency and environment, while the most
expected choice is preferred from the social equity perspective and the least‐
regret choice is a clear compromise in terms of the performance indicator
scores. Moreover, the least regret as a compromise solution is associated with
higher user benefits in the short‐term and lower user benefits in the long‐term,
likely leading higher political acceptability of this scenario in the short‐term.
Moreover, the combined package was received the high agreement level from
the 2nd‐round survey. It was evidenced to be the most effective TDM measures
for achieving the goal of sustainability. This policy‐package reduced two times
more total car trips than the scenario with a single cordon toll and 50% more
than the scenario with the BFI. Through the analysis of the results, including
the utility‐regret analysis, the spatial analysis and the sensitivity analysis, the
combined package was proved its superiority on reducing car use, improving
the environment and enhancing social equity.
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o

The bus frequency increase (BFI) measure as one of PT incentive measures was
the best TDM measure regarding the social equity dimension. It is thus desired
to be applied in the short term and in bigger area like inside the M‐40. However,
regarding the high operation costs, this measure is thus expected to be applied
in longer term or not be implemented. From the point of view of the least
regret, the choice is in 5 year and inside of M‐30.
Considering the results from the UR analysis, although the implementation
of the BFI measure requires more operating costs, it can enhance social equity
in terms of the accessibility and user benefit as well as a benefit on the
transport system efficiency and the environment. So the BFI measure is
recommended to be implemented together with road pricing measures to
mitigate the economic burden for the government.

o

The majority of the respondents prefer to apply the cordon toll in the short
term and in a relatively bigger area, inside the M‐30 for example. Yet they do
expect the government of Madrid to bring about the cordon toll measure in a
middle term and in the city centre. It means transport experts believe the city
authority would postpone applying this measure or apply it in a smaller area to
avoid public resistance. According the regret degree, the least regret choice is
different with the most desirable/expected choices, which are in the next 5
years and inside the M‐30.
Regarding the policy evaluation, the cordon toll measure enables to
improve the transport efficiency and the environment; but it is regressive to
society because it leads low income people loss and high income group gain. So
to better implement the cordon toll measure, it needs complementary
measures to preserve public acceptability. According to the analysis of the
results, the best implementation of the cordon toll measure was with a higher
value at peak hour and inside the M‐30, where public transport accessibility is
greater. This is consistent with previous results obtained in other European
cities where have similar transport problems as Madrid (Eliasson & Mattsson,
2006).

o

As a less risky choice, the most expected and the most desirable choice of
parking charge measure is recommended to be applied in 5 years and inside
the M‐30. But the least regret choice is different which is in medium term (10‐
15 years) and in the smallest area of Madrid (City Centre).
Based on the results of the UR analysis, the best implementation of parking
charge measure is same as do‐nothing scenario. So the current tariff of parking
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charge measure was proved to be the optimal solution for achieving the goal of
sustainable mobility.
o

Regarding the measure of the bus fare decrease, survey respondents thought
the local government would not put this into practices neither now nor in
future. But the desirability value indicates different opinion on the
implementation of this measure, which public indeed wants to reduce the bus
fare in a very short time and in a big area like inside of the M‐40. And the least
regret choice is same as the most desirable choice. However, the UR analysis
did not include this measure because of the high disagreement on the
implementation of this measure.

It is also likely that these TDM measures are further supplemented with land use
measures, which varies toll rates according to the distance of travel, benefiting short trip
generation, public transport and in areas of mixed developments.

7.2

Contributions

The main contribution of this research is to define and develop a useful, transparent and
flexible methodology, enabling to optimise and assess different types of TDM measures
towards sustainable development. The application of this methodology can distinguish the
effects of the TDM measures implemented in different geographic areas and different
periods of time, which favours an overview of the impacts of their application over time.
The development of this thesis suggests a practical application of strategic urban
planning to foster a more sustainable mobility. Within the planning process (design and
assessment), the three dimensions (i.e., economic, environment and social) of
sustainability were taken into account in various ways for the choice of alternatives. It can
therefore be said that it is possible to implement sustainable urban mobility measures
with a strategic approach by using the decision‐making processes in a multi‐objective
systematic approach.
The other contributions on the methodology developed by the author are four:
1)

The incorporation of the regret theory with the scenario approach to build

TDM scenarios. The scenarios in terms of the least regret choice were built
regarding the least regret degree that ranked by the survey participants.
Incorporating the regret theory aids decision makers to distinguish different
opinions based on regret‐minimization and utility‐maximization, enriching the
existing researches on decision making process.
2)

The incorporation of the regret theory in the scenario assessment process

with the multi‐criteria decision analysis. It conducted a complex utility‐regret
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analysis by the aggregate utility and regret value for each TDM scenario and their
implementations. Within the MCDA, regret can be defined to describe the human
emotion experience when one or more non‐chosen alternative performs better than
a selected one in terms of one or more criteria (Mellers, 2000).
3)

Improvement of the MCDA with an adapted potential accessibility indicator to

replace the conventional potential accessibility indicator, and a weighted user
benefit indicator with compensating parameter. Upon the implementation of the
TDM measures, the adapted potential accessibility would be a more accurate
indicator than the potential accessibility indicator for representing accessibility
changes in less competitive zones. The indicator of weighted user benefit
incorporating a compensating weight in the user utility function that can help to
obtain a better value regarding to road users´ income level.
4)

Innovatively using both the experts´ opinion and model results as a valuable

decision tool to draw the transport strategic planning. This work used the LUTI
model results and the experts´ opinions to design transport policies in the strategic
plan. By the two types of information, the best scenario is the TDM measures that
are implemented in terms of the most desirable choice, which are proving both by
the experts and the model results.

