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ABSTRACT 
 

With the increasing rate of urbanization growth throughout the world, cities are faced with numerous 

challenges. Among them, urban mobility is a central one, and a key driver towards smart, sustainable 

cities, which in turn provide a higher quality of life for their citizens. 

The role of sustainable mobility, and its impact on society and the environment, is evident and 

recognized worldwide. Nevertheless, although there are a growing number of measures and projects 

that deal with sustainable mobility issues, there is a lack of tools capable of comparing their results 

and especially, of ensuring a holistic evaluation to facilitate replicability of the best practices 

It is under this context that the problem under consideration arises, where Living PlanIT wants to 

develop and implement, through partnerships, technological solutions capable of providing a 

framework for establishing Smart Cities. Specifically, the company wants to provide a model capable 

of improving urban mobility efficiency and effectiveness, whilst at the same time exploiting benefits 

derived from an integrated city wide approach. 

The methodology present in this dissertation consists in the development of a model, based on the 

Multiple Criteria Decision Analysis discipline, capable of aiding in the decision-making of urban routes. 

This is performed in three fundamental steps: 1) Definition of the set of alternatives from which the 

decision has to be made; 2) The set of criteria on which the alternatives are to be evaluated; and 3) 

The model itself, used to perform that evaluation.  

The output of this dissertation is a model that produces a ranking of routes referent to a specific urban 

journey. It encompasses ten distinct means of transport weighted against eight criteria. These criteria 

cover different angles of sustainable urban mobility and are applicable in different social and economic 

contexts, around the world. Furthermore, the model reflects the individual preferences of each distinct 

user, ensuring a personalized evaluation of urban sustainable routes.  
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RESUMO 
 

Com a crescente taxa de urbanização em todo o mundo, as cidades modernas enfrentam inúmeros 

desafios. Entre eles, a mobilidade urbana é fundamental sendo catalizador chaveno desenvolvimento 

de cidades inteligentes e sustentáveis, que, por sua vez, proporcionam uma melhor qualidade de vida 

aos seus cidadãos. 

O papel da mobilidade sustentável e seu respectivo impacto, tanto na sociedade como no ambiente, é 

evidente e reconhecido a nível mundial. No entanto, embora haja um número crescente de medidas e 

projectos que focam na mobilidade sustentável, existe uma falta de ferramentas capazes de comparar 

os seus resultados e, sobretudo, assegurar uma avaliação holística para facilitar a repercussão das 

melhores práticas desenvolvidas. 

É neste contexto que surge o problema em estudo, onde a Living PlanIT quer desenvolver e 

implementar, através de parcerias, soluções tecnológicas capazes de proporcionar uma estrutura 

para o estabelecimento de Smart Cities. Especificamente, a empresa pretende fornecer um modelo 

capaz de melhorar a eficiência e a eficácia da mobilidade urbana, aproveitando ao mesmo tempo os 

benefícios derivados de uma abordagem integrada. 

A metodologia presente nesta tese consiste no desenvolvimento de um modelo, baseado na 

disciplina de Multiple Criteria Decision Analysis, capaz de auxiliar na tomada de decisões de rotas 

urbanas. Para tal, são realizados em três etapas fundamentais: 1) Definição do conjunto de 

alternativas a partir do qual a decisão tem de ser feita; 2) O conjunto de critérios sobre os quais as 

alternativas devem ser avaliadas; E 3) O modelo em si, usado para realizar essa avaliação. 

O resultado desta tese é um modelo que produz um ranking de rotas referentes a uma viagem urbana 

específica. Estas rotas são compostas por dez meios de transporte ponderados em função de oito 

critérios. Estes critérios abrangem diferentes pontos de vista da mobilidade urbana sustentável e são 

aplicáveis em diferentes contextos sociais e económicos, em todo o mundo. Além disso, o modelo 

reflete as preferências pessoais de cada usuário distinto, garantindo assim uma avaliação 

personalizada das rotas urbanas sustentáveis. 
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CHAPTER 1 – INTRODUCTION 
 

1.1      PROBLEM CONTEXTUALIZATION 

The whole world’s population is increasingly concentrating in urban areas and this trend shows no 

sign of stopping. City policy makers have been facing several issues that arise from such a high 

population density and, among these issues, the increased demand for transportation of people and 

goods within cities is of key importance (UITP, 2015). 

There has always been a strong connection between urban structure and the development of 

transportation systems, and it seems impossible to conceptualize the cities of tomorrow lacking their 

own future configuration of transportation systems (Alessandrini et al.,2015). According to Safdie 

(1998), the transformations in urban form experienced by cities, over the past century, have always 

been linked to some kind of transportation revolution. 

The transportation sector, with its transformations during the twentieth century, has climbed into the 

top three harmful gas emitters sectors that affect our environment on a global scale, and this toxic 

effect is strongly connected to the increasing predominance of the private car usage (Rodrigue, 2013; 

Sattlegger and Rau, 2016). Furthermore, according to the European Environment Agency (2011), 

there isn’t any other sector that exhibits such a large disparity between its current state and its 

proposed future sustainability goals.  

The standard twentieth-first century city has plenty of mobility issues related with the movement of 

people and freight, beyond pollution. These issues also propagate their negative effects towards other 

important aspects of city life, thus degrading the overall quality of life of city dwellers (Navarro, 2016). 

It is then imperative to formulate an approach that takes into account the relationships between urban 

mobility and the daily city life. 

The present dissertation is developed in partnership with Living PlanIT, a technology company that, 

since its birth, has strongly pushed for the development of comprehensive, flexible, intelligent and 

scalable infrastructural solutions. Their most advanced output, the Living PlanIT Urban Operating 

System
TM

, is a revolutionary award-winning software platform developed to converge and manage the 

Internet of Things that allows to manage city data and services. 

Living PlanIT has now been, for years, on the forefront of the Smart City scene and has established 

partnerships with major companies and several governments in a wide sector dimension. A company 

with such a broad scope could not leave unattended the issues regarding urban mobility, on their 

quest of improving the world by making cities smarter. 

It’s under this context that the motivation for this dissertation arises. It is developed with the intent of 

providing a viable solution to mitigate or, if possible, eliminate the urban mobility issues studied, while 
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at the same time trying to capitalize the unexplored benefits of a holistic approach at a city scale. In 

other words, and to formulate this in the form of a research question that motivates this work:  

 How can sustainable urban mobility be implemented in cities throughout the world? 

1.2      MASTER’S DISSERTATION OBJECTIVES 
 

This Master’s dissertation is based, initially, on the characterization of the problem under study and its 

relevant literature review, in order to set up a supportive base to solve the desired problem. Secondly, 

a thorough process of data retrieval and assumptions’ definition follows. This enables the construction 

of a model, based on the Multiple Criteria Decision Analysis discipline, capable to deal with the 

problem under study. Consequently, a few key scenarios are defined and analysed, in order to test the 

model built. Finally, conclusions and guidelines for future implementation are discussed. The pursuit of 

these key objectives is translated into the following intermediary objectives: 

 Contextualization of the problem under study: 

o Characterization of the main issues concerning urban mobility; 

o Introduction of the company Living PlanIT; 

o Description of the Living PlanIT Urban Operating System
TM

; 

o Identification and description of relevant projects concerning urban mobility; 

 

 State of the art revision of the topics: 

o Smart Cities; 

o Internet of Things; 

o Urban Mobility; 

o Multiple Criteria Decision Analysis. 

 

 Data retrieval to enable the construction of the model, on the following aspects: 

o Definition of relevant means of transportation; 

o Establishment of relevant criteria; 

o Construction of Utility Value scales; 

o Assessment of Scale Coefficients. 

 

 Scenarios definition and their respective assessment: 

o Definition of relevant scenarios to test the model; 

o Analysis of the identified scenarios; 

o Execution of a Sensitivity Analysis. 

 

 Guidelines for future implementation and conclusion 

o Definition of relevant guidelines for the future implementation of the model; 

o Discussion of the conclusions of the Master’s dissertation. 
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1.3      METHODOLOGY 
 

The purpose of this section is to introduce and explain the methodology implemented while 

approaching the problem under study. This methodology, depicted in Figure 1, serves as a foundation 

for this Master’s dissertation.  

 

Figure 1 - Methodology steps used to build the Master's dissertation 

 

The first step consists of introducing the issues revolving around urban mobility, what has been done 

about them and introducing Living PlanIT’s experience in the Smart Cities panorama. A special focus 

is given on their integrated and holistic solutions. 

In the second stage, a state of the art revision is performed on the key themes, concepts and 

strategies concerning the problem under study. The data gathered provides the required support and 

framework for a proper approach of the problem. 

The third stage concerns the gathering of relevant data and its treatment. This data is central in the 

construction of the Multiple Criteria Model that aids in the solution of the problem under study. When 

necessary, during the treatment of the data, assumptions are performed, in order to facilitate the data 

integration and the comparison of alternatives. 

The fourth step objective is the definition of different proposed solution scenarios based on information 

and data from previous steps. In order to assess them, the model previously built in step three is 

utilised to facilitate the comparison between said scenarios. 

In the fifth and final stage, guidelines for the future implementation of the proposed solution are 

presented alongside their respective characteristics and conditioning agents. A discussion of 

conclusions is featured as well. 

5 

Guidelines for 
future 

implementation 
and Conclusions 

  

4 

Scenarios 
definition and 

respective 
assessment 

3 

Data Retrieval and 
Definition of 
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2 
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Definition 
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1.4      PROJECT STRUCTURE 

 

This Master’s dissertation is structured under the following six principal chapters: 

 Chapter 1 – Consists of the present chapter and involves a brief contextualization of the 

problem under study and its surroundings. The adopted methodology and key objectives are 

also stated in it. 

 Chapter 2 – Corresponds to a more detailed description of the problem and its sub 

dimensions. Living PlanIT is introduced alongside its Urban Operating System
TM

. A 

benchmarking analysis is executed regarding relevant Smart City’s projects and their mobility. 

A consolidated problem characterization is also performed in this chapter. 

 Chapter 3 – In this chapter a state of the art revision is performed. With a literature review as a 

basis, essential theoretical concepts and different author’s approaches about the future of 

urban mobility and Smart Cities are reviewed. A detailed review of Multiple Criteria Decision 

Making is also performed, since it is the groundwork of the model developed. 

 Chapter 4 – In the fourth chapter, the foundations required to develop the model are 

established. This consists in four important steps: 1) Identifying the relevant options, which are 

the model input; 2) Defining the relevant criteria by which the model evaluates said options; 3) 

Construction of utility value scales, for each identified criteria. These serve as bearings on 

which the model acts upon; and finally 5) The scale coefficients’ assessment for each 

criterion. These determine how much each criterion influences the valuation of each option, in 

the output of the model. 

 Chapter 5 – Chapter five consists on the experimentation of the model built in chapter 4. To 

perform this, different scenarios are identified. These are inputted to the model to see how 

they rank between each other, in order to find an optimum solution. A sensitivity analysis is 

also performed. 

 Chapter 6 – In the sixth and final chapter, the main conclusions of the Master’s dissertation 

are discussed alongside the recommendation of guidelines for future implementation of the 

model. 
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CHAPTER 2 - PROBLEM DEFINITION 

 

The present chapter consists of the definition of the problem under study. To provide a framework, its 

root cause - massive urbanization, is firstly introduced in section 2.1. In section 2.2 a special emphasis 

is given on how mobility affects the daily city life and what are the main challenges it faces. The 

dimensions surrounding the urban mobility challenges are also defined. In section 2.3, Living PlanIT is 

introduced through a brief narration of the company’s history, followed by a description of the Living 

PlanIT Urban Operating System
TM

 and ending with the company’s business model. A global 

benchmarking of urban mobility solutions is executed in section 2.4, focusing first in independent 

projects and then in projects where Living PlanIT was involved. The section ends with its respective 

comparative conclusions. Section 2.5 is composed by the actual identification of the problem that is 

being addressed and section 2.6 ends with the chapter’s conclusions. 

2.1     URBANIZATION  

For the last few decades the human race has experienced an increasing global trend towards 

urbanization. Back in 1960, according to the World Health Organization (WHO, 2015), 34% of the total 

global population was living in cities. 2007 marked the shifting point where 50% of the human 

population was living in cities for the first time in human history (Lahariya, 2008). In the end of 2014, 

that number had grown to 54% and the WHO (2016) predicts 1.84% yearly growth between 2015 and 

2020. 

Urbanization is defined as the increasing share of a population that is living in a certain urban area or, 

in simpler words, as the city population growth. This growth is attained through three distinct events: 1) 

the natural population’s growth; 2) the reclassification of nearby non-urban districts; 3) the net rural to 

urban migration. The latter one is the one with highest weight where, according to UN Habitat in 2007, 

there were three million people around the world moving into cities every week. This massive stream 

of human beings onto urban areas creates and aggravates several issues and challenges to city 

planners (Mishra et al., 2013).  

Unfortunately, the majority of city planning departments perceives this urban migration as something 

solely negative and focus on outdated and inefficient measures. According to a UN study published in 

2014, 80% of all the UN members had active policies to reduce and control rural exodus. And it is 

worthy to mention that during the last few years this figure went substantially up – only 38% of the UN 

members officially fought rural to urban migration in 1996. 

It is true that urban migration complicates access to basic services such as education, housing, 

mobility, employment, sanitation, etc. but trying to block or prevent said migration isn’t a sustainable 

nor plausible solution (Rodrigue, 2013). Instead, the problem lies deep within the incapacity of city 

planners to properly prepare and shape their own city for this steady influx of people (Lee et al., 2013). 
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2.2     MOBILITY ISSUES IN CITIES 

Mobility is a key part of everybody’s daily life and its needs are growing and changing all over the 

world, as seen in Annex A. Individual mobility is increasingly reaching its limits due to the non-stop 

urbanization that spikes up the demand for urban mobility systems (Harris and Tapsas, 2006; Schrank 

et al., 2012).  

Mobility is also crucial for the good functioning of any city where its infrastructure is perceived as the 

number one priority area for cities to attract investors and also requires the biggest investment share 

among any other city sector, as seen in Annex B. Cities rely on their transportation systems to 

manage both people and goods between their multiple origins and destinations (Van Audenhove et al., 

2014). Unfortunately, cities tend to struggle when faced with the pressures of modern mobility needs 

due to their outdated infrastructural systems and lagging transportation policies (Rodrigue, 2013). This 

makes them unable to cope with the high levels of concentration of economic and leisure activities that 

characterize cities and, in turn, results in several nefarious effects (Cohen and Muñoz, 2015). 

These unwanted effects, described in detail in the following sections, are strongly linked with the 

dissemination of the private car (Rodrigue, 2013; Sattlegger and Rau, 2016). Although the growth of 

motorisation has allowed low density urban settlements to expand and scatter in the outskirts of cities 

and countryside, it has equally induced a vast set of vicious effects in the quality of life of city dwellers, 

such as traffic congestion, parking scarcity and toxic emissions, etc. (Alessandrini et al., 2015). The 

root cause of these effects is the inefficiency, space wise, of the private car (Gaggi et al., 2013). Cities 

have limited spatial resources and the private car occupies a tremendous amount of space when it 

comes to mobility and worse, makes it necessary to develop the infrastructure capable of sufficing it. 

The continuous growth of automobile ownership and production, as seen in Annex C, reflects the 

mainstream preference for private cars which is justified by their flexibility, commodity and inherent 

social status symbol through ownership (Rodrigue, 2013). According to UN-Habitat (2015), there were 

1 billion motor vehicles worldwide (excluding two wheelers) and half of all of the trips made in cities 

were performed by private motorised means of transport. UN-Habitat also predicts that this proportion 

will keep increasing and estimates that by 2035 the number of light duty motor vehicles (cars, light 

trucks, minivans and SUVs) will be 1.6 billion, and further states that in 2050 this number will surpass 

the 2.1 billion mark.  

The UN-Habitat report also attributes this huge increase to mostly Asian countries, especially China 

and India. Likewise, some African countries are experiencing off the chart rates of motorisation, 

especially in two wheeler vehicles, and the data also correlates the growth of private vehicle 

ownership with the country’s per-capita income - there’s a slow growth in motorisation in countries with 

low per-capita incomes, a faster growth in middle income levels and a saturation plateau in countries 

with the highest levels of income. This is reflected by the stabilization of the kilometres travelled per 

capita in countries such as Japan, Australia, USA, France, UK and Germany. 
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All of these factors lead to nefarious effects, such as extreme traffic congestion, parking issues, 

environmental impacts, energy waste, accidents and lack of safety, inefficient public transports, longer 

commuting and lack of comfortable mobility solutions (Rodrigue, 2013). All of these issues are now 

described in detail in the following sub-section. 

2.2.1     ANALYSIS OF URBAN MOBILITY ISSUES 

In this present subsection, a detailed and individual overview of the identified urban mobility issues is 

performed. It is worthy to mention that, since urban mobility is an extremely dynamic system, most of 

the issues here described are intricately connected and exert their influence on each other’s, to a 

certain degree.      

Traffic Congestion 

Traffic congestion derives from an imbalance between the supply of transportation capacity and the 

travel demand experienced. Naturally, if the number of people living in cities is increasing, there needs 

to be a proportional expansion in road, transit and alternative mobility systems. However, this is a rare 

occurrence (Schrank et al., 2012). Urban traffic congestion is one of the most common issues that 

cities face. It is a problem that has plagued humanity for centuries, since ancient Rome (Rodrigue, 

2013), and it is estimated that by 2050, urban dwellers will spend an average of 106 hours in traffic 

jams per year. That’s three times more than today (Lerner and Van Audenhove, 2012). Traffic 

congestion is also responsible for heavy economic losses due to the extra fuel and time spent as seen 

in Annex D. 