7.3

Recommendations for future research

This thesis was identified a number of issues which could be the objects of future research.
There are summarised as below:
 In this thesis, two types of TDM measures have been optimised and evaluated by
the MARS model for the case study of Madrid. But these measures are all transport‐
related measures aiming at restricting car using or promoting PT mode. So it is
recommended applying the same methodology that developed in this work to
explore, design and develop new types of measures, like land use measures, new
information technology, permits to accessibility, etc., as well as the impact on other
objectives concerning sustainable development.
 Evaluate the proposed policy alternatives using other MCDA methods instead the
MAU, like VIKOR method, fuzzy method, etc., to help planners evaluate the
synergies and conflicts between environmental, social and economic issues.
 Integrate the policy evaluation methods (CBA and MCDA) within the developed
assessment framework in the MARS model, enabling to examine the impacts of
policy measures on investment and operation costs, public acceptability, etc., for
each actor (e.g., government, operators, transport users, etc.).
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 This thesis is the first step to incorporate the regret theory with scenario building
process and assessment process for the strategic urban planning, and it shows the
priority of considering the subjective regret factor in the decision making process.
Therefore, future research should also focus on the utilization of regret theory
within the policy assessing models to aid decision making process.
 Develop or improve the policy evaluation tools like LUTI model. This topic aims at
developing more dynamic, integrated and high transferability instruments to
evaluate the impacts of LUTI that includes the state‐of‐the‐art activity‐based
modelling techniques and link to other sub‐models (like environment and
socioeconomic sub‐models).
 More disaggregate LUTI model should be considered. Because of the limitation of

the MARS model on the aggregate road network, future work should develop
disaggregate land use and transport network or make a connection with MARS
model with other micro transport model, aiming at evaluate the impacts of the
policies measures on the performance of the passenger and freight transport
system.
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APPENDIX 1 Tworound survey
This part includes the two questionnaires of the two‐round survey that were used to build
the scenarios with TDM measures and their specific implementation in terms of time
frame and geographic scale. The following table summarizes the basic data of the two‐
round surveys. Then it presents the contents of the surveys respectively.
Firstround survey

Secondround survey

Survey start date

10th January, 2013

9th February, 2013

Survey close date

11th March, 2013

10th April, 2013

Survey Pattern

Web‐site survey

Web‐site survey

Nº of samples

Around 220

81

116

41

99

32

45.0%

39.5%

Nº of respondents
Entered the website
Nº of respondents
completed the survey
Responded rate

Part A: Firstround survey
Encuesta sobre la implantación de algunas medidas de gestión de la
demanda de transporte en Madrid
Presentación
Madrid y su Comunidad Autónoma constituyen un ámbito geográfico donde se
concentran 6 millones de personas y un número creciente de actividades; que realizan
diariamente unos 15 millones de viajes.
Este gran número de viajes urbanos y metropolitanos, junto con los de largo recorrido,
suponen un nivel de congestión que amenaza para la calidad de vida y el medio ambiente
en la región, dificultando que se logren los objetivos de sostenibilidad establecidos en la
“Estrategia Española de Desarrollo Sostenible (2007)”.
Madrid debe enfrentarse, por tanto, al desafío de seguir creciendo, aumentando su
actividad, pero con sostenibilidad: en lo económico, social y medioambiental. Con el
objetivo de analizar cómo resolver los problemas derivados de la congestión de tráfico,
contaminación del aire y de integración social, entre otros, la Universidad Politécnica de
Madrid (TRANSyT‐Centro de Investigación del Transporte) está realizando una
investigación, con la colaboración de DTU (Centro de Investigación del Transporte de la
Universidad Técnica de Dinamarca), para analizar el posible impacto de las medidas
siguientes sobre el transporte en la región. Es un estudio que realiza en el ámbito
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académico, como base del desarrollo de una tesis doctoral en planificación del transporte
urbano. Se analizan los siguientes tipos de medidas:
‐

Medidas de restricción del coche: establecer un peaje de acceso a la ciudad
(similar al que está funcionando en Londres) y/o incrementar la tarifa de
estacionamiento. Estas medidas supondrían una mejora de los ingresos
municipales que podrían dedicarse a financiar las siguientes.

‐

Medidas de promoción del uso del transporte público: incremento de la
frecuencia de paso de autobuses y reducción de la tarifa del billete en
transporte público. Estas medidas abaratarían el uso del transporte público y
los harían más cómodo al reducir la espera, pero tienen un elevado coste que
supondría la obtención de mayores ingresos.

Le agradeceríamos su colaboración en este estudio, completando esta encuesta, lo que le
llevará menos de 10 minutos. Necesitamos su opinión sobre cómo deberían diseñarse esas
medidas, y qué efectos serían esperables de su implementación.
Le agradecemos de antemano su colaboración y su tiempo, y nos comprometemos a
facilitarle los resultados de la encuesta, a su término.
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PARTE 1  INTRODUCCION
Q1: Dentro de las siguientes situaciones, ¿en cuál de ellas se encuentra?
a. Vivo en Madrid
b. No vivo en Madrid, pero voy con frecuencia
c. Nunca o muy pocas veces he estado en Madrid
Q2: ¿Su actividad puede enmarcarse en alguna de las categorías siguiente?
a.
b.
c.
d.