As we can see, the costs of poorly designed urban mobility systems aren’t meagre and should not be 

neglected. They should, instead, act as an impeller and further urge a revolution in the current city 

mobility systems. 

Parking Issues 

This is an issue that any city dweller who owns a car has experienced – spending an exaggerated 

amount of time trying to find a parking spot. The case becomes even grimier when it’s the central or 

financial parts of the city that are trying to be accessed. In these central city areas, parking and 

congestion are intimately connected, since drivers can easily spend 20 minutes searching for a 

parking spot. This is defined as cruising, which creates additional delays and blockades on road 

circulation and can account for over than 10% of the local circulation in said central areas (Rodrigue, 

2013). Furthermore, the amount of time that cars spend parked is above 95% which propagates the 

need for currently inexistent parking spots (Bates and Leibling, 2012).  

 

Travel Times 

Travel times are most notoriously taken into account in terms of commuting. Commuting is the daily 

journey that city inhabitants perform from their home to their job and vice-versa. It is measured in 

terms of speed, time and distance. In recent years, commuting travel times have gotten worse in the 

U.S.A. with increases in both length and duration, while the average speed diminished (Rodrigue, 

2013). These changes are caused by a set of factors, ranging from the previously mentioned 
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congestion growth, to the residential affordability issue. The property prices on peripheral zones are 

much lower than the ones practiced inside the city central areas, where most jobs are located. City 

dwellers have then to sacrifice time in travels in exchange for housing affordability (Hernandez and 

Titheridge, 2015). Long commuting has also been linked to social issues, such as isolation, and with 

health problems, such as obesity (Rodrigue, 2013). 

Comfort 

Comfort is described as both the physical and mental comfort that users experience, on different 

means of transportation and services (Gillis et al., 2015). Behavioural research on travel mode 

election has principally focused on examining instrumental cognitive appraisals of private car use and 

public transport (Gatersleben and Uzzel, 2007). The authors also state that studies on the affective 

travel experience are limited and mostly only emphasize the commuter stress as experienced by 

drivers and users of public transport. They continue, that there has been comparatively little research 

examining both positive and negative affective experiences of alternative means of transport users. 

This is a significant shortcoming in the research literature as affective experiences can have an 

important impact upon people’s overall perspective towards a particular travel mode, and therefore 

may influence their future urban mobility behaviour. 

Furthermore, one in ten people in Europe is over the age of 60, and according to the United Nations 

(2009), 10% of the population has some type of disability. To make transport comfortable and user-

friendly for everyone, travel opportunities need to be equitable for all (Gaggi et al., 2013). The authors 

stress the importance of including disabled people for whom public transport is not accessible to travel 

in relative comfort. 

Safety and Security 

With the rise of motorised vehicles in circulation in urban areas the accidents and fatalities derived 

from road traffic accidents augments. In 2015 there were 1.25 million deaths due to road traffic 

worldwide. These accidents occur predominantly (92%) in developing countries and Africa, that only 

accounts for 2% of the world’s vehicles, suffers 16% of the global fatalities (WHO, 2015). According to 

Flausch (2014), if in 2025 a more balanced mobility mix has been implemented there will be a strong 

reduction in urban traffic fatalities that could save up to 60,000 lives. 

Emissions  

The transport sector supports plenty of national and international trade of goods and movement of 

passengers, and its greenhouse gas (GHG) have proportionally increased with its recurring rise.  All of 

these fossil fuel based transportation systems have taken its toll on the health and quality of life of 

urban populations. In 2010, transport alone was responsible for approximately 23% of total energy-

related C02 emissions. These emissions have more than doubled since 1970 and reached 7.0 Gt 

CO2eq in 2010, with road vehicles being responsible for 80% of this increase (Edenhofer et al., 2014). 

Moreover, air pollution, caused in great part by transport, was estimated to be responsible for 3.7 

million premature deaths in 2012 (WHO, 2015). 

Energy Consumption 
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The transportation sector has experienced energy consumption growth at an annual average rate of 

1.4%, from 104 quadrillion British thermal units (Btu) in 2012 to an expected 155 quadrillion Btu in 

2040, according to the International Energy Outlook Reference Case (IEO, 2016). Transportation 

energy demand growth occurs almost entirely in regions outside of the Organization for Economic 

Cooperation and Development (non-OECD), with transportation demand roughly flat in OECD regions. 

This reflects the different expectations for economic growth in developing regions compared with 

developed regions. 

In 2012, OECD nations were responsible for 55% of the world’s total transportation energy 

consumption, while the non-OECD nations accounted for 45% (IEO, 2016). The study further states 

that in 2020, the OECD and non-OECD shares of world transportation energy use are projected to be 

equal. 

The final energy consumption in the transport sector reached 27,4% of total end-use energy, of which 

a large share was urban, according to UN-Habitat (2015). 

Cost 

Considering that the vast majority of urban trips take place with different purposes and are framed 

within modern capitalist economy, the cost, ticket fare or cost of service becomes a determining factor 

when it comes to urban mobility options (Gillis et al., 2015). It can also be linked to affordability of the 

user. This factor is extremely dynamic as the willingness to pay extra varies from individual to 

individual and with his respective urgency and need to travel/transport (Susilo and Dijst, 2017). 

2.2.2     SUMMARY OF URBAN MOBILITY DIMENSIONS 

With such a complex and broad set of issues concerning the problem under study, it is essential to 

properly establish a framework capable of methodically tackling said issues. To achieve this, key 

urban mobility dimensions are created which facilitate the approach towards the problem. These 

dimensions are seen in Table 1, alongside their respective issues for consideration. 

Table 1 - Framework of urban mobility dimensions and respective issues to consider 

Dimension Issues to consider 

Traffic Congestion 
Energy and time wasted 
Aggravates other correlated issues (such as pollution, commuting, etc.) 

Parking Issues 
Energy and time wasted 
Aggravates traffic congestion 

Travel Times 
Energy and time wasted 
Creation of disparity between professional opportunities 

Comfort The physical and mental comfort that users experience 

Safety and Security The public health and security of city dwellers 

Energy Consumption Poor management of a resource already under extreme duress 

Emissions 
Pollution generated which aggravates climate change and health of 
citizens 

Cost Affordability 
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This framework encompasses all of the issues analysed before and serves as a steering wheel for the 

future work developed, especially in chapters four and five.  

2.3     LIVING PLANIT 

Living PlanIT is the technology company with which this project dissertation is being developed in 

partnership with. This subchapter features an introduction of the company, a description of the PlanIT 

Urban Operating System
TM

 and a characterization of the company’s business/partner model. All of the 

facts, data and information mentioned in this section were gathered through Living PlanIT’s materials 

(which have a degree of confidentiality and may not appear in the references), my own personal 

experiences and talks, whether physical or digital, with members of the Living PlanIT team, the 

Harvard case study about Living PlanIT by Eccles et al., 2010 and the paper “Living planIT and the 

development of the “PlanIT Urban Operating System
TM

”: The Geographies of an Innovation” by 

Carvalho et al. (2014). 

2.3.1     INTRODUCTION 

Living PlanIT was founded by Steve Lewis (former Microsoft and IBM executive manager) in October 

of 2006. Living PlanIT was founded with the resolute goal of seeking solutions and alternatives for the 

several inefficiencies experienced by the construction industry such as extensive, ambiguous and 

fragmented supply chains which lead to waste, few innovation and soaring costs. 

The demand for innovation is intense everywhere and companies tend to address innovation as 

something particular, such as an introduction of a new product or service but, in the case of Living 

PlanIT, the goal was to fully introduce a new system. This type of innovation requires a tremendous 

effort and, between 2006 and 2008, the company invested substantial resources in gathering 

knowledge from other sectors such as shipbuilding, IT, formula 1, aviation, automotive, etc. This 

research was conducted by Lewis through meetings with diverse executives and relevant people from 

different industries, who possessed both the technical and commercial know-how, regarding aspects 

such as the product’s life cycle, supply chain management and value chain integration of their own 

sector. The primary goals of the research were to discover how would it be possible to brush up the 

construction sector with new, innovative and efficient techniques and how to allow buildings to adapt 

and change functions over time when required. 

With this research as foundation, the first Living PlanIT software solutions and pieces of technology 

were developed, all targeting the construction industry. Despite the company accomplishments, Lewis 

rapidly realized that, in addition to improving the construction stage efficiency, the major leap forward 

would be allowing buildings to change their features according to specific in-real-time needs and being 

capable of offering new services through user interaction, over the course of their lifetime. Bearing this 

in mind, a few fragmented initiatives were pinpointed, such as the implementation of sensors in a 

building, but soon realized the lack of an integrated platform that could run, and learn from, all the 

different types of interactions while improving continuously its digital services. 
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It would be in 2008 that Living PlanIT’s strategy and vision would reach a critical crossroad with Lewis 

meeting Celso Ferreira, the Mayor of Paredes. Lewis, with the cooperation of the municipality of 

Paredes, developed a city wide project, PlanIT Valley, from scratch focused on connecting buildings, 

mobility solutions and the regular daily users through a fully integrated urban-minded IT platform. This 

platform, as conceived by Lewis, would be capable of involving an unlimited number of partners that 

could easily hop in and design, implement and test new urban applications. This would allow the 

creation of an environment where all of the innovative solutions gathered from the research of 

previous years could be developed, tested and refined without having the common physical and 

regulatory restraints inherent of actual cities.  

From this point on, Living PlanIT gained momentum. A stream of new executives from all over the 

world joined the company’s ranks with most of them leaving high profile positions in leading IT 

multinationals. Many even moved to Portugal, while others remained in their actual locations acting as 

individual beacons throughout the world, representing the company through widespread conferencing 

and travelling. With new partners, consolidated mostly through Lewis and other executives’ 

international networks, the company was able to assemble capital and new skills. The capital secured 

was crucial in supporting the first stages of branding, technology and business model development. 

Nowadays, Living PlanIT is headquartered in Switzerland with a large and diversified team and is 

classified as a SME (small/medium enterprise). Most of its elements has had prior experience in 

Microsoft or other renowned organizations and all of them are shareholders of the company. Despite 

being a technological company, not all of its core consists of IT engineers – there are sociologists, 

mathematicians, materials engineers, aeronautics engineers, people with real estate and liberal arts 

backgrounds, neurobiologists, infrastructure planners, economists and biochemists, etc. And all of 

them are principal, in one way or another, in the development of Living PlanIT’s broad and integrated 

brain-like platform, the PlanIT UOS
TM

. 

2.3.2     LIVING PLANIT URBAN OPERATING SYSTEM
TM 

The PlanIT UOS
TM 

is the revolutionary and award-winning software platform that Living PlanIT 

developed over the last years which has been designed to manage and converge the IoT in urban 

infrastructure. The UOS is a highly flexible, scalable, comprehensive, intelligent and all-encompassing 

middleware that delivers real-time sensing control, spatial analytics, support, security, data integration 

and provides a universal contextual framework required for every application. 

In simple terms, the UOS manages the city data and services in real-time. This is done by collecting 

data from sensors embedded in cities’ infrastructure and buildings, mobile devices and city hardware, 

then processing the gathered data streams and finally acting upon the resulting analysis. These 

resulting actions are as many as the imagination of the human mind allows (with the proper 

infrastructure and digital applications implementation), and can go from simple temperature 

adjustments in a room to the whole management of a city water and energy supply. Furthermore, the 

data and information collected is used to continuously improve the infrastructure’s performance and 

the UOS’ features. In technical terms, the UOS consists of a bunch of algorithms (the mathematical 
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models that deal with the data) and software segments (that are responsible for fetching information 

and processing it). The UOS analytics works in a Cisco medium and other similar hardware, such as 

routers and physical servers, where potential collaborators can jump in and develop new digital 

services. 

Since the UOS is a platform that acts as a “city brain” it is built and run on a rich set of open industry 

standards application programming interfaces (APIs), provides a configurable data model and entry 

points for custom logic. This is a core and essential feature of the UOS, since no city software platform 

should be locked into proprietary standards. With this flexibility and accessibility, the infrastructure 

owners are able to modify and personalize the platform for their specific application and hardware 

requirements. It also enables the development of applications by third party developers who can 

capitalize on the insights generated by the core layer of the UOS. 

The UOS was used in a demonstration at Cisco C-span in July of 2011 where its ample purpose 

scope was showcased by performing a few demos of the following scenarios: 1) Building Monitoring & 

Escape; 2) Remote Biometric Sensing; 3) Traffic Management; and 4) Water Control. In light of the 

work being developed the description of the traffic management demo, whose objective was to show 

how the traffic in a city can be managed, follows: The traffic management demo had individual 

vehicles reporting their location, speed, and intention (for example from navigation systems or driver 

regular patterns) to each other and to the city traffic management systems, so that the flow of the 

traffic could be optimized (load balanced) across the entire city. In this demo a smart traffic 

management solution was implemented by using the UOS cooperating with a distributed traffic 

solution developed by Geolink and Virtual Traffic Lights (and based on earlier work by the University of 

Porto and Instituto de Telecommunicações). In this solution, traffic lights were eliminated with 

instructions being given to individual vehicles continuously by the UOS and by interactions with other 

vehicles. Since the real city traffic couldn’t be disarrayed, the demonstration was performed through 

an advanced simulation of real traffic behaviour in the city of Porto. This was executed by monitoring 

real-world traffic over an extended period of time – which incidentally showed improved traffic flow 

compared to traditional systems. For example, if an accident occurred, the UOS would clear an 

expedited path for an emergency vehicle responding to the scene. The demonstration showed the 

remarkable advanced coordination that a fully instrumented and integrated city is capable of.  

2.3.2.1 PlanIT UOS
TM

 Architecture 

The UOS architecture has a layered structure which can cope with an unlimited number of devices, 

users and sensors, regardless of their type. The global infrastructure environment where the UOS 

runs, as seen in Annex E, is structured in four layers: sensor/actuator network layer, controls layer, 

supervisory or core layer, and applications layer.  

Both the supervisory and control layers are the true brain of the PlanIt UOS
TM

, described below: 

 Control layer: Contains all of the network devices implemented throughout the physical 

infrastructure, and manages the control codes and the driver applications responsible for bridging 

the diversified aggregation of sensors, users and devices. It also has a key role in administering 
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the required immediate responses, such as the shutting down of an A/C unit once a certain 

temperature is reached. 

 Supervisory layer: Collects user and device data from the control layer, by managing and fusing it 

in sophisticated ways, and finally redistributes it across the ecosystem making sure it reaches its 

target sensor or device. The supervisory layer also boasts and API interface where infrastructure 

providers or third party developers can design and integrate applications, which are both location 

and context aware  

The UOS was also developed with a high regard for security and privacy issues. Living PlanIT knows 

that in a time where digital hacks, privacy threats and network attacks are a major reality, the UOS 

had to be embedded with advanced safety protocols. To manage this, a security mechanism (Open 

Data Rights Language or ODRL) is utilized to define security on context-based policy statements. This 

allows the costumers to retain the freedom of controlling the accessibility of the data flowing through 

the system, while at the same time to install procedures that can irretrievably anonymize the user data 

while maintaining its cumulative value for the solution providers. 

With all of this features and characteristics, the PlanIT UOS
TM

 is a phenomenal platform that allows to 

build and integrate vertical solutions and applications for cities through an integrated approach. With it, 

the efficiency and return on investment is increased, the impact of urbanization on the environment is 

reduced and, most importantly, the quality of life for all citizens, whether rich or poor, is improved. 

2.3.3     PARTNER MODEL 

As described before, Living PlanIT’s key mission isn’t to develop isolated technologies, but to 

collectively assemble technologies from several providers and integrate them in order to provide 

global solutions. The company’s CTO describes their strategy as: “...to take a bit of a backseat as we 

get to steady-state and have the partners being the ones driving forward the application of the 

technology. (...) We will literally just be the suppliers of the platform, the glue that makes it all fit 

together” (Carvalho et al.,2014; p. 11).  

The company initially secured partnerships with Cisco (technical components) and Microsoft (cloud 

computing, albeit the UOS can run on other cloud computing environments) and has since then 

maintained a strong focus in continuously reaching relevant distinct partners. Furthermore, a 

stakeholder ecosystem has been developed around the UOS where companies, users and 

organizations can experiment and exploit synergies throughout the platform. The growth of this partner 

ecosystem allows the company to capitalize on intellectual property licensing, technology development 

and other royalties. Beyond the financial gains, the partner ecosystem enables the fulfilment of the 

company’s strategic vision by continuously improving and scaling up the UOS and converting the 

partners in “ambassadors” of the achieved solutions and, more importantly, of the basal UOS platform 

itself. 

Nowadays the company counts with over 1,000 partners in its current portfolio and closes on average 

10 new partner deals per month. Some key notable partners include the already mentioned Cisco and 

Microsoft alongside McLaren electronics, Buro Happold, Transdev, Philips Lighting Systems, etc. 
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2.4     BENCHMARKING 

2.4.1     EXTERNAL BENCHMARKING 

This present subsection consists of the description and analysis of relevant urban mobility projects 

throughout the world. It explores initiatives by city councils who partnered with technology firms to 

better address the issues of urban mobility in their own cities. It focuses on cities that successfully 

addressed one or more of the urban mobility dimensions already described and, especially, how they 

did it. 

2.4.1.1 Nice – Connected Boulevard Project 

Nice, known as the French Riviera Capital, is a medium sized city in France. It has around 340 

thousand residents and is visited by more than 10 million tourists per year. Back in 2008, the local 

government launched the Connected Boulevard Project, relying on a partnership with Think Global – 

an alliance of several small innovative start-ups and a few big companies, such as Cisco and 

PrismTech. 