Responsable de planificación del transporte
Operador de transporte
Consultor o investigador de transporte
Otras. _______________________________

Q3: De 0 a 100, ¿qué importancia le daría a cada uno de los siguientes objetivos? (el total
combinado de los tres debería sumar 100)
‐
‐
‐

Una movilidad eficiente
Calidad Ambiental
Equidad social

0‐100
0‐100
0‐100

Q4: De 0 a 10, valore su grado de contrariedad en caso que cada uno de los siguientes
objetivos no fuera alcanzado (0 es indiferente, 10 significa muy en contra del objetivo).
¿Le gustaría recibir los resultados de esta encuesta?
‐
‐
‐

Una movilidad eficiente
Calidad Ambiental
Equidad social

0‐100
0‐100
0‐100

Q5: ¿Le gustaría recibir los resultados de esta encuesta?
a. Sí
b. No
En caso afirmativo, necesitaríamos que nos facilitase su
Correo …………………..@.............................
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PARTE 2 – CONTEXTO DE APLICACIÓN DE LAS MEDIDAS
Para evaluar la implementación de las medidas, procedemos necesitamos su opinión
acerca de cada medida, tanto sobre la situación que usted considera deseable como sobre
la situación que usted considera como previsible en la implementación de las medidas.
Nota: La situación deseable sería su preferencia personal, mientras que la situación
previsible es la elección que cree usted sería efectivamente adoptada en el futuro por las
autoridades de Madrid.
Medida 1: Peaje de acceso a Madrid
El peaje de acceso es una medida por la cual se requiere a los conductores el pago de una
tarifa para entrar en una zona delimitada del centro urbano. Un ejemplo de peaje de
cordón es el peaje urbano de Londres (“London Congestion Charge”) implantado en 2003.
Las siguientes preguntas están relacionadas con la forma de implementar un peaje de
cordón similar en Madrid.
A1: Marco temporal
Q1: ¿Cuál considera que es el marco temporal deseable y el previsible para el comienzo de
la implantación de la medida de peaje en Madrid?
Deseable

Previsible

a.
b.
c.
d.
a.
b.
c.
d.

En los próximos 5 años
Dentro de 10‐15 años
Dentro de 20‐25 años
Nunca
En los próximos 5 años
Dentro de 10‐15 años
Dentro de 20‐25 años
Nunca

Q2: De 0 a 10, valore su grado de contrariedad si (0 es indiferente, 10 significa muy en
contra de la decisión):
‐
‐
‐
‐

En lugar de la opción deseable a), se dan finalmente las opciones b) ó c) ……………
En lugar de la opción deseable b), se dan finalmente las opciones a) ó c) ……………
En lugar de la opción deseable c), se dan finalmente las opciones a) ó b) ……………
En lugar de la opción deseable d), se dan finalmente cualquiera de las otras
opciones ……………
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A2: Marco Espacial

Q3: ¿Cuál considera que es el área geográfica deseable y la previsible en la cual aplicar el
peaje en Madrid, según el mapa?
Deseable
Previsible

a.
b.
c.
a.
b.
c.

En el distrito centro de Madrid
En el interior de la M‐30
En el interior de la M‐40
En el centro de la ciudad
En el interior de la M‐30
En el interior de la M‐40

Q4: De 0 a 10, valore su grado de contrariedad si (0 es indiferente, 10 significa muy en
contra de la decisión):
‐
‐
‐

En lugar de la opción deseable a), se dan finalmente las opciones b) ó c)
En lugar de la opción deseable b), se dan finalmente las opciones a) ó c)
En lugar de la opción deseable c), se dan finalmente las opciones a) ó b)

Q5: Suponiendo que la medida del peaje de acceso a Madrid se implementara del modo
deseable, valore cuánto contribuiría a los siguientes objetivos en una escala de ‐10 a 10
(‐10 que es totalmente contraria a la consecución del objetivo; 10 que contribuye mucho a
lograr el objetivo):
‐
‐
‐

mejora de la eficiencia en el transporte ‐10 a 10
mejora de la equidad social
‐10 a 10
mejora del medio ambiente
‐10 a 10
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Q6: Valore ahora cuánto contribuiría si se implementara del modo previsible a la
consecución de los objetivos en una escala de ‐10 a 10 (‐10 es que sería totalmente
contraria a la consecución del objetivo; 10 significa que contribuye mucho a lograr el
objetivo): NOTA: SI SUS RESPUESTAS EN RELACIÓN CON LA SITUACIÓN DESEABLE Y LA
PREVISIBLE SON LAS MISMAS, NO ES NECESARIO QUE CONTESTE A ESTA PREGUNTA.
‐
‐
‐

mejora de la eficiencia en el transporte ‐10 a 10
mejora de la equidad social
‐10 a 10
mejora del medio ambiente
‐10 a 10

Q7: Si la implementación deseable del peaje de acceso a Madrid no se realiza, valore su
grado de contrariedad (0 es indiferente, 10 significa muy en contra de la decisión) en
relación a tres objetivos siguientes:
‐
‐
‐

mejora de la eficiencia en el transporte ‐10 a 10
mejora de la equidad social
‐10 a 10
mejora del medio ambiente
‐10 a 10
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Medida 2: Incremento en la tarifa de estacionamiento en la calle
El incremento de las tarifas de estacionamiento reduciría el uso del coche, propiciando así
un sistema de transporte más sostenible. Si las autoridades en Madrid consideraran llevar
a cabo este incremento de tarifas, ¿cuál es su opinión sobre los siguientes aspectos?
A1: Marco temporal
Q1: ¿Cuál considera que es el marco temporal deseable y el previsible para el comienzo de
la implantación de la medida de incremento de tarifas de estacionamiento en Madrid
ciudad?
Deseable

Previsible

e.
f.
g.
h.
e.
f.
g.
h.

En los próximos 5 años
Dentro de 10‐15 años
Dentro de 20‐25 años
Nunca
En los próximos 5 años
Dentro de 10‐15 años
Dentro de 20‐25 años
Nunca

Q2: De 0 a 10, valore su “arrepentimiento” (regret) si:
‐
‐
‐
‐

En lugar de la opción deseable a), se dan finalmente las opciones b) ó c)
En lugar de la opción deseable b), se dan finalmente las opciones a) ó c)
En lugar de la opción deseable c), se dan finalmente las opciones a) ó b)
En lugar de la opción deseable d), se dan finalmente cualquiera de las otras
opciones.

A2: Marco espacial

‐215‐

ASSESSING URBAN MOBILITY THROUGH PARTICIPATORY SCENARIO BUILDING & COMBINED UR ASSESSMENT

Q3: ¿Cuál considera que es el área geográfica deseable y la previsible en la cual aplicar el
incremento tarifario por estacionamiento en Madrid, según el mapa?
a. En el centro de la ciudad
b. En el interior de la M‐30
c. En el interior de la M‐40
a. En el centro de la ciudad
Previsible
b. En el interior de la M‐30
c. En el interior de la M‐40
Q4: De 0 a 10, valore su “arrepentimiento” (regret) si:
Deseable

‐
‐
‐

En lugar de la opción deseable a), se dan finalmente las opciones b) ó c)
En lugar de la opción deseable b), se dan finalmente las opciones a) ó c)
En lugar de la opción deseable c), se dan finalmente las opciones a) ó b)

Q5: Suponiendo que la medida del Incremento en la tarifa de estacionamiento en la calle se
implementara del modo deseable, valore cuánto contribuiría a los siguientes objetivos en
una escala de ‐10 a 10 (‐10 que es totalmente contraria a la consecución del objetivo; 10
que contribuye mucho a lograr el objetivo):
‐
‐
‐

mejora de la eficiencia en el transporte ‐10 a 10
mejora de la equidad social
‐10 a 10
mejora del medio ambiente
‐10 a 10

Q6: Valore ahora cuánto contribuiría si se implementara del modo previsible a la
consecución de los objetivos en una escala de ‐10 a 10 (‐10 es que sería totalmente
contraria a la consecución del objetivo; 10 significa que contribuye mucho a lograr el
objetivo): NOTA: SI SUS RESPUESTAS EN RELACIÓN CON LA SITUACIÓN DESEABLE Y LA
PREVISIBLE SON LAS MISMAS, NO ES NECESARIO QUE CONTESTE A ESTA PREGUNTA.
‐
‐
‐

mejora de la eficiencia en el transporte ‐10 a 10
mejora de la equidad social
‐10 a 10
mejora del medio ambiente
‐10 a 10

Q7: Si la implementación deseable del peaje de acceso a Madrid no se realiza, valore su
grado de contrariedad (0 es indiferente, 10 significa muy en contra de la decisión) en
relación a tres objetivos siguientes:
‐
‐
‐

mejora de la eficiencia en el transporte ‐10 a 10
mejora de la equidad social
‐10 a 10
mejora del medio ambiente
‐10 a 10
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Medida 3: Aumento de la frecuencia de paso de los autobuses
Esta es una medida de tipo diferente que a las anteriores, pues aumentar la frecuencia de
paso de los autobuses busca mejorar el servicio de transporte, para ganar más pasajeros y
resolver en parte problemas de sostenibilidad. Sin embargo eso supone un mayor coste,
que habrá de asumir la Comunidad de Madrid. ¿Cuál es su opinión sobre los siguientes
aspectos?
A1: Marco temporal
Q1: ¿Cuál considera que es el marco temporal deseable y el previsible para el comienzo de
la implantación de la medida de incremento de frecuencia de paso de los autobuses en
Madrid?
Deseable

Previsible

i.
j.
k.
l.
i.
j.
k.
l.

En los próximos 5 años
Dentro de 10‐15 años
Dentro de 20‐25 años
Nunca
En los próximos 5 años
Dentro de 10‐15 años
Dentro de 20‐25 años
Nunca

Q2: De 0 a 10, valore su “arrepentimiento” (regret) si:
‐
‐
‐
‐

En lugar de la opción deseable a), se dan finalmente las opciones b) ó c)
En lugar de la opción deseable b), se dan finalmente las opciones a) ó c)
En lugar de la opción deseable c), se dan finalmente las opciones a) ó b)
En lugar de la opción deseable d), se dan finalmente cualquiera de las otras
opciones.