This project, pioneer in its field, is an open and extensible Smart City platform that collects, processes 

and distributes data. It is capable of managing and optimizing most aspects of city management such 

as parking, traffic, waste disposal, environmental quality and street lighting. One of the main areas of 

focus, is on how to develop environmental-friendly transportation and reduce the negative 

consequences of urban activity on the city itself and its citizens. With all of this in mind, in 2012, a test 

zone was defined and over a thousand sensors and 80 multi-service kiosks were deployed in the city 

centre of Nice. The plan is to deploy over 10,000 sensors and 800 multi-service kiosks in the near 

future. All of these components are connected through intelligent data sharing technology in real-time. 

The sensors used, described as “dumb” sensors, measure simple physical properties such as 

humidity, temperature, luminosity and magnetic field intensity and were deployed in both traffic and 

street lights and roadways. For example, magnetic field variation sensors were used to detect if there 

is a car, or not, in a specific parking spot. Real-time information regarding traffic flows, public lighting 

and the quality of the environment was also collected. The data retrieved by the sensors is processed 

with algorithms through cloud computing which facilitates the interpretation of said data, and allows to 

act upon it. The sensors used in the project rely on low power protocols to communicate with data 

aggregators deployed throughout the road network. These aggregators utilize Vortex to upload the 

data into an Amazon EC2 Cloud where it is analysed. The whole system architecture is seen in Annex 

F. 

The results of the analysed data shared with the connected applications and serve as support in 

decision-making throughout the city. For instance, Nice residents that use the Nice City Pass 

application can check for free where are available parking spots and even reserve them. Also, if a 

driver has parked without paying the fee, a notification is sent out to the police and they can efficiently 

take care of it. The app also provides real-time information about public transportation and bike/car-

sharing availability. 
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Results  

With the Connected Boulevard system deployed in 2012, there have been significant improvements in 

the city. Traffic congestion was reduced by 30%, city dwellers spend much less time parking and the 

city grossed an extra 35% in parking fees. The air pollution has also diminished by 25%. Also, with the 

future release of public lighting control and waste management through the Smart City platform, Nice 

is expected to save at least 20% and maybe as high as 80% in those costs. This project also helped 

placing Nice in the global Smart City scene by helping it achieve an astounding 4
th
 place in Juniper 

Research’s global Smart City ranking in 2015. 

2.4.1.2 New York – Midtown in Motion 

New York City, NYC from now on, is the 9th most populated city in the whole world with over 20 

million inhabitants on its urban area. It also boasts over 50 million tourists per year and there are, 

approximately, one million vehicles entering and leaving NYC on a daily basis.  

In the summer of 2011, the NYC Department of Transportation (NYCDOT) launched the Midtown in 

Motion (MiM) in the midtown core of Manhattan – a 110 square block are from 2
nd

 to 6
th
 Avenues and 

from 42
nd

 to 57
th
 Streets. This project served as a kick-starter to improve the city’s traffic conditions in 

real time. Its first phase relied on deploying 100 microwave sensors, 32 traffic video cameras and E-Z 

pass readers at 23 intersections to measure traffic speeds. They also installed a modern traffic 

management centre in Queens, introduced a wireless communications network and upgraded the 

intersection’s traffic signal controllers. The real time data gathered by the sensors and readers was 

passed wirelessly to the control centre in Queens, which in turn adjusted remotely the signals through 

networked advanced solid state traffic controllers - a state-of-the-art piece of equipment installed at 

signalized intersections that controls the traffic signals at the intersection wirelessly. This was done 

through an active traffic management methodology implemented in a software system called ACDSS 

(Adaptive Control with integrated Decision Support System) which functioned as a general plugin for 

the traffic management centre. The whole system’s architecture is seen in Annex G. 

Results 

After only one year of its implementation, MiM was responsible for a 10% travel speed increase, thus 

decreasing congestion, inside the area of influence and won the transportation technology award from 

ITS (Integrated Technology Systems) America. 

Continuity 

With the proven success of its first phase, the NYCDOT has kept pushing and implementing modern 

ITS infrastructure and, on the Fall of 2014, it had installed over 10,000 traffic controllers. The goal was 

to complete all of the city’s 12,500 signalized intersections. The MiM project also developed a second 

phase and now counts with over 600 microwave sensors, 56 cameras and over 200 E-Z pass readers 

covering an extra 150 blocks. 

2.4.1.3 Hong Kong – A Smart Way to Travel 

Hong Kong is a small autonomous territory on the southern coast of China. With its mere 1104 km
2
 but 

an impressive 7.2 million inhabitants, it is the 4
th
 most densely populated metropolis. Proportionally, its 
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roads are amongst the most used in the world and traffic demand keeps increasing. Hong Kong’s 

government has tried to cope with these travel demand increments through construction and 

expansion of road and railways infrastructure. But these have become steadily more expensive and 

nefarious to the environment. Alternatively, Hong Kong’s government has explored a different solution 

that tries to optimize and enhance the performance of the current mobility system. 

Back in 2001, there was a revision on Hong Kong’s Intelligent Transport System (ITS) in order to try to 

harness the full potential of the existing infrastructure. It was a collaborative approach and twenty 

potential applications were analysed through questionnaires by relevant stakeholders in the 

government, transport sector and other related industries. The final conclusion was to develop a 

Transport Information System (TIS). TIS was, and is, a centralised data warehouse that collects and 

processes comprehensive transport data to support the supply of real time traffic information. To make 

ends meet, Hong Kong had to boost its capability of traffic data collection. The pre-existing traffic 

control and surveillance systems were extended and in 2004 they were also integrated in a Traffic 

Management and Information Centre (TMIC). The TMIC, the major source of real time traffic 

information, kept being upgraded and by 2011 it provided the four following services: 

 The Road Traffic Information Service (RTIS) portrayed online, in an integrated form, the already 

existing services of Special Traffic News, Traffic CAM Online and Traffic Speed Map; 

 The Hong Kong eRouting service guides the users with an optimum driving route; 

 The Hong Kong eTransport service allows to search and explore multi-modal public transport 

routes; 

 The Intelligent Road Network (IRN) provides up-to-date traffic information. 

Results 

The installation of the TIS was crucial in increasing the capacity of the current roads network. It 

enabled the commuters to choose less congested roads and/or use an alternative public transport 

option which helped to alleviate and evenly distribute the city’s traffic flow. Both the Hong Kong 

eRouting and Hong Kong eTransport services were widely used by the Transport Department and in 

2013 were released as smartphone applications. The eRouting app averaged 1,000 downloads per 

day in 2013 and was able to help travellers search for suitable transport routes while on the move 

anytime, anywhere. The TIS kept providing traffic data free of charge and supports over 700,000 data 

downloads towards several private mobile applications that broadcast traffic information. 

2.4.1.4 Vienna – SMILE 

Vienna, the capital of Austria, is a rich and vibrant city. It has been universally acknowledged as the 

musical capital of Europe since the 16
th
 century and, from 2001 onwards, its city centre was declared 

a UNESCO World Heritage Site. The city, with its 1.8 million inhabitants and over 3.7 million tourists 

per year, has also been awarded several times for its impeccable quality of life and is often seen as a 

model to follow in urban planning (Wien International, 2016). 

Mobility wise, Vienna is indeed a vital case study. It is regarded as a high public transportation city, 

with its share being 40% compared to the smaller share of 25% of private cars (Vienna Government, 
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2015) But the city government did not stop there. Bearing in mind the combination of the city dwellers’ 

mobility needs, sustainable development and climate protection, they put in motion a plan, the SMILE 

project, to develop an integrated mobility platform that could foster and enhance alternative means of 

transport. This platform would provide information, booking, payment and offer a broad range of 

different means of transport from various mobility services providers. In the spring of 2014, the pilot 

operation of the SMILE project was launched. It consisted on testing the already developed integrated 

mobility platform as a smartphone app. This app was able to provide information about all means of 

transport and possible routes to the user, and also allow him to book, pay and use them. The pilot 

operation consisted of three phases: 1) In May of 2014 the app was available to all of the project 

members so that real testing could be done, bugs fixed and feedback provided for iterative 

enhancement; 2) Two months down the road, all of the employees of the mobility partners could also 

test out the app and further provide feedback for implementation; 3) The third and final phase 

consisted of allowing over 1,000 people common citizens to try out the app and assess it. 

Results 

The SMILE app was a tremendous success with over 75% of the participants being content or very 

content with these results being attained through a survey done by the SMILE team. The app was also 

rated as a 4.79/5 on the Google Play Store and won multiple awards from Swiss organizations. But 

most importantly, was the fact that the app promoted the use of inter-modal transport, increased public 

transportation use, allowed city dwellers to explore more efficient routes and reduced car usage. 

2.4.2     INTERNAL BENCHMARKING 

This section consists of a glance on a few Living PlanIT’s projects where a parallelism is made 

between them and this project dissertation scope. An emphasis is given to projects where Living 

PlanIT’s presence was justified by its expertise in the Internet of Things (IoT) field and where mobility 

constraints were smoothened by providing an integrated solution. 

2.4.2.1 Singapore – Smart Nation 

Singapore is a remarkable place – it is the only fully operating city-state in the world. It fosters a global 

hub commerce and finance through its vastly developed and successful free market economy. The 

nation holds a corruption-free environment, stable prices and a higher per capita GDP when compared 

to most developed countries. 

In order to cement its admirable role model of a modern metropolis, Singapore’s Infocomm 

development Authority (IDA) decided to create the Smart Nations Program Office. This program was 

born with the objective of assembling the infrastructure knowledge, policies, ecosystem and 

capabilities required to enable a truly Smart Nation. Singapore, throughout its short life, has always 

encouraged a culture of building and experimentation via partnerships with its citizens and companies 

to co-generate solutions. With this initiative, Singapore wanted to create “living labs” coordinated 

through the innovative approach of implementing a city scaled operating system, so that its citizens 

could benefit in a wide range of aspects (travel, living, daily transactions, etc.) while transforming their 

nation into one truly Smart Nation. 

Solution 
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To achieve the proposed goals, Singapore put together a global consortium featuring companies such 

as HP, HP Labs, Alcatel, Living PlanIT (and partners from the Living PlanIt Ecosystem) alongside 

several government agencies. This consortium is working together in the development of the Smart 

Nation Platform which features many state of the art innovative technologies. Living PlanIT, being part 

of the consortium, is chipping in by delivering their PlanIT UOS
TM

. This will allow Singapore to design 

and continuously enhance their urban management, data gathering, control and visualization of city 

operations and other public related sub-vertical domains, as seen in Annex H. All of this will translate 

into nationwide sensing and control, machine learning, platform development for government agencies 

and third party applications for territory management and citizen services.  

Results 

The Smart Nation project, with Living PlanIT’s cooperation, is still running as it’s a multiple year 

implementation project with the following management and operation being of the consortium’s 

responsibility. The results will be gathered over time and will include the detailed sensing captured 

data, real time control and analytics, big data analytics and improved services in sectors such as 

utilities and transportation. All of these will imprint a positive and lasting change in the daily life of 

Singaporeans. 

2.4.2.2 London City Airport 

The London City Airport is the 5
th
 largest civil airport in the UK and is the only one located in the city 

centre. With such a unique position inside the city premises, its proximity frames it as a highly efficient 

gateway, while on the other hand its size and limited capacity makes it extremely prone to congestion 

and throughput demand issues. The airport markets an ambitious value proposition – 20 minutes to 

check in, and 15 minutes from arrival to outbound transportation. But there’s no actual way of 

measuring and controlling this premise which often leads to clashes with airlines and their own check-

in requirements. The retail section of the airport, largely consisted by food and beverage 

establishments, is also challenged by both the airport limited available space and the short window of 

time, especially during peak hours, to serve their clients. 

Solution 

With Living PlanIT being a member of the UK Technology Strategy Board (TSB) since 2010, the 

London Airport commissioned Living PlanIT, through the TSB, to lead a team of six different 

subcontractors with the purpose of deploying the PlanIT UOS
TM

 on the airport. The main goal was to 

deploy the IoT, curated by the UOS, in the airport to measure passenger flows, provide them with 

guidance concerning terminals and routes, enable pre-ordering, standing orders and offering an at-

seat service for food and beverage. With the deployment of several technologies, ranging from video 

analytics to Wi-Fi and Bluetooth low energy beacon triangulation, real-time sensing of the airport 

environment has been achieved. 

Results 

The UOS now powers real-time dashboards with relevant information and back-of-house systems that 

allow the airport and retailers to act in response to any issues that arise immediately. The increased 

food and beverage capacity also rendered higher sales and better experiences. 

These solutions, used in real-time and in combination with the UOS, also supported diverse pilot 
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applications that evidenced the value of both customer interactions with terminal and retail units, and 

for operations staff managing passenger and airport operations. 

Continuity 

After the successful implementation of the UOS in the London Airport, Living PlanIT partnered with 

Hitachi to develop a joint go-to market strategy and value proposal for airports through simulation & 

innovation modelling. The objective was to present guidelines that airports can benefit from in services 

such as appropriate designs, methodologies and standards to improve airport operations and both 

passenger and services flow. For example, one of the project spotlights was on enhancing the whole 

user journey through a synchronizing process of assets and technologies. A similar approach was also 

applied to smart utility planning throughout the airport to optimize its operations. The results of this 

second project, inside the Airport of London, were a success by efficiently demonstrating, with a 

proper simulation tool, how to accomplish primary sustainable success marks in several operation 

cases and service proposals. The project achieved the objective tangible numbers for improved 

journey times and also demonstrated procedures capable of increasing passenger comfort, interaction 

between the airport and its users, and airport operations efficiency and revenues. 

2.4.2.3 Copenhagen  

Copenhagen, in Denmark, is recognized as one of the most innovative and forward-thinking cities to 

live in. The Clean consortium (formerly Copenhagen CleanTech Cluster) was tasked by the city of 

Copenhagen to quarterback the city’s efforts of becoming a smart, reliable and sustainable city. The 

key enabler project of the Clean consortium would be the Big Data Digital Infrastructure (BDDI), 

initiated in 2013. Clean opened a selection process to choose with who to develop the BDDI and, after 

multiple companies sending submissions, a consortia was selected consisting of IBM, Accenture and 

a Hitachi led consortia to form the final project shortlist. The Hitachi solution incorporated Living PlanIT 

and its UOS as the core platform of their solution, amplified by Hitachi’s expertise in operations and 

scaled commercial deployments. Clean performed an extensive multi-phase appraisal process where 

the Hitachi submission was accepted as the winning entry and the deployment began on May of 2015. 

Solution 

The basis of Hitachi’s data hub is the PlanIT UOS
TM

 with its multimode architecture, as seen in Annex 

I. Its objectives are to enable performance and scalability during the initial development, and to 

provide room for the future growth of the 5-year program, as the utilization of the platform and data 

sets grow. The gathered open data will be combined with commercial and governmental data to 

provide compelling insights. This resulting data will be made public for Copenhagen citizens and app 

developers to optimize existing forms of business or support the creation of new ones. A smartphone 

app, called MyCopenhagen, was developed to further extend the reach of the data captured and 

promote the immediate use of BDDI insights by residents, visitors, workers and other relevant 

stakeholders. 

Results 

A comprehensive business, technology, and deployment plan has been constructed whose 

deployment initiated in the second semester of 2015, with the project going live to customers and 

stakeholders in December 2015. The project will run for at least 5 years, and expects to demonstrate 
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how a self-sustaining data hub solution can be constructed for large cities. Hitachi and Living PlanIT 

will be growing the ecosystem of solution providers and replicate the solution to other cities worldwide. 

2.4.3     BENCHMARKING CONCLUSIONS 

After analysing the mentioned projects there are a few conclusions drawn. One, and maybe the most 

important, is that the importance and relevance of framing and tackling the issues of urban mobility 

has been acknowledged. Through several distinct approaches, all around the world, governments are 

partnering with private companies to handle the complex obstacles that arise from having to manage 

such an inconstant and massive stream of goods and people, through the composite multi-layered 

system that cities are. Secondly, and despite all of the initiatives, is that there’s still a long road to 

travel. As shown in Table 2, the approaches used to deal with the mobility dimensions described have 

all been extremely locally-driven, especially in the external cases, which render sub-optimal global 

solutions. Even Nice’s Connected Boulevard, while having the most integrated solution, lacks the 

ability to fully integrate its developed data ecosystem with other key services of its city, beyond public 

light and waste control. It is then concluded that, although small steps have been taken in the right 

direction, cities are still lacking a platform that optimizes all dimensions related to urban mobility, while 

at the same time being capable of analysing its relationships with other core aspects and services of 

cities.  

Table 2 - Comparative analysis of the studied projects 

                        Cities                                    
 
Dimensions 

Nice New York Hong Kong Vienna Singapore Copenhagen 

Traffic Congestion 
      

Parking Issues 
      

Travel Times 
      

Comfort 
      

Safety and Security 
      

Energy Consumption 
      

Emissions 
      

Cost 
      

 

Technology       
Sensors 

      

Cameras 
      

Public available app 
      

 

Integrated approach 
with other city services       

It can also be deterred that, in the projects where Living PlanIT was involved, an emphasis on 

delivering integrated approaches was accomplished, in order to approach the problems in an 

environment-aware process. The London City Airport does not appear in Table 2 since it makes no 
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sense to evaluate an individual building project with metrics developed for cities. Regardless, the 

project demonstrates that, on a lower scale, the ability to monitor and measure the fluxes of people 

leads to major benefits on the performance of operations and activities throughout the whole system. 

On a concluding note, it is important to remark that urban mobility projects need to start considering 

and tackling the comfort and safety and security dimensions. These two dimensions should not be 

neglected since they equally and strongly impact the quality of life of city dwellers. 