‐
A2: Marco espacial
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Q3: ¿Cuál considera que es el área geográfica deseable y previsible para aplicar el
incremento de la frecuencia de paso de los autobuses en Madrid, según el mapa?
a. En el centro de la ciudad
b. En el interior de la M‐30
c. En el interior de la M‐40
a. En el centro de la ciudad
Previsible
b. En el interior de la M‐30
c. En el interior de la M‐40
Q4: De 0 a 10, valore su “arrepentimiento” (regret) si:
Deseable

‐
‐
‐

En lugar de la opción deseable a), se dan finalmente las opciones b) ó c)
En lugar de la opción deseable b), se dan finalmente las opciones a) ó c)
En lugar de la opción deseable c), se dan finalmente las opciones a) ó b)

Q5: Suponiendo que la medida del Aumento de la frecuencia de paso de los autobuses se
implementara del modo deseable, valore cuánto contribuiría a los siguientes objetivos en
una escala de ‐10 a 10 (‐10 que es totalmente contraria a la consecución del objetivo; 10
que contribuye mucho a lograr el objetivo):
‐
‐
‐

mejora de la eficiencia en el transporte ‐10 a 10
mejora de la equidad social
‐10 a 10
mejora del medio ambiente
‐10 a 10

Q6: Valore ahora cuánto contribuiría si se implementara del modo previsible a la
consecución de los objetivos en una escala de ‐10 a 10 (‐10 es que sería totalmente
contraria a la consecución del objetivo; 10 significa que contribuye mucho a lograr el
objetivo): NOTA: SI SUS RESPUESTAS EN RELACIÓN CON LA SITUACIÓN DESEABLE Y LA
PREVISIBLE SON LAS MISMAS, NO ES NECESARIO QUE CONTESTE A ESTA PREGUNTA.
‐
‐
‐

mejora de la eficiencia en el transporte ‐10 a 10
mejora de la equidad social
‐10 a 10
mejora del medio ambiente
‐10 a 10

Q7: Si la implementación deseable del peaje de acceso a Madrid no se realiza, valore su
grado de contrariedad (0 es indiferente, 10 significa muy en contra de la decisión) en
relación a tres objetivos siguientes:
‐
‐
‐

mejora de la eficiencia en el transporte ‐10 a 10
mejora de la equidad social
‐10 a 10
mejora del medio ambiente
‐10 a 10
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Medida 4: Reducir el precio del billete de autobús
La tarifa del billete de autobús en Madrid se incrementa normalmente todos los años de
acuerdo con el aumento en los costes de operación y otros factores. La medida de reducir
el precio del billete de autobús puede favorecer la movilidad sostenible al tener un precio
más atractivo frente al coche. Esta medida precisaría de un aumento de la subvención al
transporte, que debería asumir por la Comunicad de Madrid. ¿Cuál es su opinión sobre los
siguientes aspectos de la medida?
A1: Marco temporal
Q1: ¿Cuál considera que es el marco temporal deseable y el previsible para el reducir la
tarifas del billete de autobús en Madrid?
Deseable

Previsible

a.
b.
c.
d.
a.
b.
c.
d.

En los próximos 5 años
Dentro de 10‐15 años
Dentro de 20‐25 años
Ninguna
En los próximos 5 años
Dentro de 10‐15 años
Dentro de 20‐25 años
Ninguna

Q2: De 0 a 10, valore su “arrepentimiento” (regret) si:
En lugar de la opción deseable a), se dan finalmente las opciones b) ó c)
En lugar de la opción deseable b), se dan finalmente las opciones a) ó c)
En lugar de la opción deseable c), se dan finalmente las opciones a) ó b)
En lugar de la opción deseable d), se dan finalmente cualquiera de las otras
opciones.
A2: Marco espacial
‐
‐
‐
‐
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Q3: ¿Cuál considera que es el área geográfica deseable y la previsible en la cual aplicar la
reducción de tarifas de billete de autobús en Madrid, según el mapa?
a. En el centro de la ciudad
b. En el interior de la M‐30
c. En el interior de la M‐40
a. En el centro de la ciudad
Previsible
b. En el interior de la M‐30
c. En el interior de la M‐40
Q4: De 0 a 10, valore su “arrepentimiento” (regret) si:
Deseable

‐
‐
‐

En lugar de la opción deseable a), se dan finalmente las opciones b) ó c)
En lugar de la opción deseable b), se dan finalmente las opciones a) ó c)
En lugar de la opción deseable c), se dan finalmente las opciones a) ó b)

Q5: Suponiendo que la medida del Reducir el precio del billete de autobús se
implementara del modo deseable, valore cuánto contribuiría a los siguientes objetivos en
una escala de ‐10 a 10 (‐10 que es totalmente contraria a la consecución del objetivo; 10
que contribuye mucho a lograr el objetivo):
‐
‐
‐

mejora de la eficiencia en el transporte ‐10 a 10
mejora de la equidad social
‐10 a 10
mejora del medio ambiente
‐10 a 10

Q6: Valore ahora cuánto contribuiría si se implementara del modo previsible a la
consecución de los objetivos en una escala de ‐10 a 10 (‐10 es que sería totalmente
contraria a la consecución del objetivo; 10 significa que contribuye mucho a lograr el
objetivo): NOTA: SI SUS RESPUESTAS EN RELACIÓN CON LA SITUACIÓN DESEABLE Y LA
PREVISIBLE SON LAS MISMAS, NO ES NECESARIO QUE CONTESTE A ESTA PREGUNTA.
‐
‐
‐

mejora de la eficiencia en el transporte ‐10 a 10
mejora de la equidad social
‐10 a 10
mejora del medio ambiente
‐10 a 10