2.5     PROBLEM CHARACTERIZATION 

This present work is developed with the intent of developing a methodology capable of improving both 

the efficiency and effectiveness of sustainable mobility in Smart Cities. In order to achieve this, the 

specific problem dimensions that affect and revolve around urban mobility have firstly been identified 

and described. This allows for a clear vision of the problems that are approached.  

With the problem context established, the development of a multiple criteria model to aid the in the 

implementation of sustainable urban mobility is performed. This model focuses on analysing urban 

routes, in order to output a ranked set of urban sustainable routes. The model analysis is based on 

certain criteria, such as time, distance and costs. Consequently, the model delivers a recommended 

set of solutions through defined routes.  

2.6     CHAPTER CONCLUSIONS 

Continuous urbanization is a growing trend which shows no sign of stopping in the near future. City 

policymakers are faced with several harsh challenges that derive from it, namely urban mobility 

constraints. Despite a rising global awareness about these issues, change isn’t happening fast 

enough, which leads to several nefarious effects and decreased quality of life for city dwellers. 

A detailed analysis of the urban mobility challenges that cities face was performed and their respective 

dimensions were identified. These dimensions are summarized in Table 1 alongside their respective 

issues for consideration, which provides a global overview of the problem under study. 

The company Living PlanIT, through the implementation of their UOS, possesses the required know-

how and technology required to implement smart mobility platforms, that address the urban mobility 

dimensions positively. 

Through the benchmarking analysis several initiatives were pinpointed, which demonstrate the value 

of a holistic approach, curated and managed by a digital horizontal city scaled platform, which reaps 

greater rewards than the individual optimization of each city service. 

It is under this context that the present work is developed, with the purpose of developing a model 

capable of merging technology with traditional mobility systems, leading to a global augmented urban 

mobility sustainability.  
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CHAPTER 3 – LITERATURE REVISION 
 

The present chapter serves to analyse some relevant concepts in the literature that serve as a 

supportive basis to approach the problem under study. Thus, it is first presented in section 3.1 the 

definition of Smart Cities alongside their principal characteristics and functions. In section 3.2, the 

Internet of Things is introduced in order to explain how cities can become connected and aware, so 

that benefits can be exploited through the collection, and consequent analysis of the retrieved data. 

Section 3.3 focuses specifically on urban mobility and its respective components, models and 

algorithms, and its quantitative assessment. Section 3.4 introduces the Multiple Criteria Decision 

Analysis main features, which is fundamental to develop the desired model. Finally, section 3.4 ends 

the chapter with its respective conclusions, drawn from the literature revision. 

3.1 SMART CITIES 
 

3.1.1     SMART CITY CONTEXTUALIZATION 

The denomination Smart City isn’t new and was first presented in 1994 (Dameri and Cocchia, 2013). 

Since then, it has been commonly applied by global technology companies, notably since 2005 for 

“the application of complex information systems to integrate the operation of urban infrastructure and 

services such as buildings, transportation, electrical and water distribution, and public safety” 

(Harrison and Donnelly, 2011, p. 2). 

In recent years, the Smart City profile has become an interesting and mainstream research topic in 

urban research and policy (Winters, 2011; Caragliu et al., 2011). It started entangling several different 

disciplines ranging from political science to economics, from smart urban planning and architecture to 

smart ecology, and smart technological stimulus, essentially Information and Communication 

Technology (ICT), to globalization forces (Caragliu et al., 2015). 

Nowadays, the term Smart City represents a broad conceptual urban development model that 

encompasses various definitions, such as information city, intelligent city, knowledge city, digital city 

and ubiquitous city. All of these definitions are found in the literature, mostly complementing 

themselves, yet sometimes with contrasting points (Deakin, 2010; Torres et al., 2005). The one point 

that seems to unite all of the authors’ perspectives is that cities are smart in the way that they 

capitalize on the potential of ICTs (Nijkamp and Cohen-Blankshtain, 2013). 

For Kourtit et al. (2013), the Smart City concept is showcased as an umbrella, which provides an 

integrated approach on how to develop urban systems, constituted by innovative models to develop 

and manage urban infrastructures and technologies that delivers effective and efficient solutions to the 

vast many challenges of modern urban life. The authors explain that, in particular, these smart 

solutions provide the ability to enhance the quality of urban services to both citizens and business 
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operators in matters of social equity, urban sustainability, spatial accessibility, and socioeconomic 

vitality. 

According to Angelidou (2014), the recent growth in both publications and developments regarding 

Smart Cities is explained by two distinct forces: technology push and demand pull. These concepts, 

presented by Schumpter (1947) and Schmookler (1966), establish the groundwork to analyse the 

expansion of Smart Cities in the present days. For Angelidou (2014), the technology push represents 

a new product/solution being ushered into the market due to quick advances on science and 

technology, without regard for demand (society needs in this case). This is reflected by the major 

developments that today’s state-of-the-art technology has suffered, which result in great increases in 

reliability, safety, performance, wireless capacities, affordability and functionality on a real-time basis 

(Aurigi, 2006; Batty, 2012). On the other side, a demand pull is experienced by cities. This is caused, 

in great part, by the growth of society demands when faced with the pressures of modern city life, 

such as urbanization and climate change (Angelidou, 2014). For Florida (2002), the demand pull 

exerted by cities is also strengthened by the intensifying competition between each city to attract 

skilled workers, tourists, investors and international events. 

3.1.2     SMART CITY DEFINITIONS 

Giffinger et al. propose a Smart City definition, as follows: “A Smart City is a city well performing in a 

forward-looking way in these six characteristics, built on the ‘smart’ combination of endowments and 

activities of self-decisive, independent and aware citizens” (Giffinger et al., 2007; p. 13). 

Ratti and Townsend (2011) emphasize the importance of the connection between technology and its 

users by, in a simplifying way, stating that “Truly smart cities will emerge as inhabitants and their many 

electronic devices are recruited as real-time sensors of daily life” (Ratti and Townsend, 2011; p. 9).  

Caragliu et al. (2011) provide an updated version, using Giffinger and co-authors’ work as foundation, 

of a more comprehensive and operational definition of what a Smart City truly is. The authors “believe 

a city to be smart when investments in human and social capital and traditional (transport) and modern 

(ICT) communication infrastructure fuel sustainable economic growth and a high quality of life, with a 

wise management of natural resources, through participatory governance” (Caragliu et al., 2011; p.6). 

This definition is motivated by an urban production function proposal, through which urban smartness 

is defined as essential to the development of urban economic performance. Previous definitions had 

not encompassed a clear division between inputs and outputs, which now allows to recognize a city 

smartness as a transitional step towards the objective of smart, sustainable growth. 

De Souza (2012) summarizes it by stating “A Smart City is liveable, resilient, sustainable, and 

designed through open and collaborative governance” (De Souza, 2012; p. 2). 

Finally, Lee et al. (2013) consider that the purpose of Smart Cities is to resolve the many urban 

problems (such as traffic, over-development, environmental and sanitary shortcomings, pressure on 

land and other forms of inequality) by using ICT-based technology coupled with urban infrastructure. 
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The authors state that the primary goal of Smart Cities is to revitalize the city’s environmental and 

social structural imbalances through the efficient management of information. In their own words: 

“Smart Cities are envisioned as creating a better, more sustainable city, in which people's quality of life 

is higher, their environment more liveable and their economic prospects stronger” (Lee et al., 2013; p. 

3).  

3.1.3     SMART CITY ASSESSMENT 

Different authors have tried to conceptualize a framework capable of analysing Smart Cities and 

providing a trustworthy ranking. It is by no means a binary task since that would require the definition 

of a static limit comprising certain universal smartness conditions. In reality, authors often choose to 

talk about a grade of smartness instead of supplying a binary model (Caragliu et al., 2015). 

The first publication to extensively outline an urban smartness ranking was the “Smart cities: Ranking 

of European medium-sized cities” by Giffinger et al. (2007). The paper, as stated in the title, focuses 

on providing a reliable tool capable of categorising European medium-sized cities, based on their 

urban smartness. The authors suggest an approach based on the six core dimensions that 

encompass the Smart City definition, which are: 1) Smart Economy; 2) Smart People; 3) Smart 

Governance; 4) Smart Mobility; 5) Smart Environment; and 6) Smart Living. Every dimension has its 

corresponding factors with its respective indicators which allows the measurement of the urban 

smartness.  

Caragliu et al. (2011) develop an urban smartness framework of a city built upon the six dimensions of 

Giffinger et al. (2007), while aggregating a more exhaustive list of indicators (over 250) across the 

following domains: 1) Demography; 2) Social aspects; 3) Economic aspects; 4) Civic involvement; 5) 

Training and education; 6) Environment; 7) Travel and transport; 8) Information society; and 9) Culture 

and recreation.  

In order to analyse Seoul and San Francisco urban smartness, Lee et al. (2013) develop a parallel 

model to the ones previously mentioned. The authors focus on bridging some theoretical and practical 

gaps to ensure an appropriate and holistic approach on both cities. With this in mind, they establish a 

framework focusing in the six following dimensions: 1) Urban openness; 2) Service innovation; 3) 

Partnership formation; 4) Urban proactiveness; 5) Smart City infrastructure integration; 6) Smart City 

governance. Each dimension reproduces relevant sub-dimensions, with their respective assessment 

criteria. 

Caragliu et al. (2015) also state that, despite many Smart City’s significant investments and related 

academic publications, only a few publications are able to categorically define what a Smart City really 

is. For the authors, this involves leaving behind a pure technological approach (e.g. analysing solely 

the ICT components) and instead delivering a contextual and integrated approach, capable of truly 

define measure how smart can a city be. 
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In a concluding note, it is important to emphasize that the approaches mentioned, as of now, are only 

able to assess the current state of a city. Still, the direction of development is of key importance for a 

Smart City and should be considered in further research that builds on time-series data (Giffinger et 

al., 2007; Lee et al., 2013). 

 

3.2     INTERNET OF THINGS 

The Internet of Things (IoT) term was coined by Kevin Ashton, who first introduced it in 1999, amid a 

presentation held at Procter&Gamble. Ashton, who was one of the founders of the original Auto-ID 

Center at MIT, envisioned a world where both the Internet and the physical world would be intimately 

connected in virtue of omnipresent sensors alongside a supervising platform based on real-time 

feedbacks. For him, this profound relationship would allow us to exploit a huge potential to enhance 

comfort, security and control of our lives (Borgia, 2014). A few years later, members of the same MIT 

group reinforced this concept by defining IoT as: “an intelligent infrastructure linking objects, 

information and people through the computer networks, and where the RFID technology found the 

basis for its realization” (Brock, 2001; p. 5). 

Atzori et al., (2010) characterize the IoT through three distinct formalizations: 1) A global network 

constituted by smart objects, deeply interconnected through extended internet technologies; 2) A 

batch of auxiliary technologies required to fulfil such vision (such as RFIDs, sensors/actuators, 

machine to machine communication devices, etc.); and 3) the set of applications and services 

exploiting such technologies to explore new market opportunities and businesses.  

In 2010, McKinsey Quarterly stated: “As objects become embedded with sensors and gain the ability 

to communicate, the new information networks promise to create new business models, improve 

business processes, and reduce costs and risks” (Chui et al., 2010; p. 1). Chui et al., (2010) explore 

how the IoT has the capacity to revolutionize countless sectors, from precision farming to improved 

manufacturing processes, by sensing the environment and communicating thus becoming a tool for 

perceiving complex systems and responding to them swiftly. The authors propose six distinct types of 

emerging applications, which are labelled into two broad categories: 1) Information and analysis 

(tracking behaviour, enhanced situational awareness and sensor-driven decision analytics); 2) 

automation and control (process optimization, optimized resource consumption and complex 

autonomous systems).  

Díaz et al. (2016) define the IoT as “a set of interconnected things (humans, tags, sensors, and so on) 

over the Internet, which have the ability to measure, communicate and act all over the world” (Díaz et 

al., 2016; p. 2). The authors further state that the fundamental objective behind the IoT is to collect 

information about our surroundings in order to better understand, control and act on it. 

For Kortuem et al., (2010), the IoT is established, at an individual component level, on the image of 

smart things/objects which complement the already existing bodies in the Internet domain (such as 
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routers, hosts, terminals, etc.). It is then important to conceptualize what smart things, or objects, are 

and Miorandi et al. (2012) present them as having the following characteristics: 

 Have a physical embodiment and a set of associated physical features (e.g., size, shape, etc.); 

 Have a minimal set of communication functionalities, such as the ability to be discovered and to 

accept incoming messages and reply to them; 

 Possess a unique identifier; 

 Are associated to at least one name and one address. The name is a human-readable description 

of the object and can be used for reasoning purposes. The address is a machine-readable string 

that can be used to communicate to the object; 

 Possess some basic computing capabilities. This can range from the ability to match an incoming 

message to a given footprint (as in passive RFIDs) to the ability of performing rather complex 

computations, including service discovery and network management tasks; 

 May possess means to sense physical phenomena (e.g., temperature, light, electromagnetic 

radiation level) or to trigger actions having an effect on the physical reality (actuators). 

Miorandi et al. (2012) also state that the IoT is materializing as one of the dominant trends in the 

expansion of technologies in the ICT sector. The authors alert for a shift from end-user devices 

connected through the internet to a system where physical objects are interconnected, also through 

the internet, and communicate with themselves and humans. This shift creates the demand for new 

approaches to spur in networking, computing and service provisioning/management in order to 

encompass the complex ecosystem of communications (Miorandi et al., 2012). The authors further 

state that, from a conceptual stand point, the IoT uses as foundations the following three main pillars, 

which are related to the capacity of smart objects: 1) to be identifiable; 2) to communicate; 3) to 

interact – either between themselves (building networks of interconnected objects) or with end-users 

in the network. The authors conclude by acknowledging that the creation of technologies and solutions 

capable of enabling such vision is the main challenge in the near future. 

Lee and Lee (2015) describe the IoT as a “new technology paradigm envisioned as a global network 

of machines and devices capable of interacting with each other” (Lee and Lee, 2015; p. 1). The 

authors claim that there are five essential technologies when it comes to the successful dissemination 

of IoT-based products and services, which are: 

 Radio frequency identification: The radio frequency identification (RFID) enables automatic 

identification and collection of data through radio waves, a tag and a reader. The tag is capable of 

storing more than traditional barcodes and incorporates data in a global RFID-based item 

identification system (developed by the Auto-ID Centre) called Electronic Product Code (EPC) 

(Lee and Lee, 2015).  

 Wireless sensor networks: The wireless sensor networks (WSN) are constituted by spatially 

scattered autonomous sensor-equipped devices (Lee and Lee, 2015). These devices are capable 

of measuring environmental and physical conditions and cooperate with RFID communication 
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systems in order to record the status of things (such as location, luminosity, movements and 

temperature) (Atzori et al., 2010).  

 Middleware: Lee and Lee (2015) describe the middleware as a software layer in-between software 

applications that facilitates the job of software developers while performing communication and 

input/output. Its main feature is the ability of hiding the details of the different technologies used in 

the IoT ecosystem, which is fundamental in freeing the IoT developers from software services that 

are not directly relevant to their specific IoT application. The middleware is, no more no less, the 

Living PlanIT UOS
TM

 described in subsection 2.3.2. 

 Cloud computing: Lee and Lee (2015) state that cloud computing is an ideal back-end solution to 

process the Big Data that is collected through the prodigious number of IoT devices and humans, 

in real time. It can be seen as a model that enables on-demand access to a common pool of 

configurable processing resources, such as servers, networks, computers, applications, storage, 

services and software which are arranged into three different models: 1) Infrastructure as a 

Service (IaaS); 2) Platform as a Service (PaaS); and 3) Software as a Service (SaaS) (Mital et al., 

2015; Díaz et al., 2016). Díaz et al. (2016) reinforce the importance of cloud computing by praising 

its virtual unlimited capabilities in terms of processing power and storage (the main drawbacks of 

the IoT) and declare that it will play an essential role in the dissemination of the IoT. 

 IoT application software: Lee and Lee (2015) advocate that the IoT simplifies the development of 

endless user specific and industry oriented IoT applications. These are what enable the 

interactions between devices and also between humans and devices through reliable and robust 

procedures. It is mandatory that these IoT applications safeguard the reception of data/messages 

and the consequent proper actions, in a timely manner (Lee and Lee, 2015). The authors further 

state that the development of IoT applications is a critical phase and should be performed with 

extreme intelligence and carefulness. This translates in implementing abilities which allow to 

properly monitor the environment, identify problems, communicate efficiently and potentially fix 

unexpected problems without human intervention. 

Lee and Lee (2015) also summarize the evolution of key IoT technologies in the past, and project 

possible developments in the near future. They do it by analysing four foundational IoT technologies: 

1) Network; 2) Software and algorithms; 3) Hardware; and 4) Data processing; as seen in Annex J. 

Borgia (2014) advocates that the IoT has a huge potential to develop new intelligent applications in 

almost every field. With its double ability to execute situational sensing (collecting data about natural 

phenomena, user habits or health indicators) and to provide tailored services, according with the 

information collected. The author defends that, regardless of the application field, IoT applications 

focus on improving the quality of everyday life and will bear a profound impact on global economy and 

society. The author further states that the IoT is essential in the gradual transformation of traditional 

cities into Smart(er) Cities by being deployed in sectors such as mobility, buildings, energy, living and 

governance, as seen in Annex K. Borgia (2014) concludes that the deployment and consolidation of 

the IoT is dependent on the execution of the three following phases: 
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 Collection phase: Deals with the mechanisms for sensing the physical environment, collecting 

real-time physical data and reconstructing a global perception of it. Technologies such as RFID 

and sensors provide identification of physical objects and sensing of physical parameters, while 

technologies such as IEEE 802.15.4 or Bluetooth are responsible for data collecting; 

 Transmission phase: Includes mechanisms to convey the collected data to applications and to 

different peripheral servers. Methods are therefore required for accessing the network through 

gateways and heterogeneous technologies for addressing and routing; 

 Process, management and utilization phase: Concerns the processing and analysis of information 

flows, forwarding data to applications and services, and providing feedbacks to control 

applications. In addition, it is responsible for critical functions such as device discovery, device 

management, data filtering, data aggregation, semantic analysis, and information utilization. 