Q7: Si la implementación deseable del peaje de acceso a Madrid no se realiza, valore su
grado de contrariedad (0 es indiferente, 10 significa muy en contra de la decisión) en
relación a tres objetivos siguientes:
‐
‐
‐

mejora de la eficiencia en el transporte ‐10 a 10
mejora de la equidad social
‐10 a 10
mejora del medio ambiente
‐10 a 10
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Part B: Second round survey
En la primera encuesta le preguntamos su opinión sobre la aplicación de cuatro medidas
de gestión de la demanda en la región de Madrid: peaje de acceso, la tarifa de
estacionamiento en la calle, aumento de la frecuencia de paso de los autobuses y reducir el
precio del billete de transporte público. Le pedimos su opinión para 3 escenarios: el más
deseable, el más presivible y el más bajo grado de contrariedad.
En las páginas siguientes recogen los resultados de la encuesta para dichos 3
escenarios, para cada una de las medidas individuales, y también para su aplicación
combinada. Dichos resultados se recogen en las dos primeras columnas de cada tabla.
Las otras dos columnas de la tabla recoge los valores que se han calculado con el
modelo MARS para determinar los valores óptimos en que deberían aplicarse las medidas.
También establece el año en que deberían empezar a aplicarse.
Para ayudarnos a validar estos resultados y para entender la aceptabilidad de
los mismos, le agradeceríamos que nos mostrara su grado de acuerdo tanto con los
resultados de la encuesta como los de modelo.
Medida 1: Peaje de acceso
El peaje de acceso es una media diseñada para restringir el uso del coche áreas donde se
aplique en Madrid. La encuesta y el modelo arrojan los siguientes resultados:
Medida: Peaje de Acceso (año base 2012)
Resultados de la Encuesta
Escenarios

Implementación

Resultados de modelización
Valor óptimo
final
(2034)

Área

Tiempo

Valor óptimo
comienzo

Más deseable

interior M‐30

en 5 años
( 2017)

1,0 €/veh

5,0 €/veh

Más previsible

Distrito
centro

4,8 €/veh

3,6 €/veh

Más alto grado de
contrariedad

interior M‐30

1,0 €/veh

5,0 €/veh

en 10 años
(2022)
en 5 años
(2017)

Estos resutados indican que lo deseable para el peaje de acceso sería aplicarlo en el
interior de la M‐30 a partir de 2017, y que el valor óptimo de dicho peaje sería de 1 € en
primer año que iría creciendo hasta 5€ en el año 2034. En este caso, lo más deseable
coincide con el escenario que hay más alto grado de la contrariedad. Por el contrario, los
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encuestados pensar que la aplicación real de esta medida será en una zona mucho más
pequeña (el distrito central), que empezaría más tarde y con valores más altos.
A continuación, le agradeceremos que nos diga su nivel de acuerdo con los resultados de la
tabla anterior.
Q1: Por favor, valore su grado de acuerdo con los resultados de la encuesta para el
escenario más deseable: peaje de cordón en el interior de la M‐30 comenzando dentro de
5 años.
a)
b)
c)
d)

Totalmente en desacuerdo
Algo en desacuerdo
Algo de acuerdo
Completamente de acuerdo

Q2: Por favor, valore su grado de acuerdo con los resultados del modelo para el escenario
más deseable: peaje de cordón en el interior de la M‐30 de 1 € en 2017, creciendo hasta
5€ en 2034.
a)
b)
c)
d)

Totalmente en desacuerdo
Algo en desacuerdo
Algo de acuerdo
Completamente de acuerdo

Medida 2: Incremento en la tarifa de estacionamiento en la calle
Madrid ya aplica tasas por aparcar y el modelo establece que lo óptimo sería cobrar
2,5€/hora, que se aplicaría como ahora sólo en el interior de la M‐30.
Medida: La tarifa de estacionamiento en la calle (año base 2012)
Resultados de la Encuesta
Escenarios

Implementación

Resultados de modelización
Valor
óptimo
comienzo

Valor óptimo
final
(2034)

Área

Tiempo

Más deseable

interior M‐30

en 5 años ( 2017)

2,5 €/hora

2,5 €/hora

Más previsible

interior M‐30

en 5 años (2017)

2,5 €/hora

2,5 €/hora

Menor grado de
contrariedad

Distrito
Centro

en 10 años (2022)

0,8 €/hora

0 €/hora

Q1: Por favor, valore su grado de acuerdo con los resultados de la encuesta para el
escenario más deseable: incrementa la tarifa de estacionamiento en interior M‐30 y en 5
años
a) Totalmente en desacuerdo
b) Algo en desacuerdo
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c) Algo de acuerdo
d) Completamente de acuerdo
Q2: Por favor, valore su grado de acuerdo con los resultados del modelo para el escenario
más deseable: incrementa la tarifa de estacionamiento en el interior de la M‐30 de 2,5 €
en 2017, creciendo hasta 2,5€ en 2034.
a)
b)
c)
d)

Totalmente en desacuerdo
Algo en desacuerdo
Algo de acuerdo
Completamente de acuerdo

Medida 3: Reducir el precio del billete de autobús
El aumento de la frecuencia de paso de los autobuses mejoraría el uso del transporte
público, pero supondría aumentar las frecuencias actuales, a ser posible en ámbito
geográfico más amplio posible.
Medida: Aumento de la frecuencia de paso de los autobuses (año base 2012)
Resultados de la Encuesta
Implementación