Finally, Mital et al. (2016) perceive the IoT as an umbrella where all of the technologies and solutions 

that allow the integration of the real physical world and services data into the modern information 

networking technologies are a part of it. The IoT represents a global network of smart interconnecting 

(through standard communication protocols) devices which are singularly addressed. For the authors, 

this expansion of the current internet, by enabling devices and physical things to connect, 

communicate and inter-network is a growing trend (the authors predict an increase from 237.2 million 

smart devices used by the Transport sector worldwide, to an expected 371.0 million smart devices 

used by 2017).  

3.3 URBAN MOBILITY 

Urban mobility has substantially evolved in the past, as a consequence of industrial evolutions. With 

the first industrial revolution the railway industry surfaced, supported by the invention of steam 

powered technology. With the mass production techniques developed during the second industrial 

revolution the emergence of the automobile industry was empowered and, in a closer past, the third 

industrial revolution with digitalization provided the means for computer-aided travelling (e.g. GPS in a 

car) to emerge. Nowadays, we are facing a fourth industrial revolution, represented by industry and 

technology convergence, leading to the emergence of clean energy vehicles and connected mobility 

solutions (Van Audenhove et al., 2014), where the latter is the focus of this section. 

To successfully implement sustainable urban mobility strategies, Van Audenhove et al. (2014) 

establish 25 key imperatives that cities must follow. These are structured alongside fours key 

dimensions: 1) Visionary Strategy and Ecosystem; 2) Mobility Supply; 3) Mobility Demand 

Management; and 4) Public Transport Financing, across three distinct types of cities, as seen in 

Annex L. It is worthy to mention the following imperatives, since they are related to the problem under 

analysis in this project’s dissertation: “6. Develop an integrated approach for transport planning and 

other urban policies to shift from isolated decision-making toward integrated urban management”; “13. 

Integrate the travel value chain via development of integrated mobility platforms”; “15. Introduce traffic 

calming measures to optimize streets usage conditions and increase quality of life for residents and 

businesses” (Van Aundenhove et al., 2014; p. 30). In order to achieve these core imperatives, relevant 
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components of urban mobility systems are identified, systems and algorithms that permit the 

modulation of urban mobility alongside its respective assessment methodologies are introduced and 

described, in the following subsections. 

3.3.1    COMPONENTS OF URBAN MOBILITY SYSTEMS 

To improve the state of urban mobility systems it is essential to firstly identify its relevant private and 

public stakeholders. These are subdivided into six distinct groups: 1) Individual motorized vehicles; 2) 

Public individual transport; 3) Public transport; 3) Non-motorized transport; 5) Stationary components;  

and 6) Control & monitoring, as seen in Table 3: 

Table 3 - Urban mobility components and respective elements 

Urban Mobility Components Elements 

Individual motorized vehicles Car; two-wheeler 

Public individual transport Car sharing; bike sharing; taxi, car-pooling; car rental; bike rental; 

and limousine. 

Public transport Train (regional, suburban and urban); metro; tram; bus (urban, 

regional and trolleybuses); and ferry.  

Non-motorized transport Foot; and personal bicycle. 

Freight distribution vehicles Trucks; cargo train; freighter. 

Stationary components Road & rail network; park & ride facility; bike & ride facility; bike 

garage; and parking box. 

Control & monitoring  Sensors (register number, length and speed of vehicles); 

cameras; traffic lights; information boards; and lane control 

systems. 

Among these urban mobility elements, Viechnicki et al. (2015) focus on four of them to deal with the 

issues of expanded urban mobility ecosystems. The authors advocate that tens of billions of dollars 

(referent to new roads, tunnels and light rails) can be globally saved by successfully implementing the 

following four alternative mobility strategies: 

 Ridesharing: Refers to two or more travellers sharing common, pre-planned trips made by private 

automobile or van. In recent years, thanks to GPS and mobile technologies as well as managed 

high-occupancy lanes, ridesharing has evolved into a dynamic service that can match drivers with 

riders in real time without advance planning. This ride-matching process is conducted through 

mobile apps that connect drivers with passengers traveling similar routes, in real time, at 

predesignated pickup locations; 

 Bicycle commuting: Encompasses city trips made by bicycle; 

 Car sharing: In a simplified way, it’s a car rental by the hour. Providers include commercial entities 

(such as car2go, Zipcar and DriveNow) as well as private individuals who rent out their own 

vehicles through peer-to-peer car sharing programs. These services give consumers all the 

benefits of car ownership without its attendant costs, such as purchase, insurance, maintenance, 

and parking costs; 
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 On-demand ride services: These are online platforms developed by transportation network 

companies (such as Uber, Lyft, and SideCar) that allow passengers to source rides from a pool of 

drivers that use their personal vehicles. 

Borgia et al. (2014) also stress the importance of the creation of effective applications that enable the 

user to accurately plan his journey with public or private transportation, bike/van/car ride-sharing 

services or multi-modal transport modes, in order to implement smart mobility services. The authors 

further state that, with the deployment of intelligent traffic lights and a mix of static and mobile sensors 

throughout cities, city traffic can be managed automatically by monitoring and predicting eventual 

traffic jams and forewarn drivers regarding unexpected situations and consequently advise alternative 

routes, in real-time. Data collected by sensors can also help city councils to audit road conditions 

(such as slippery, non-draining roads or potholes), plan the waste collection routes and perform 

environmental monitoring and sensing through measurements of water level, air pollution or presence 

of a given element (Konstantopoulos and Bellavista, 2013; Al-Turjman et al., 2012).   

3.3.2 URBAN MOBILITY ALGORITHMS AND MODELS 

Kammoun et al. (2014) develop an algorithm with a hierarchical organizational multi-agent architecture 

capable of improving the traffic flow (i.e. enabling a greater number of vehicles in the road network, 

without diminishing the average cruise speed of vehicles) based on real-time road traffic information. 

The algorithm, which serves as an adaptive vehicle route guidance system, is based on a hybrid ant-

hierarchical fuzzy method, which allows to regulate the road traffic according to real-time changes in a 

smart and timely fashion. The routes are selected based on both traffic conditions and route length in 

the first phase and, in a second phase, contextual factors about the driver, environment and the route 

are integrated in a hierarchical fuzzy system. This results in reduced traffic congestion through the 

suggestion of itineraries with lower travel times and avoidance of repetitive use of the same road at 

the same time. 

Shin and Jun (2014) introduce a smart parking guidance algorithm that helps drivers find the most 

appropriate parking facility based on the following factors of decision: 1) Driving duration and distance; 

2) Walking distance; 3) Parking cost; 4) Traffic congestion by guidance itself; and 5) Probability of 

finding a free parking spot. The proposed algorithm optimizes the usage of urban space resources and 

reduces traffic congestion and its consequent unnecessary energy consumption and CO2 emissions. 

Ahmed and Hawas (2015) develop an adaptive traffic control system (ACTS) that improves the overall 

traffic network vehicular productivity and efficiency. The system is capable of handling several frontier 

conditions of the recurrent and non-recurrent congestion, traffic signal priority and downstream 

blockage conditions by using field detector’s data to analyse said conditions of all incoming and exit 

links. The developed system is interfaced with CORSIM (a microscopic traffic simulation software), 

which enables precise evaluations of different kinds of signal phase settings. The results proved most 

satisfactory when applied to several highly congested junctions. 

Koster et al. (2015) analyse the impact and possible benefits of cooperation between traffic 

management (TM) centres and couriers, express and parcel services (CEP) within cities. To do this, 

the authors extend a vehicle routing problem with stochastic and time dependent variables by adding 
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the TM decisions impact to the resulting travel time realization. The authors then compare routing 

results gathered with distinct levels of integration between the TM and CEP (for instance, sharing the 

currently applied traffic strategy or a forecast of an upcoming strategic alteration). The results showed 

that CEP fleet routing decisions with a high level of integration with the TM achieved substantially 

more significant tours with a significant reduction in overall travel time. 

Wang et al. (2015) propose a dynamic road lane management system fully backed by state-of-the-art 

ICT so that traffic space can be properly distributed. The authors aim to provide a system capable of 

sharing circulation lanes dynamically between public transportation, emergency services and personal 

transportation in an efficient and smart manner. To achieve this premise, real time data must be 

shared between vehicles and road infrastructure as seamlessly as possible. The authors further state 

that human intervention must be limited to as few as possible situations, since they’re the most critical 

resource. 

Diakaki et al. (2015) perform a comprehensive overview of proposed and available Vehicle 

Automation and Communication Systems (VACS) and discuss how can they be used to manage road 

traffic. VACS have been primarily designed with the intent of improving road safety and driver 

convenience but, in recent years, an interest on how some VACS can affect directly road efficiency 

emerged. The authors claim that VACS can be used to alleviate road congestion and its significant 

negative consequences for fuel consumption, travel times, the environment, safety and the quality of 

life of citizens. They conclude that the already available VACS can be used as new and innovative 

sensors and actuators in order to propel a new epoch of traffic management where VACS provide 

traffic-adaptive functions and allow both vehicle-to-vehicle and vehicle-to-infrastructure cooperation. 

Finally, Jahromi et al. (2016) approach modern Smart Cities as a collection of places which can be 

modelled as Points of Interest (PoI) with specific value for individuals and groups. The authors 

designed a simulation model, based on Call Detail Records (CDR), GPS and Wi-Fi traces, that 

extracts individual’s mobility and social behaviour patterns in urban spaces, and then analyses the 

city’s PoI by classifying them according to their importance and how individuals move across them. 

This results in a better comprehension of how city’s resources and services are accessed and enables 

the creation of a mobility simulator capable of reproducing the regularity in spatial-temporal behaviour 

of city dwellers.  

3.3.3 URBAN MOBILITY ASSESSMENT 

Smart urban mobility is a complex and intricate concept, which Chun and Lee (2015) define as: “Smart 

Mobility is a concept of comprehensive and smarter future traffic service in combination with Smart 

Technology. A smart mobility society is realized by means of the current intelligent traffic systems” 

(Chun and Lee, 2015; p. 2). With such a broad scope it becomes imperative to define methodologies 

capable of quantitatively assess urban mobility performance through a standardized approach. 

Giffinger et al. (2007) propose a Smart City assessment framework in which Smart Mobility is one of 

the six key axes. Out of those six dimensions, the Smart Mobility one is the most relevant for this 

project of dissertation and are presented, alongside its respective factors and indicators, in Table 4. 



32 
 

Table 4 - List of Smart Mobility factors and indicators (adapted of Giffinger et al., 2007) 

Factor Indicators 
S

m
a

rt
 M

o
b

il
it

y
 

Local accessibility Public transport network per inhabitant 

Satisfaction with access to public transport 

Satisfaction with quality of public transport 

(Inter)national accessibility International accessibility 

Availability of ICT-infrastructure Computers in households 

Broadband internet access in households 

Sustainable, innovative and safe 

transport systems 

Green mobility share (non-motorized individual traffic) 

Traffic safety 

Use of economical cars  

Van Audenhove et al., (2014) identify the reform of urban mobility systems as one of the biggest 

challenges that policymakers, stakeholders and citizens face today. This justifies their ambitious 

approach in developing an extensive urban mobility index, which are seen in Table 5. The index 

comprises 19 criteria (with their respective weights) capable of measuring both maturity and 

performance of urban mobility while covering the seven following classical areas of mobility 

measurements: 1) Security; 2) Quality; 3) Accessibility; 4) Affordability; 5) Sustainability; 

6) Innovativeness; and 7) Convenience. Furthermore, it evaluates the capability of finding the proper 

balance between city’s mobility supply and demand, as well as its mobility policy initiatives.     

Table 5 - Urban Mobility Index 2.0 assessment criteria (adapted of Van Audenhove et al., 2014) 

Maturity [max. 58 points] Performance [max. 42 points] 

Criteria Weight Criteria Weight 

Financial attractiveness of PT (cost of 5 

km PT/cost of 5 km car) 

4 Transport related CO2 emissions [kg/capita]  4 

Share of PT in modal split [%] 6 Annual average NO2 concentration 

[mcg/m3]  

4 

Share of zero-emission modes in modal 

split [%] 

6 Annual average PM10 concentration 

[mcg/m3]  

4 

Roads density (deviation from optimum) 

[km/km2] 

4 Traffic related fatalities per 1 million citizens  6 

Cycle path network density [km/ths km2]  6 Dynamics of share PT in modal split [%]  6 

Urban agglomeration density [ths 

citizens/km2]  

2 Dynamics zero-emission modes in modal 

split [%]  

6 

Smart card penetration [cards/capita]  6 Mean travel time to work [minutes] 6 

Bike sharing performance [bikes/million 

citizens]  

6 Density of vehicles registered 

[vehicles/capita]  

6 

Car sharing performance [cars/million 

citizens] 

6 

Frequency of the busiest PT line 

[times/day]  

6 

Initiatives of public sector (0 to 10 scale)  6 

Viechnicki et al. (2015) analyse the potential economical savings that both users and cities will 

experience by shifting their mobility habits into the previously analysed fours alternative mobility 
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modes (ridesharing, bike commuting, car sharing, on-demand services). To do this, the authors 

elaborate a comprehensive methodology that calculates the projected reduction in vehicle miles 

travelled (VMT) for each alternative strategy mentioned. With this data, they proceed into calculating 

the savings inherent to the VMT spared across the following four distinct parameters: 1) Personal 

savings and congestion reduction savings; 2) Carbon emission reduction savings; 3) Accidents 

reductions; and 4) Road construction and maintenance savings.  

Garau et al. (2015) provide an important tool in the form of a quantitative methodology to analyse and 

evaluate urban mobility systems. The authors use the following synthetic indicator, which measures 

city’s mobility in different aspects by combining the main modes of transport with smart technology’s 

control of movements: 

                                                   ISM = IPT × ICL ×  IBS × ICS × IPMSS × IPTSS       1 

 
This Smart Mobility (ISM) indicator allows different cities to compare themselves and figure out how and 

where to improve their mobility systems and achieve best international practices. The indicator’s 

respective variables, indicators and sub-indicators are seen in Figure 2. 

 

 

Figure 2 - Variables and indicators used to evaluate smart mobility (Garau et al., 2014) 

3.4 MULTIPLE CRITERIA DECISION ANALYSIS 

As the field of Multiple Criteria Decision Analysis (MCDA) began to flourish as a distinctive area of 

activity in the late 1960’s and 1970’s the development of methods was the prime focus of practitioners 

who paid relatively little attention to methodology or process (Cochrane and Zeleny, 1973), and to a 

large extent that emphasis remains strong (Belton and Stewart, 2010). In the 1980’s, as the field 

became more established, contemplation of both philosophical and methodological aspects of the use 

of MCDA began to grow (Phillips, 1984) and increasing attention was paid to the proper structuring of 

MCDA models.  

Nowadays, the importance of good problem structuring, in any context, is extensively acknowledged. 

As Dewey (1938) puts it: “It is a familiar and significant saying that a problem well put is half solved. 
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To find out what the problem and problems are which a problematic situation presents to be inquired 

into, is to be well along in inquiry. To mistake the problem involved is to cause subsequent inquiry to 

be irrelevant or go astray.” (Dewey, 1938; p.9) The final sentence identifies what the statistician 

Kimball (1957) describes as an error of the third kind: solving precisely the wrong problem. Belton and 

Stewart [8] stress the importance of problem structuring, both as an integral part of the MCDA 

process, as illustrated in Annex M, and as a means of authenticating the potential for MCDA. 

Belton and Stewart (2010) describe MCDA as a: “collection of formal approaches to help individuals or 

groups explore “decisions that matter” in a way which takes explicit account of multiple, usually 

conflicting, criteria and will refer to a decision which merits such consideration as a “multicriteria 

problem”” (Belton and Stewart, 2010; p.4). For the authors, a multiple criteria problem can never be 

perceived as a puzzle with a single solution, as differing value systems prioritize distinct criteria, which 

leads to preferences for different outcomes, thus frequently shaping the “solution” as potentially 

arguable (a rare exception is when all parties agree on the relevant criteria and there is one option that 

dominates all others by performing, at least, as well or better than all others in all the criteria). For 

Ackoff (1979) a multiple criteria problem is only well defined when clear alternatives and relevant 

criteria have been defined. Roy (1996) states that the starting point for multiple criteria analysis is a 

well framed problem in which the three following components are clearly stated: 1) The set of 

alternatives or options from which a choice (decision) has to be made; 2) The set of criteria 

against which the alternatives are to be evaluated; and 3) The model, or method, to be used to 

effect that evaluation. 

MCDA techniques are diverse and distinct in both the types of problem that they focus on (from single 

option selection to prioritisation programmes) and in the techniques that they utilize to solve the 

problem (for example the use of compensatory models or outranking methods). Nevertheless, all of 

these techniques follow somewhat the same procedure to achieve the desired solution (Belton and 

Stewart, 2010). This procedure is summarised in a sequence of eight steps, which are detailed in 

Table 6. 

Table 6 - Steps in a multi-criteria analysis (adapted of UK government, 2009) 

Step Description 

1 Establish the decision context. What are the aims of the MCDA, and what is the best MCDA 

technique to achieve it? Identify the objectives. 

2 Identify the options. 

3 Identify the relevant criteria and assess the performance of each option by building utility value 

scales for each identified criteria. 

4 Weighting: Assign scale coefficients for each of the criteria to reflect their relative importance 

to the decision.  

5 Global Performances: Combine the scale coefficients and performances for each of the 

options to determine the global performances of each option. 

6 Examine the results. 

7 Conduct a sensitivity analysis on the results by changing performances and/or scale 

coefficients. 
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Each of these steps are fundamental for the proper development of a MCDA and it is important to be 

flexible since it may eventually be necessary to go back to revise and re-structure earlier steps. Most 

of the value in a MCDA is drawn from the thought that goes into the early steps. Each of the steps is 

considered in the following sub-sections. 

3.4.1 ESTABLISHING THE DECISION CONTEXT 

The first step in a MCDA is always to assemble a global understanding of the decision context. The 

decision context is the whole frame that surrounds the decision being made. Central to it are the 

objectives of the decision making body, the people who may be affected by the decision and an 

identification of those responsible for the decision. It is critical to have a clear understanding of 

objectives: What overall ambition is this decision seeking to support? MCDA is all about multiple 

clashing objectives where there are eventually trade-offs to be made. Good decisions need clear 

objectives. These should be specific, measurable, agreed upon, realistic and time-dependent. 

Nevertheless, while applying MCDA, it is important to identify a unique high level objective, for which 

there will usually be sub-objectives (Department for Communities and Local UK Government, 2009). 

This high level objective, and the purpose of this Master’s dissertation, is to define an urban 

sustainable route in a given city journey from A to B.  

In order to achieve this objective, it is fundamental to identify a MCDA technique capable of tackling 

the problem. Out of the many techniques available, the Additive Model arises as the most adequate, 

given its straightforward intuitive appeal and transparency. Models of this type have a well-established 

track record of providing robust and effective support to decision-makers working on a range of 

problems and in various scenarios. The Additive Model establishes how the performance of an 

alternative on the many established criteria is merged into one global value. This is executed by 

multiplying the utility value score of each criterion by the scale coefficient of that criterion, and then 

adding all those weighted scores together. The Additive Model is formulated as follows: 

𝑽(𝒂𝒊) = ∑ 𝒌𝒊

𝒏

𝒊=𝟏

. 𝒗𝒊(𝒂𝒊)        𝒘𝒊𝒕𝒉 ∑ 𝒌𝒊

𝒏

𝒊=𝟏

= 𝟏   𝒂𝒏𝒅   𝒌𝒊 > 𝟎   (𝒊 = 𝟏, … , 𝒏)#2  

where: 

 𝑉(𝑎𝑖) – Global value of alternative 𝑎𝑖 

 𝑎𝑖  – Performance of alternative 𝑎𝑖 in criterion i 

 𝑣𝑖(𝑎𝑖) – Utility value of the performance 𝑎𝑖 in criterion i 

 𝑘𝑖 – Scale coefficient of criterion i 

 n – Number of criteria 
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3.4.2 OPTIONS IDENTIFICATION 

Once the decision context is established and objectives are defined, the following stage is to identify 

options that may contribute to the achievement of these objectives. It is unlikely, even with a new and 

unexpected problem, that the decision making group arrives at this stage without some intuition 

regarding options. Often in practice there are ideas on the literature, sometimes going back many 

years. Sometimes obstacles present themselves and it is the role of the MCDA team, in the first 

instance, to arrange a structured sifting of alternatives to identify a shortlist, using basic data and quick 

procedures. Options may range from broad policies, such as new environmental priorities for the 

transport sector, through to the choice of particular lines of routes for roads or the selection of 

individual projects to improve waste management quality. Potentially sensible options then need to be 

developed in detail. The first visit to step 2 may well not be the last, particularly when there is a paucity 

of adequate alternatives. The later steps of the MCDA may demonstrate that none of the alternatives 

is acceptable and can serve to identify the location of such inadequacies. At this stage, fresh ideas 

and innovative thought are needed. For example, it may encourage the stakeholders to search for new 

options that combine varied strong points of distinct already existing options. There should be an 

important feedback to the design stage, from all the subsequent stages of appraisal/evaluation (Belton 

and Stewart, 2010). 

The failure to be explicit about objectives, to evaluate options without considering what is to be 

achieved, led Keeney (1992) to propose that starting with options is putting the cart before the horse. 

Options are important only for the value they create by achieving objectives. It might be better to 

consider objectives first, particularly when the options are not obvious and have to be developed. 

3.4.3 PERFORMANCES MEASUREMENT AND UTILITY VALUES 

The criteria are the measures of performance through which the options are evaluated by. One of the 

most important parts in adding value to a MCDA is the formal process of establishing a rationally 

based set of criteria, against which to judge the options (Belton and Stewart, 2010). Since the criteria 

act as the performance measures for the MCDA, they need to be operational. A judgement or a 

measurement needs to specify how well each option meets the objectives expressed by the criteria. It 

is fundamental to make sure that it is possible in practice to measure or judge how well an option 

performs, on the identified criteria. The construction of a criteria tree is a common practice once these 

have been properly identified. It helps to visualize the global approach towards the problem and to re-

evaluate the criteria choices. 

The development of consistent numerical scales for the assessment of criteria is also a critical point 

towards the MCDA process (Bottero et al., 2017). Since the criteria in typical MCDA models are 

measured in diverse units, it becomes decisive to constitute normalized scales. This procedure is 

described in the following sub-section. 
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3.4.3.1 Utility Value Scales 

Building utility value scales is a central activity of any MCDA. There are several techniques to build 

utility value scales which fall in two distinct groups: 1) Numerical techniques; and 2) Non-numerical 

techniques. Numerical techniques are versions of numerical estimation methods where a scale is 

anchored to a corresponding criteria performance and it assigns a score (Direct rating) or numerically 

estimates (ratio estimations or category estimation) the stimulus attractiveness relatively to the 

anchored points (von Winterfeldt & Edwards, 1986). Numerical techniques can also be applied 

through the construction of value functions that transform performance into utility value (such as a 

linear value function or the bisection method for non-linear cases). Non-numerical techniques are 

based on interactive methods that aid in the construction of value functions based on qualitative 

judgement values (such as MACBETH).  

Due to the nature of the problem under study, where most criteria have quantitative type data, MCDA 

numerical techniques are relied upon in the investigation. Out of the many available, an iteration by 

Bottero et al. (2017) of the Simo’s deck of cards method (Maystre et al., 1994) stands out for its 

versatility and simplicity in terms of application.  

Bottero et al. (2017) introduce a modified version of Simos’ deck of cards method (Maystre et al., 

1994) for calculating the utility value interval scales (usually within the range [0;1]) of criteria within the 

context of outranking methods. In the conclusion of their work, Bottero et al. (2017) state that the 

method can be adapted to build other ratio scales as well as to determine the scale coefficients of 

criteria. The translation from the original criteria scales to a single common interval scale requires the 

use of a procedure that accounts for the intensity of preferences between consecutive intervals of the 

scale. The objective of the current and the next subsection is to demonstrate how the author’s 

extension of the deck of cards method achieves this, for both interval and ratio scales, respectively. In 

any case, the dialog between the analyst and the decision-maker is fundamental and, for utility value 

interval scales, should proceed as follows: 

1. The analyst should provide the decision-maker with a discrete scale of criterion g: Eg = {l1, 

l2,...,lk,…,lt}, where l1 ≺ l2 ≺ · · · ≺ lk ≺ · · · ≺ lt−1 ≺ lt (≺ means “strictly less preferred than”). 

2. The analyst should also provide the decision-maker with a large enough set of blank cards.  

3. The analyst should ask the decision-maker to define two reference levels, say lp and lq, and assign 

two utility values to these reference levels. These are frequently scored as u(lp) = 0 and u(lq) = 1. 

Alternative values can be assigned to lp and lq. Notice that very often levels lp and lq coincide with l1 

and lt, respectively. 

4. The analyst should alert the decision-maker to the fact that two consecutive positions in the scale 

may be more or less close, in terms of his own preferences. This greater or smaller closeness is 

modelled through the insertion of blank cards in the intervals of the consecutive positions in the scale.  
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5. Consider the ranking of the levels with a certain number of blank cards, ek, in the intervals between 

every two consecutive levels, lk and lk+1, k = 1, . . ., t − 1:  

l1 e1 l2 e2 · · · lp ep lp+1 ep+1 · · · lk ek lk+1 · · · lq−1 eq−1 lq · · · lt−1 et−1 lt. 

6. Now, consider only the levels in between lp and lq (in-between levels lk and lk+1 there are (ek + 1) 

units) and compute the unit valuation:  

𝛼 =
𝑢(𝑙𝑞) −  𝑢(𝑙𝑝)

ℎ
#3  

where  

ℎ = ∑(𝑒𝑘 + 1)

𝑞−1

𝑘=𝑝

#4  

which represents the number of units between levels lp and lq. 

7. Finally, with the value of α, we can compute the utility value u(lk) for each level, as follows: 

𝑢(𝑙𝑘) = 𝑢(𝑙1) +  𝛼 (∑(𝑒𝑗 + 1)

𝑘−1

𝑗=1

) , for 𝑘 = 2, … , 𝑡. #5   

This procedure, of straightforward application for discrete criteria scales, can also be applied for 

continuous scales (such as cost or time). In order to do so, the analyst and the decision-maker must 

together first define a minimum (𝑔𝑗
𝑙 ) and a maximum (𝑔𝑗

𝑢) performance of a given criteria g. The next 

step is to discretize the continuous scale in appropriate intervals. Subsequently, the deck of cards 

method is applied to this auxiliary discrete scale. Finally, to compute the proper utility value of the 

continuous scale a linear interpolation is used, as follows: 

𝑢𝑗(𝑔𝑗) = 𝑢𝑗(𝑔𝑗
𝑙 ) +

𝑔𝑗 − 𝑔𝑗
𝑙  

𝑔𝑗
𝑢 − 𝑔𝑗

𝑙  
(𝑢𝑗(𝑔𝑗

𝑢) − 𝑢𝑗(𝑔𝑗
𝑙 ))#6   

3.4.4 SCALE COEFFICIENTS ASSESSMENT 

In order to compute a final combined value, it is necessary to establish the relationship (or scale 

coefficients) between the utility values of each criterion. The purpose of the criteria scale coefficients is 

to enable all scores to be converted to a common scale while accurately reflecting their relative 

importance to the decision. 

To achieve this, another modified version of Simo’s deck of cards method developed by Bottero et al. 

(2017) is utilized. According to the authors, the method should also begin with a dialog between the 

analyst and the decision-maker, as follows: 

1. The analyst should provide the decision-maker with a first set of cards, where each card contains 

the name of each criteria and some additional information (if necessary).  
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2. The analyst should also provide the decision-maker with a large enough set of blank cards.  

3. The analyst must then request that the decision-maker forms a ranking of the cards (criteria) in the 

first set. Marichal and Roubens (2000) propose a method to aid in this criteria ranking definition. 

Based on their idea, and assuming that the minimal and the maximal utilities on each criterion are 0 

and 1, respectively, they propose to build a hypothetical reference set of alternatives. This set of 

alternatives (as many as the number of criteria) is constituted by alternatives that score 0 in all of the 

criteria except for a single one, which is rated at its maximum utility value, 1. For each alternative, the 

criteria that is ranked at his maximum value changes, whereas all of the other criteria value is set at 0. 

This leads to a set of alternatives whose tally is equal to the number of the criteria where each of the 

criteria are ranked at its maximum value only once. The decision-maker should then be confronted 

with this hypothetical set of alternatives and be prompted to rank each alternative in terms of his own 

preference. The outcome of the alternatives’ ranking produces the required criteria ranking in parallel. 

4. Consider the ranking of the criteria provided by the decision-maker and denoted by r1, . . . , rh, . . . , 

rv, (r1 representing the least preferred criteria, r2 containing the second least preferred criteria, and so 

on, until rv, containing the most preferred criteria). The analyst should now call the attention of the 

decision-maker to the fact that two consecutive positions in the criteria ranking may be more or less 

close in terms of importance. This greater or smaller closeness is modelled through the insertion of 

blank cards in the intervals of the consecutive positions, in the criteria ranking. Let eh denote the 

number of blank cards between the criteria rh and rh+1, h = 1, . . . , v − 1.  

5. The analyst should then obtain from the decision-maker information regarding the ratio z. z 

represents the ratio between the value of the most appreciated and the value of the least appreciated 

criteria (i.e., how many times the most appreciated criteria is more important than the least 

appreciated one).  

6. Assign a value to criterion r1, say w(r1) = l. Typically, w(r1) = 1. 

7. Compute the value of each unit, α, which is obtained by dividing the difference between the values 

of the most preferred criterion (w(rv) = 𝑙.z) and the least preferred objects (w(r1) = 𝑙 ) as follows: 

𝛼 =
𝑙(𝑧 −  1)

𝑠
#7  

where  

𝑠 = ∑(𝑒ℎ + 1)

𝑣−1

ℎ=1

#8  

which represents the number of units between r1 and rv. 

8. Compute the values of w(rh) for h = 2,…,v, as follows: 

𝑤(𝑟ℎ) = 𝑙 +  𝛼 (∑(𝑒ℎ + 1)

ℎ−1

𝑗=1

) , for ℎ = 2, … , 𝑣. #9  
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This results in the scale coefficients correspondent of each criterion. 

9. Finally, to compute the normalized scale coefficients of each criterion, the following formula applies: 

𝑢𝑘 =
𝑤(𝑟ℎ)

∑ w(𝑟𝑗)𝑣
𝑗=1

#10  

3.4.5 GLOBAL PERFORMANCES 

The theory of MCDA clearly states that the simple weighted averaging calculation of the Additive 

Model mentioned in 3.4.1 is justified only if one particular condition is met: all the criteria must be 

mutually preference independent. This is a straightforward notion, simpler and less restrictive than 

statistical independence or real-world independence. It implies that the preference scores assigned to 

all options on one criterion are unaffected by the preference scores on the other criteria. 

With this condition met, this step is achieved straightforwardly by computing the values through the 

Additive Model equation stated in 3.4.1 to derive the overall final value of each option. 

3.4.6 RESULTS EXAMINATION 

With all of the previously mentioned steps performed, a ranked ordering of options is determined by 

the weighted average of all the preference scores. These global scores serve as an indicator of how 

much better one option is over another. Thus, if the total scores for alternatives A, B and C are 0.2, 0.6 

and 0.8, the difference in overall strength of preference between A and B is twice as large as that 

between B and C. 

A MCDA can yield surprising results that need to be assimilated before decisions are taken. It may be 

necessary to establish a temporary decision system to deal with unexpected results and to consider 

the ramifications of new perspectives revealed by the MCDA. When MCDA results are unexpected, it 

is tempting to ignore this post-MCDA stage, to discard the analysis, and find some other basis for 

supporting decisions. But it is important to note that if discrepancies between MCDA results and 

people’s intuitions have not been explored, the MCDA model was not requisite. Probing the 

discrepancies does not mean the sense of unease will go away; on the contrary, it may very well be 

heightened if the MCDA is found to be sound, but the message it is conveying is unpleasant or 

unwelcome. A period of working through the results guarantees that subsequent decisions are taken 

with a full awareness of the possible consequences. 

3.4.7 SENSITIVITY ANALYSIS 

A sensitivity analysis provides a means for examining the extent to which vagueness about the inputs 

or disagreements between people makes any difference to the final global results. Especially for 

appraisal of schemes or projects that attract public interest, the choice of scale coefficients may be 

contentious. Experience shows that MCDA can help decision makers to reach more adequate 

solutions in these situations. Firstly, interest groups are consulted to ensure that the MCDA model 

includes criteria that concern all of the stakeholders and key players. Secondly, interest groups often 

differ in their views of the relative importance of the criteria, and of some performances, though scale 

coefficients are generally the subject of more disagreement than performances. Using the model to 

examine how the ranking of options might change under different performance measurements or scale 
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coefficients can show that two or three options always come out best, though their order may 

fluctuate. If the variations between these best options under different scale coefficients are small, then 

accepting a second-best option may be associated with little loss of overall benefit. The reason why 

this is usually not apparent in the ordinary thrust of debate between interest groups is that they focus 

on their differences, and ignore the many criteria on which they agree. Finally, sensitivity analyses can 

begin to expose ways in which options might be improved.  

3.5 CHAPTER CONCLUSIONS 
In this chapter, a literature revision is performed concerning Smart Cities, the Internet of Things, Urban 

Mobility, and Multiple Criteria Decision Making with a focus on their applications and relationships 

regarding the problem under study. These four concepts are of utmost importance and must be 

intimately connected in order to achieve sustainable, smart, efficient and effective urban mobility 

practices. 

Smart Cities are a new and rapidly growing domain focused on unleashing the vast potential of green, 

connected and intelligent cities. Smart Cities are enhanced through the Internet of Things, which the 

enables linking of infrastructure, objects, people and information by blending technology with them.  

With smart urban mobility in mind, the three phases for successful IoT implementation and 

consolidation (collection, transmission and process, management and utilization) mentioned by Borgia 

(2014) are of extreme importance in the subsequent implementation of the developed model, 

coordinated by Living PlanIT’s UOS. 

It is also recognized the key importance of urging city dwellers to embrace four alternative mobility 

means of transport (ridesharing, bicycle commuting, car sharing and on-demand ride services) as 

Viechnicki et al. (2015) state. These are featured in the model developed, since urban mobility 

benefits greatly from them.  

The MCDA sub-section provides the key steps to execute the model development. Multiple criteria 

models have been used in several types of problems and are expected to perform robustly within the 

urban mobility framework. The selection of a sustainable urban route is indeed a complex problem 

with a convoluted set of alternatives. These alternatives experience tremendous trade-offs on the 

defined criteria, which further advocates the use of this practice. 