Escenarios

Resultados de modelización
Valor
óptimo
comienzo

Valor óptimo
final
(2034)

Área

Tiempo

Más deseable

interior M‐40

en 5 años ( 2017)

53%

30%

Más previsible

interior M‐30

en 10 años (2022)

36%

26%

Menor grado de
contrariedad

interior M‐30

en 5 años (2017)

35%

28%

Q1: Por favor, valore su grado de acuerdo con los resultados de la encuesta para el
escenario más deseable: reducir el precio del billete de autobús en interior M‐40 y en 5
años
a)
b)
c)
d)

Totalmente en desacuerdo
Algo en desacuerdo
Algo de acuerdo
Completamente de acuerdo

Q2: Por favor, valore su grado de acuerdo con los resultados del modelo para el escenario
más deseable: Reducir el precio del billete de autobús en el interior de la M‐40 de 53% en
2017 y 30% en 2034.
a)
b)
c)
d)

Totalmente en desacuerdo
Algo en desacuerdo
Algo de acuerdo
Completamente de acuerdo
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Medida Combinada
Por último le presentamos para los 3 escenarios los resultados de implementar las 3
medidas a la vez. Con esto buscamos identificar las sinergias y complementariedades.
Como puede verse en la tabla siguiente los resultados son muy diferentes de la aplicación
individual de cada una de las medidas.
Aplicación conjunta de las 3 medidas (año base 2012)
Resultados de la
Encuesta
Medidas

Peaje de acceso
Más
deseable

Tarifa de
estacionamiento
Aumento de la
frecuencia de los
autobuses
Peaje de acceso

Más
previsible

Tarifa de
estacionamiento
Aumento de la
frecuencia de los
autobuses
Peaje de acceso

Menor
grado de
contrarie
dad

Tarifa de
estacionamiento
Aumento de la
frecuencia de los
autobuses

Implementación

Resultados de
modelización
Valor
óptimo
comienzo

Valor óptimo
final
(2034)

Área

Tiempo

interior
M‐30

en 5 años
(2017)

4,0 €/veh

2,9 €/veh

interior
M‐30

en 5 años
(2017)

2,5 €/hora

0 €/hora

interior
M‐40

en 5 años
(2017)

52%

34%

Distrito
centro
interior
M‐30

en 10 años
(2022)
en 5 años
(2017)

5,2 €/veh

3,7 €/veh

2,5 €/hora

0 €/hora

interior
M‐30

en 10 años
(2022)

36%

27%

interior
M‐30
Distrito
Centro

en 5 años
( 2017)
en 10 años
(2022)

1,1 €/veh

6,0 €/veh

0 €/hora

0 €/hora

interior
M‐30

en 5 años
( 2017)

50%

22%

Q1: Por favor, valore su grado de acuerdo con los resultados de la encuesta para el
escenario más deseable: Algo en desacuerdo
a)
b)
c)
d)

Totalmente en desacuerdo
Algo en desacuerdo
Algo de acuerdo
Completamente de acuerdo
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Q2: Por favor, valore su grado de acuerdo con los resultados del modelo para el escenario
más deseable:
a)
b)
c)
d)

Totalmente en desacuerdo
Algo en desacuerdo
Algo de acuerdo
Completamente de acuerdo
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APPENDIX 2 Detailed impacts by the implementation of TDM scenarios
This appendix presents the additional results of the tested TDM measures, in order to supplement the information described in Chapter 7. Below are
additional data for each analysed TDM measure, in order to provide a broader view of the scope and possibilities of analysis of the methodology
developed in this work. These results include the value of each indicator related to the MCDA that were obtained from three period of time (i.e., short
term, middle term and long term).
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Cordon toll measure
Period

Indicators

Most Desirable
Short term
Middle term Long term
(year 2017) (year 2025) (year 2034)

Most Expected
Short term
Middle term Long term
(year 2017) (year 2025) (year 2034)

Least Regret
Short term
Middle term Long term
(year 2017) (year 2025) (year 2034)

Aggregate
Utility
Transport
system
efficiency

33.18

30.16

29.81

33.31

29.98

29.51

33.18

30.16

29.81

37.10

30.10

25.18

36.59

29.32

23.91

37.10

30.10

25.18

Trip time

44.08

43.94

44.27

44.08

43.57

43.68

44.08

43.94

44.27

Car modal
share
Operation Car
costs
Environment

9.49

4.11

6.37

8.13

2.33

3.48

9.49

4.11

6.37

57.83

42.34

24.99

57.67

42.15

24.66

57.83

42.34

24.99

CO2 emission

42.71
33.68

42.42
28.32

45.78
24.50

42.21
32.79

40.86
25.58

43.38
20.25

42.71
33.68

42.42
28.32

45.78
24.50

Air pollution

29.41

21.21

16.14

29.16

20.44

14.92

29.41

21.21

16.14

Land use
consumption

53.96

69.88

91.75

53.96

69.85

91.80

53.96

69.88

91.75

Social equity

19.99

18.62

17.93

21.83

20.36

20.95

19.99

18.62

17.93

Accessibility

44.46

43.17

42.71

44.52

43.30

42.98

44.46

43.17

42.71

Accident s

23.30

21.31

21.91

23.32

22.40

23.64

23.30

21.31

21.91

‐2.9

‐3.8

‐5.84

0.83

‐0.14

0.60

‐2.9

‐3.8

‐5.84

Weighted user
benefit

Table 1 Indicator variation by time period for cordon toll implementation
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Parking charge measure
Period