In order to develop the proposed model, it is vital to establish relevant performance indicators 

(criteria), capable of measuring and tracking its effectiveness, concerning the identified urban mobility 

dimensions. With this in mind, the indicators established by Van Audenhove et al., (2014) are 

extremely comprehensive and are used in the development of the model. Some elements, from 

Garau’s et al. (2014) synthetic indicator, are also incorporated. 

In a concluding note, a gap in the literature has been identified regarding how to exploit benefits from 

integrating urban mobility with other city sectors. No publication develops a quantitative methodology 

nor an approach able to stimulate benefits from the global coordination of the different city’s sectors 

and services data. 
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CHAPTER 4 – DATA RETRIEVAL AND ASSUMPTIONS’ 

DEFINITION  
 

The goal of this chapter is to lay the foundations that will enable the achievement of the final goal: 

design a model capable of providing the most sustainable route, for a given urban journey, considering 

the user’s respective preferences. Specifically, the present chapter consists mostly of the application 

of the phases described in sub-section 3.4. Sub-section 4.1 features an introduction on the framework 

established to develop the model. Sub-section 4.2 characterizes several options that the model will 

consider. Consequently, the model’s respective criteria are established in sub-section 4.3. Sub-section 

4.4 focuses on the development of utility value scales, for the previously defined criteria. The 

assessment of scale coefficients is developed in sub-section 4.5. Finally, sub-section 4.7 portrays the 

respective chapter conclusions. 

4.1 INTRODUCTION  

With the complex framework regarding urban mobility established in the previous chapters, it is now 

possible to begin developing the concrete methodology that is responsible for tackling the issues 

mentioned in sub section 2.2.2. In order to do so, a multiple criteria model is developed with the aim of 

optimizing an urban route, by taking into account the city dweller’s preference on several factors. 

Urban trips are performed on various means of transport, with each having its own differentiating 

characteristics. Since cities’ transport networks are marked by convoluted and heterogeneous 

configurations it is expected that the model output is an intermodal route, for the most cases.   

The construction of the model is aided by an expert, henceforth named analyst, as in typical multiple 

criteria processes. Also considering that the model’s objective is to define an individual’s optimal 

sustainable route, there is information input by the user itself throughout the process. This 

personalized input guarantees that the output route is properly tailored to the user itself. The dialog 

between both analyst and user is crucial in the creation of the model. 

4.2 SCREENING OPTIONS DEFINITION 

As seen in section 3.4, the first logical step, after establishing the decision context, is to characterize 

the available options. Since the problem consists in optimizing a sustainable urban trip, it is necessary 

to consider every single means of transportation that city dwellers use. To achieve this, the urban 

mobility components from Table 3 were reviewed, and the following relevant ones are identified:  

 Private Car; 

 Motorbike; 

 Walk; 

 Bicycle; 

 Train; 

 Metro; 

 Tram; 
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 Bus; 

 Ferry; 

 On-demand Ride Services; 

With the complexity inherent of urban mobility ecosystems, it is fully expected that the options, or 

alternatives, present in the model won’t consist of only a single means of transport. As studied in 

previous chapters, multimodal urban trips can provide near optimal solutions to city dwellers’ mobility 

needs. These heterogeneous alternatives take into account the individual characteristics and traits of 

all of the means of transport that constitute said alternative. A brief description of each means of 

transport considered is now presented. 

Private Car 

A car is a wheeled, self-powered motor vehicle used for transportation. Most definitions of the term 

specify that cars are designed to run primarily on roads, typically have four wheels with tyres, and that 

they are constructed principally for the transport of people rather than goods. For the model being 

developed, the private car means of transport includes all use of a personally-owned car or light truck, 

for commuting and other urban journeys.  

Motorbike 

A motorbike is a means of transport having typically two wheels and a combustion engine. A 

motorcycle is normally driven by one person. A passenger can also ride on the back of the motorcycle. 

Some motorcycles have a sidecar that can carry another passenger. 

Walk 

The Walk means of transport relies on nothing but the human body. It consists on moving over a 

surface by taking steps. 

Bicycle 

The Bicycle means of transport is designed for frequent, short and moderately paced rides through 

relatively flat urban areas. It is a form of utility bicycle commonly seen around the world, built to 

facilitate everyday riding in normal clothes and in a variety of weather conditions. 

Train 

A train is a form of rail transport consisting of a series of vehicles that run along a rail track to transport 

passengers, with scheduled service within an urban area. Motive power is provided by a 

separate locomotive or individual motors in self-propelled multiple units. Most common modern forms 

are diesel and electric locomotives, the latter supplied by overhead wires or additional rails. Typically, 

the system is designed to accommodate very high passenger volumes 

Metro 

The Metro uses self-propelled electric-powered passenger cars operating on an exclusive rail right-of-

way, typically below ground, to provide scheduled service within an urban area. The system is 

designed to accommodate very high passenger volumes, and trains are operated in multi-car sets. 

The electricity to power the vehicles is drawn either from overhead wires or from a power rail.  

Tram 
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A means of transport that consists of an electric-powered rail vehicle, which runs on tracks along 

public urban streets, for fixed route scheduled service within an urban area, and usually operated in 

mixed traffic on city streets. Electricity to power the vehicles is drawn from overhead wires installed 

along the route.  

Bus 

A means of transport that includes the use of primarily diesel-powered, rubber-tired vehicles for fixed 

route scheduled service within an urban area, and usually operated in mixed traffic on city streets. The 

buses used for this mode are typically between 6 and 15 meters in length. 

Ferry 

A Ferry boat is a means of transport that that uses marine vessels to carry passengers and/or vehicles 

over a body of water. Intercity ferryboat service is excluded, except for that portion of such service that 

is operated by or under contract with a public transit agency for predominantly commuter services.  

On-demand Ride Services 

Shared-use transit services operating in response to calls from passengers to a transit operator, who 

schedules a vehicle to pick up the passengers to transport them to their destinations. This analysis 

includes traditional demand response services such as taxis and online platforms developed by 

transportation network companies (such as Uber, Lyft, and Cabify) that allow passengers to source 

rides from a pool of drivers that use their personal vehicles. 

These means of transport are the most mainstream in typical cities (Bradley et al., 2007) and the 

whole multiple criteria model revolves around them. The following sub-sections serve to further 

analyse their respective characteristics and to identify which assumptions were made when 

considering them. 

4.3 CRITERIA TREE  

In order to perform the proposed multiple criteria analysis, it is of utmost importance to build a criteria 

tree that accurately represents the problem (Belton and Stewart, 2010). A criteria tree is like an 

objectives’ hierarchy, it shows how higher order objectives are linked to sub-objectives and eventually 

to performance measures or criteria. For the problem under study, the urban mobility dimensions 

previously defined in Table 1 serves as the foundation to build the criteria tree. These have been 

grouped into three main components: 1) Social impacts; 2) Environmental impacts; and 3) Financial 

impacts. The resulting work is seen in Figure 3. 

Figure 3 - Criteria tree concerning an Urban Sustainable Route 
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https://en.wikipedia.org/wiki/Rail_tracks
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4.4 CRITERIA DESCRIPTION, PERFORMANCE MEASURES AND 

UTILITY VALUE SCALES 

In this sub-section the three key components that enable a sustainable urban route are characterized. 

Furthermore, each criterion is equally characterized alongside its respective construction process of 

utility value scales. 

4.4.1 SOCIAL IMPACTS 

The Social Impacts group encompasses the urban mobility dimensions that have both an effect on the 

social fabric of the community and well-being of the individual. This means being able to understand 

and measure the effects on various people that arise due to the type of route elected. Five distinct 

criteria are analysed under the social impacts scope: 1) Traffic Congestion; 2) Parking Issues; 3) 

Travel Times; 4) Comfort; and 5) Safety and Security. 

4.4.1.1 Traffic Congestion 

As seen before, traffic congestion is a complex urban issue which results from an imbalance between 

the supply of transportation capacity and the travel demand experienced. In order to measure it, many 

approaches are employed, which are summarised in Table 40, depicted in Annex N . 

With such a broad array of traffic congestion indicators available, it is of core importance to utilize one 

that fits the problem under study. This means finding an indicator capable of accurately portraying the 

traffic congestion measurements in a fair, multimodal fashion concerning all of the modes of 

transportation defined in sub-section 4.2.  

The FLOW multimodal analysis methodology of Urban Road Transport Network Performance 

(Rudolph and Szabo, 2016) provides an interesting approach to analyse traffic congestion. The 

methodology is developed with the intent of being applied in Budapest, Dublin, Gdynia, Lisbon and 

Munich. It’s based on defining Key Performance Indicators that describe the multimodal performance 

of an urban road transport network. The principal aim of the KPIs is to operationalise the project’s 

multimodal characterization of transport network performance and congestion in terms of two features: 

1) Demand-supply relationships; and 2) Travel-time related aspects. The FLOW methodology focuses 

on indicators that describe the state of traffic flow which enables the analysis of transport network 

performance for all modes by using objective measures. The selection, calculation and refinement of 

KPIs is based on a literature review and expert input. The selected KPIs are the most applicable in a 

multimodal context and for the assessment levels used in FLOW. The FLOW project selects three of 

the key performance indicators in Table 40, which are the following: 1) Delay; 2) Density; 3) Multi-

modal LOS. Out of these three KPIs, Delay is chosen one to measure traffic congestion in the multiple 

criteria analysis model being developed, due to its multimodal features and practicality in terms of 

model implementation. 

Delay is defined as the mean time loss per traffic participant along a route. It is calculated as a 

percentage that represents the difference between the actual travel time and the minimum travel time 

(free-flow conditions). Regarding car drivers, the established benchmark in traffic engineering practice 
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is to accept this definition of minimum travel time being free-flow conditions (Rudolph and Szabo, 

2016). For cyclists, the minimum travel time is defined as the average cycling speed (cycling speeds 

vary notably but an average cycling speed of 15 kilometres per hour is commonly assumed) multiplied 

by the distance over the network from starting point to destination (Rudolph and Szabo, 2016). 

Roadways without cycling facilities in the network are included, to better represent the real world. For 

pedestrians, minimum travel time is defined as the time it would take to walk in a straight line between 

two defined points at an average walking speed (walking speeds can vary greatly depending on users, 

geography and culture, but average speeds of between 1.2 and 1.4 metres per second are commonly 

used in Europe) (Gillis et al., 2015). This definition embraces the nature of pedestrian movement and 

is applied to the dispersed movements encountered at major junctions and in public spaces as well 

movement along defined links. The difference between the established minimum travel time and 

actual travel time (delay) can have different magnitudes for different modes. In the urban context, 

additional travel time is often caused by traffic delays from control devices (e.g., traffic signals). 

It is important to stress that the FLOW methodology uses the unit “person” for all means of transport 

for the KPI Delay, following the principle “moving people, not vehicles”. This provides a common 

numerical basis for comparing the efficiency of different transport modes. 

Through some calculations based on FLOW data, it is possible to establish the percentages of extra 

time spent due to traffic congestion, for the relevant means of transport. For the means of transport 

train, metro and ferry the value is defined as 0% due to obvious reasons: they all have their own 

medium of transport (rail and the sea) and do not interfere with the urban traffic congestion. The 

outcome is presented in Table 7. 

Table 7 - Percentage of extra time spent due to traffic congestion (adapted of Matrái et al., 2016) 

Means of Transport % of extra time spent on average 

Private Car 52.86% 

Motorbike 32.99% 

Walk 16.50% 

Bicycle 13.11% 

Train 0% 

Metro 0% 

Tram 51.7% 

Bus 51.7% 

Ferry 0% 

On-demand Ride Services 52.86% 

The values present in Table 7 are the basis of the Traffic Congestion criterion interval scale. According 

to the user, the extra time spent in the trip varies linearly with the importance assigned by himself to 

this criterion. Thus, it’s a fairly straightforward process to build the normalized interval scale for the 

Traffic Congestion criterion: the [0%; 53%] is inversely and linearly transformed into a [0; 1] utility 

value interval, as seen in Annex O. 

4.4.1.2 Parking Issues 

When analysing urban accessibility at a local scale, the pressure due to parking issues is determinant 

in deciding whether using a private means of transportation is a viable option for performing urban 

trips, or not (Vasconcelos and Faria, 2017). Since there are no indicators present in the literature 

capable of providing an accurate multimodal indicator related to parking difficulties, the deck of cards 
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method iteration, by Bottero et al. (2017), described in sub-section 3.4.3.1 is used to build the interval 

scale for the criterion Parking Issues. 

Firstly, the analyst and the user grouped together means of transport that perform equally in terms of 

parking issues. This resulted in the construction of three different classes (the higher the class, the 

better it performs). Secondly, the user was given a set of blank cards in order to rank the differences 

present between the pre-established classes. The outcome is depicted in Table 8. 

Table 8 - Analyst's preferences of the Parking Issues criterion 

Class 1 Blank 
cards 

Class 2 Blank 
cards 

Class 3 

Private 
Car 

10 Motorbike; 
Bicycle 

1 Walk; Train; Metro; Tram; Bus; Ferry; On-
demand Ride Services 

With this evaluation performed, the final step is to follow the computations described in the cards 

method to achieve the values correspondent of each means of transport, relative to the Parking Issues 

criterion. The lowest performing class is ranked as 0, while the highest performing class is ranked as 

1. The results are presented in Table 9.  

Table 9 - Parking Issues Utility Value Scale 

Means of Transport Utility Value 

Walk; Train; Metro; Tram; Bus; Ferry; On-demand Ride Services 1 

Motorbike; bicycle 0.847 

Private Car 0 

4.4.1.3 Travel Times 

Travel times are a decisive factor when it comes to a city dweller choosing its means of transportation 

(López-Sáez et al., 2016).  

In order to model them, it is first necessary to define each means of of transport’s average speed. 

Salonen and Toivonen (2013) perform an extensive literature research on the average speeds of four 

relevant public transport modes: 1) Bus; 2) Tram; 3) Metro; and 4) Train. The FLOW methodology 

previously mentioned in sub-section 4.4.1.1 defines the average speed of both bicycle riders and 

pedestrians. The ferry average speed is provided by Transtejo (The Lisbon ferries’ operator). 

Concerning the private car, most examples in the literature define a 30 km/h average speed for inner 

city travels. This speed is associated to both motorcycle and on-demand ride services as well. All of 

the mentioned average speeds are summarised in Table 10.  

Table 10 - Average Speed of each Means of Transport (compiled from multiple sources) 

Means of Transport Average speed [km/h] 

Private Car 30 

Motorbike 30 

Walk 4.32 

Bicycle 15 

Train 37.5 

Metro 54.1 

Tram 13.3 

Bus 26.3 

Ferry 25 

On-demand Ride Services 30 

To build the utility value scale for the Travel Times criterion, it is necessary to first define both a 

minimum and a maximum duration for the journeys. The minimum is naturally 0 minutes while the 
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maximum is set at 120 minutes by the analyst. With these boundaries defined a utility value of 1 is 

attributed to a route that lasts 0 minutes, and a UV of 0 to a route that takes 120 minutes to complete. 

Since, for the user, time variations aren’t linear with the respective importance experienced, it is 

necessary to use the deck of cards method iteration developed by Bottero et al. (2017). Furthermore, 

by having such an extensive time interval, [0;120] minutes, it is necessary to divide this interval in 

order to better reflect the non-linearity experienced by the user in terms of variation of importance. To 

do this, he is asked what duration a journey with a utility value of 0.5 must have. The answer is 30 

minutes, which implies the construction of two interval scales, one for the [0;30] minutes and other for 

the [30;120] minutes. 

For the first interval, [0;30] minutes, it is decided to sub-divide it in intervals of 3 minutes each, on 

which the user applies the already mentioned cards method. The distribution of blank cards in-

between each interval is depicted in Table 11 (where M = Minute and BC = Number of Blank Cards). 

Table 11 - User's preferences on the Travel Times criterion for the [0;30] minutes interval 

M BC M BC M BC M BC M BC M BC M BC M BC M BC M BC M 

0 10 3 9 6 8 9 7 12 6 15 5 18 4 21 3 24 2 27 1 30 

For the interval between [30;120] minutes it is decided to sub-divide it in segments of 10 minutes 

each. This division is supported by the user’s indifference towards disparity of a few minutes in a 

journey over half an hour. The user is then asked by the analyst to perform the distribution of blank 

cards in order to rank the differences on the importance given between each interval. The results 

follow in Table 12. 

Table 12 - User's preferences on the Travel Times criterion for the [30;120] minutes interval 

M BC M BC M BC M BC M BC M BC M BC M BC M BC M 

30 9 40 8 50 7 60 6 70 5 80 4 90 3 100 2 110 1 120 

With this data established it is now possible to build the complete interval scale for the Travel Times 

criterion. The computations mentioned in sub-section 3.4.3.1 are performed separately for both 

intervals which results in the complete Travel Times criterion utility value scale, as seen in Table 13. 

Table 13 - Travel Times criterion Interval Scale 

M 0 3 6 9 12 15 18 21 24 27 

UV 1.000 0.915 0.838 0.769 0.708 0.654 0.608 0.569 0.538 0.515 

 

M 30 40 50 60 70 80 90 100 110 120 

UV 0.500 0.407 0.324 0.250 0.185 0.130 0.083 0.046 0.019 0.000 

As described in the deck of cards method, when dealing with a continuous criterion (like Travel Times 

is), a linear interpolation is performed in-between the two closest defined intervals, in order to compute 

the actual utility value of the journey under analysis. 

4.4.1.4 Comfort 

Comfort is defined as the physical and mental comfort a user experiences in a means of transport.  

Gaterslebn and Uzzel (2015) perform an affective appraisal of the daily commute and conclude that 

each travel mode elicits a different affective response. The authors rate the comfort of each means of 
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transport on two different affective dimensions: 1) Pleasure; and 2) Arousal. For instance, the authors 

conclude that driving is relatively unpleasant and arousing, public transport is unpleasant and not 

arousing, cycling is pleasant and arousing, and walking is pleasant and not arousing. 