Indicators
Aggregate
Utility
Transport
system
efficiency

Most Desirable
Short term
Middle term Long term
(year 2017) (year 2025) (year 2034)

Most Expected
Short term
Middle term Long term
(year 2017) (year 2025) (year 2034)

Least Regret
Short term
Middle term Long term
(year 2017) (year 2025) (year 2034)

33.31

29.87

29.40

33.31

29.87

29.40

33.31

30.39

29.63

36.59

28.97

23.64

36.59

28.97

23.64

36.59

26.18

20.82

Trip time

44.08

43.39

43.54

44.08

43.39

43.54

44.08

42.21

42.31

Car modal
share
Operation Car
costs

8.13

4.50

2.83

8.13

4.50

2.83

8.13

‐6.53

‐5.58

57.67

42.12

24.64

57.67

42.12

24.64

57.67

42.95

25.79

Environment

42.21

40.20

42.88

42.21

40.20

42.88

42.21

34.95

37.64

CO2 emission

32.79

24.41

19.36

32.79

24.41

19.36

32.79

15.15

10.16

Air pollution

29.16

20.10

14.66

29.16

20.10

14.66

29.16

17.39

11.91

Land use
consumption
Social equity

53.96

69.86

91.81

53.96

69.86

91.81

53.96

69.89

91.83

Accessibility

21.38
44.52

21.02
43.38

21.44
43.06

21.38
44.52

21.02
43.38

21.44
43.06

21.38
44.52

30.47
43.63

30.92
43.37

Accident s

23.32

22.99

24.10

23.32

22.99

24.10

23.32

29.33

30.63

Weighted user
benefit

0.83

1.08

1.46

0.83

1.08

1.46

0.83

20.84

21.08

Table 2 Indicator variation by time period for parking charge implementation
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Bus frequency measure
Period

Indicators
Aggregate
Utility
Transport
system
efficiency

Most Desirable
Short term
Middle term Long term
(year 2017) (year 2025) (year 2034)

Most Expected
Short term
Middle term Long term
(year 2017) (year 2025) (year 2034)

Least Regret
Short term
Middle term Long term
(year 2017) (year 2025) (year 2034)

35.02

32.72

31.71

33.31

31.35

30.47

34.13

31.32

30.44

38.89

31.21

25.60

36.59

30.45

24.97

38.01

30.40

25.02

Trip time

44.54

45.40

45.19

44.08

44.64

44.59

44.25

44.59

44.63

Car modal
share
Operation Car
costs
Environment

13.38

5.54

6.30

8.13

4.26

5.27

11.46

4.16

5.37

58.88

42.78

25.39

57.67

42.55

25.12

58.44

42.54

25.13

CO2 emission

42.70
35.25

43.39
31.46

45.81
25.62

42.21
32.79

41.20
27.35

43.50
21.55

42.04
33.57

41.26
27.45

43.33
21.38

Air pollution

27.17

19.77

14.61

29.16

18.98

13.55

27.57

19.12

13.37

Land use
consumption
Social equity

53.96

69.82

91.81

53.96

69.85

91.70

53.96

69.75

91.59

Accessibility

23.62
44.76

24.20
43.56

23.50
43.30

21.38
44.52

22.95
43.14

22.69
42.88

22.50
44.21

22.85
43.08

22.73
42.86

Accidents

24.93

20.07

21.82

23.32

21.01

22.48

24.38

21.08

22.42

Weighted user
benefit

5.25

12.29

8.98

0.83

8.36

6.50

3.15

8.06

6.69

Table 3 Indicator variation by time period for bus frequency implementation
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Scenario with the combined package
Period

Indicators
Aggregate
Utility
Transport
system
efficiency

Most Desirable
Short term
Middle term Long term
(year 2017) (year 2025) (year 2034)

Most Expected
Short term
Middle term Long term
(year 2017) (year 2025) (year 2034)

Least Regret
Short term
Middle term Long term
(year 2017) (year 2025) (year 2034)

34.55

33.12

32.09

33.31

31.47

30.57

33.75

31.64

30.86

40.42

32.52

26.61

36.59

30.82

25.25

38.77

31.69

26.40

Trip time

44.53

46.05

45.65

44.08

44.83

44.75

44.29

45.27

45.23

Car modal
share
Operation Car
costs
Environment

17.46

8.60

8.65

8.13

5.14

5.94

13.42

7.10

8.64

59.39

43.03

25.60

57.67

42.58

25.13

58.71

42.78

25.40

CO2 emission

44.63
38.61

46.26
36.42

47.97
29.34

42.21
32.79

41.90
28.58

43.97
22.44

41.11
32.44

43.22
31.12

46.70
27.07

Air pollution

28.23

21.31

15.84

29.16

19.32

13.79

26.39

19.86

15.46

Land use
consumption
Social equity

53.96

69.86

91.80

53.96

69.85

91.61

53.96

65.89

91.55

Accessibility

18.76
44.55

21.31
42.85

21.25
43.05

21.38
44.52

22.26
43.05

22.21
42.80

21.43
44.10

20.62
43.30

18.94
42.51

Accident

24.90

18.09

20.36

23.32

20.40

22.00

24.48

19.17

20.40

Weighted user
benefit

‐7.82

6.44

4.37

0.83

7.11

5.69

0.24

3.92

‐1.53

Table 4 Indicator variation by time period for the combined package implementation
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