Gillis et al (2015) perform an extensive literature review on the studies that have measured Comfort 

and Pleasure, as they name it, for different modes of transportation. Although each study focus on 

different aspects of Comfort, one thing stands out in common: the measurement of reported 

satisfaction through the utilization of survey based methods. This reflects the intrinsic personal trait of 

the Comfort criterion, which makes the cards method an excellent method to apply in this criterion, 

since it enables the user to define his own personal preferences. 

Since the model being built is based on individual preferences, the deck of cards method is applied in 

the same manner as was for the Parking Issues criterion in sub section 4.4.1.2. Before initiating the 

ranking process some assumptions are defined, as follow: 

 The maximum distance for walking is 2.5 km. This boundary is defined to prevent the 

possibility of having extremely lengthy walking segments in the route, which aren’t as 

comfortable as a short walk is. 

 The maximum distance for cycling is 6 km. This follows the same principle described above. 

 The weather conditions are favourable for outdoor activities. This assumption influences 

walking, cycling and motorbikes which are less comfortable under bad weather conditions. 

With these assumptions in mind, the user is asked to rank all of the means of transportation in terms 

of Comfort. Consequently, he is asked to introduce blank cards to rank the preference differences 

between each means of transport. The results are shown in Table 14 (where MOT = Means of 

Transport and BC = Number of Blank Cards). 

Table 14 - User's preferences on the Comfort criterion 
  

MOT On-demand Ride Services 

BC 4 

MOT Private Car 

BC 2 

MOT Walk 

BC 2 

MOT Motorbike 

BC 1 

MOT Bicycle 

BC 3 

MOT Ferry 

BC 2 

MOT Train 

BC 1 

MOT Metro 

BC 2 

MOT Bus 

BC 1 

MOT Tram 
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After the user’s evaluation, the On-demand Ride services are ranked with a utility value of 1 while the 

Tram is linked with a utility value of 0. With all of this data available, the final utility value scale is 

computed by following the deck of cards method guidelines, and is presented in Table 15 (where MOT 

= Means of transport and UV = Utility Value). 

Table 15 - Comfort criterion Interval Scale 

MOT 
On-demand Ride 

Services 
Private 

Car 
Walk 

 
Motorbike 

 
Bicycle 

 
Ferry 

 
Train 

 
Metro 

 
Bus 

 
Tram 

 

UV 
1.000 

 
0.815 

 
0.704 

 
0.593 

 
0.519 

 
0.370 

 
0.259 

 
0.185 

 
0.074 

 
0.000 

 

4.4.1.5 Safety and Security 

This criterion reflects two distinct vectors when it comes to eliciting a means of transport, both safety 

and security. They are grouped in one criterion since they are intimately connected and one can 

deeply influence the other.  

Firstly, Safety is represented by the damage caused by accidents in any means of transport in the city. 

The most obvious measurement for traffic safety is the absolute number of traffic fatalities (WHO, 

2013 and European Commission, 2014), or traffic injuries (European Commission, 2014). In order to 

be comparable between means of transport, the number needs to be scaled, e.g., per 100.000 

passengers, and to be a function of the Km of each means of transport. James (2013) compiles a list 

of the average number of deaths per 1 billion passengers-miles, for each means of transport. These 

figures are presented in Table 16. 

Table 16 - Average number deaths per 1 billion passenger miles in each means of transport (adapted of James, 
2013) 

MOT Motorbike Walk Bicycle Ferry 
Private 

Car 

Bus; 

Tram 

Train; 

Metro 

Deaths per 1 billion 

passenger-miles 
125 41 35 20 4 0.5 0.2 

 

Secondly, Security covers the risk for crime in mobility. For this vector, Rahman et al. (2005) state that 

security suffers from offences against property, offences against passengers and offences against 

operatives. The authors summarize a large number of security parameters to then emphasize on 

measures that describe the actual number of incidents affecting the security, such as the annual 

number of incidents per 1000 inhabitants or per 1000 km of roads. A second type of measures 

focuses on the initiatives taken to improve security in transport. In a broad way, this can be measured 

by the total annual investment in security, expressed in per passenger (public transport), or per 

kilometre (for roads or public transport). Other indicators quantify the availability of specific security 

measures, such as the presence of police (measured by the daily opening hours of the police station), 

of guards (number of guards per passenger, number of controls by guards per day). A third type 

registers the reported satisfaction by inhabitants by means of a survey, e.g., about the perception of 

security at night or when travelling alone. Unfortunately, none of these indicators are used in the 
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model under construction since they don´t reflect the variations between different means of transport 

in a comprehensive way.  

In order to build the utility value scale for the Safety and Security criterion, the analyst builds 

categories that take into account his expert perspective on Security while pondering the quantitative 

data of Table 16, for the Safety part. Upon reflection, the analyst concluded that four distinct 

categories are required to evaluate this criterion, as follow: 1) Unsafe; 2) Fairly Safe; 3) Safe; 4) Very 

Safe. Together with the user, both proceeded into labelling each means of transport present in the 

model with a corresponding previously defined category. With the completion of this process, the user 

was prompted to insert blank cards in-between categories, following the already familiar deck of cards 

method procedure. This whole process is summarized in Table 17. 

 

Table 17 - Analyst's ranking of each means of transport and respective user's preferences 

Unsafe BC Fairly Safe BC Safe BC  Very Safe 

Motorbike 10 Bicycle; 
Walk 

3 Ferry; 
Private Car; 
On-demand 
Ride 
Services; 

1 Bus; Train; 
Metro; 
Tram 

With this data available it is possible to compute the utility values respective of each category for the 

Safety and Security Criterion, as seen in Table 18 

Table 18 - Utility Values for the Safety and Security criterion 

Class Unsafe Fairly Safe Safe Very Safe 

UV 0.000 0.647 0.882 1.000 

4.4.2 ENVIRONMENTAL IMPACTS 

The Environmental Impacts group encompasses the urban mobility dimensions that affect the 

environment, and consequently the quality of life of city dwellers, in the long-term. There are two 

dimensions present in this group: 1) Energy Consumption; and 2) Emissions. 

4.4.2.1 Energy Consumption 

With growing rates of energy consumption in the transport sector, it is fundamental to include it as 

criteria in the model being built. To achieve this, the environmental calculator of the French 

environment and energy agency (ADEME), published in 2007, is utilized to gather data. This computer 

tool, developed by the ADEME, shows the importance of public transportation from an environmental 

point of view. Furthermore, it stresses how intermodal passenger transport is a key factor 

to sustainable transport, by allowing people to use less polluting means of transportation. 

This calculator enables a comparison between the different means of transportation in two distinct 

aspects: 1) CO2 emissions, in terms of carbon dioxide equivalent and; 2) The consumption of primary 

energy, in terms of Kilogram(s) of oil equivalent (koe). This second parameter is the one used for this 

criterion. The calculator outputs the energy consumption in kilogram(s) of oil equivalent (koe), which is 

https://en.wikipedia.org/wiki/Intermodal_passenger_transport
https://en.wikipedia.org/wiki/Sustainable_transport
https://en.wikipedia.org/wiki/Carbon_dioxide_equivalent
https://en.wikipedia.org/wiki/Primary_energy
https://en.wikipedia.org/wiki/Primary_energy
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a normalised unit of energy. By convention, it is equivalent to the approximate amount of energy that 

is extracted from one kilogram of crude oil. It is a standardised unit, with a net calorific value of 41 

868 kilojoules/kg and may be used to compare the energy from different sources. Other energy 

carriers can be converted into kilograms of oil equivalent. 

In order to determine each means of transport energy consumption, a fictitious trip is inputted in the 

calculator with the distance of 10 km. The calculator outputs the respective energy consumption for 

this trip in koe, as seen in Annex P. With this data, two assumptions are performed: 1) The calculator 

separately provides the energy consumption for motorbikes with higher cylinders’ volume of 125 cm
3
 

and lower cylinders’ volume of 125 cm
3
. These two values are averaged to compute the motorbike 

energy consumption in koe per km; and 2) Walk and Bicycle feature an energy consumption of zero 

koe in the model. Although both means of transport utilise human energy to power movement, the 

model only considers external fuel energy.  

Since the ADEME calculator only focuses on land means of transport, it lacks information regarding 

the Ferry mean of transport. To overcome this shortcoming, two distinct papers are analysed 

concerning the energy consumption of passenger ferry boats: 1) Cottrell (2011) compares the energy 

consumption between several U.S. ferry boats; and 2) Bradley et al. (2007) perform an extensive 

comparison on the energy consumption of different means of transport, with ferry boats included. Both 

papers provide averages for the typical energy consumption of a ferry boat expressed in BTU per 

passenger-mile. These two values averaged result in an energy consumption of 10987 BTU per 

passenger-mile, which equates to 0,173 koe per passenger-km. 

With all of this data gathered, an aggregation of the respective energy consumptions of each mean of 

transport is performed, as seen in Table 19. 

Table 19 - Energy consumption in kilograms of oil equivalent of each means of transport 

MOT 
Private 

Car 
Motorbike Walk Bicycle Train Metro Tram Bus Ferry 

On- 
demand 

Ride 
Services 

Energy Consumption 
[Koe/(passenger-km)] 

0.081 0.043 0 0 0.021 0.007 0.006 0.041 0.173 0.081 

Presented with these figures, the user feels that the energy consumption should vary linearly 

accordingly to the utility value experienced by himself. The construction of the Energy Consumption 

utility value scale then becomes a simple case of linear transformation. For this transformation, the 

maximum performance of the criterion is equal to the energy consumption value of the alternative 

route that consumes the most energy, for a given scenario. Likewise, the minimum performance is 

equal to the energy consumption of the alternative route that consumes the least energy, for the same 

scenario. This maximum and minimum values correspond to the utility values of 0 and 1, respectively. 

This transformation is schematized in Annex Q. 
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4.5.2.2 Emissions 

The transport sector is held responsible for a large share of the noxious emissions present in the 

world. These have steadily increased throughout the years, and the expansion of urban passenger 

movement has contributed to it. In order to accurately measure these emissions, the distinct means of 

transport and their respective type of emissions have to be considered. 

The Camden City Council partnered with the organization Travelfootprint in 2009 to develop an 

analysis of the emissions of several means of transport. This study outputs an environmental rating for 

each means of transport, that takes into account the following noxious emissions: 1) Carbon Dioxide 

(CO2); 2) Nitrogen Oxide (NOx); and 3) Particulate Matter: These include dust, soot, and liquid droplets 

(except pure water droplets) and consist of fine particles that can remain suspended in the air. The 

physical properties of such particles determine the extent of their effect on human health. The study 

measures these three types of emissions, for each means of transport, in two distinct vectors: 1) the 

emissions per passenger-km; and 2) the respective lifecycle of the actual means of transport 

emissions, per passenger-km. Since the study features several means of transport, in different 

occupancy rates and fuel type consumptions, the necessary assumptions established to incorporate 

the data on the model are the following. 

The Private car environmental rating reflects an average petrol (assumed to be ultra-low sulphur 

petrol) city car, with only the driver inside. For the Motorbike, the rating takes into account a motorbike 

with only the driver and an average is performed with the values of 2-stroke (<50 cm
3
 and 50-125 cm

3
) 

and 4-stroke (<250 cm
3
, 250-7050 cm

3
 and >750 cm

3
). The Walk and Bicycle environmental rating are 

based on a user with an average diet including imported food. The rating isn’t null as a result of 

emissions’ impacts due to agricultural activities (including fertiliser input); food processing and 

international (air and surface) transport. The Train rating is based on an electric urban train with 75% 

occupancy. For the Metro rating, a 70% occupancy is defined while considering emissions based on 

six-car 1995 Stock rolling-stock, as currently used on London Underground's Northern Line. The Bus 

rating is based on emissions from buses registered from Oct 2006 onwards who conform to the latest 

Euro IV emissions standards. An occupancy rate of 75% is considered. For the On-demand Ride 

Services, the same rating for the private car is defined. 

Since the Camden Study has no environmental rating for Trams and Ferries, an estimation is 

performed. For the Ferry, this is achieved by comparing the CO2 equivalent values of Ferries with a 

value of reference (in this case, the private car) present in the multimodal study on CO2 emissions and 

energy use of different means of transport (Bradley et al., 2007). According to the authors, a Ferry 

emits on average 817 CO2 g per passenger-mile which equates to 507 CO2 g per passenger-km. 

Regarding a Private Car with just the driver, the authors conclude that it emits 376 g per passenger-

mile which in turn equates to 233 CO2 g per passenger-km. With these figures established, and 

knowing that the Private Car is linked to an environmental rating of 41.29, we can compute the Ferry 

environmental rating which results in a value of 89.95. The same process of estimation is performed 

for the Tram based on the ADEME data: Since the Tram and Metro both emit the same quantity of 

CO2, emissions based on the ADEME calculator, the environmental rating is attributed as being equal. 
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This value is reinforced by analysing the data from the UK’s Department for Environment, Food and 

Rural Affairs (2007) where they also conclude that both of these means of transport emit similar 

quantities of CO2, per passenger-km. 

With all of this data retrieved, the emissions’ rating of each means of transport is summarized, as seen 

in Table 20. 

Table 20 - Emission's rating for each means of transport 

MOT Emission rating 

Private Car 41.29 

Motorbike 24.86 

Walk 1.08 

Bicycle 4.39 

Train 5.53 

Metro 7.06 

Tram 7.06 

Bus 13.49 

Ferry 89.84 

On-demand Ride Services 41.29 

Faced with this data, both expert and user agree that the Emissions Utility Value scale should be built 

with a linear transformation. This transformation has a maximum performance of 90 in the rating and a 

minimum performance of 0, which equate to a utility value of 0 and 1, respectively. The described 

transformation is presented in Annex R.  

4.4.3 FINANCIAL IMPACTS 

The financial impacts of choosing an urban sustainable route are considerable and therefore should 

not be neglected in the framework. With the present frantic economic situation, city dwellers often 

decide their route and means of transport based on cost variations between each alternative (Gillis et 

al., 2005). For this group, there is only one urban mobility considered, the Cost.    

4.4.2.1 Cost 

For the most part of the population, this criterion is of core importance (Gillis et al., 2005). To establish 

a proper framework capable of measuring its performance on the several means of transport, it is 

firstly necessary to calculate their respective costs. Two distinct cost categories are established: 1) A 

cost based on the distance covered, in €/km. In this category we have present the Private car, 

Motorbike and On-demand Ride Services; and 2) A cost based on the utilization of a service or the 

payment of a fare. For this category we can include: Train, Metro, Tram, Bus, Ferry. The gathering 

process of the costs data of each means of transport is now detailed. These costs are defined for the 

Lisbon region but the model can be adapted for any city, with adequate cost changes. 

To calculate the cost per km for the private car and motorbike the fuel prices must first be defined. 

This is calculated by averaging the prices in vigour as of 22/5/2017 in Galp fuelling stations in Lisbon, 

for both standard petrol (1.509€ per litre) and diesel (1.289€ per litre). This equates to an average 

price of 1.399€ per litre of fuel. Secondly, average fuel consumption for cars and motorbikes need to 

be established. According to the International Council on Clean Transportation data the average 
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consumption of EU cars in the urban landscape was 7.2 litres per 100 km while the average motorbike 

consumption researched was 3.1 litres per 100 km (Tietge et al., 2015). This translates into a cost of 

approximately 0.1007 €/km and 0.0434 €/km for a car and motorbike, respectively. It is important to 

stress that, besides fuel cost, the model won’t take into account other typical costs inherent in owning 

a private vehicle, such as purchasing costs and maintenance costs. 

For On-demand Ride services, an average was made by using the price estimations for a short (1km), 

medium (5km) and long (10km). The exact same three trips were simulated on the cooptaxis price 

simulator and then averaged with the uber price, coming to the final cost of 1.12€/km 

For the train ticket prices, the CP – Comboios de Portugal data, as of 22/5/2017, is used. Since the 

cost varies per zone travelled, an average of the ticket prices is weighted with the number of 

passengers per zone. The resulting value is 1.95€ per trip. 

The same methodology is applied to calculate the cost of the Ferry fare. The price information is 

provided by Transtejo, as of 22/5/2017, who operates five distinct routes in the Lisbon urban area: 1) 

Barreiro – Terreiro do Paço; 2) Cacilhas – Cais do Sodré; 3) Trafaria – Porto – Brandão; 4) Montijo – 

Cais do Sodré; and 5) Seixal – Cais do Sodré. An average is performed with the prices of the five 

possible routes, which amounts to 1.98€ per trip. 

Bus tickets have a standard individual price of 1.85€, according to Carris’ data, as of 22/5/2017. 

Likewise, the Tram has a cost per ticket of 2.90€. For the Metro tickets, the Metropolitano de Lisboa 

company employs a price of 1.45€ per journey, as of 22/5/2017. 

A summary of the previously retrieved data is shown in Table 21. 

Table 21 - Cost per km of each means of transport 

MOT Private Car Motorbike Walk Bicycle Train Metro Tram Bus Ferry On- demand 
ride services 

Cost [€/km] 0.10€/km 0.04€/km        1.12€/km 

Cost [€]     1.95€ 1.45€ 2.90€ 1.85€ 1.98€  

With the corresponding costs per km of each means of transport defined, the next step to build the 

utility value scale of the Cost criterion is to define its minimum and maximum performance. The 

minimum is, with no doubt, a trip with a corresponding cost of 0€ (for instance, exclusively walking or 

riding a bicycle). To define the maximum, it becomes necessary to first define the peak distance for a 

given urban journey. Both the analyst and the user agreed that the threshold of 20km is a reasonable 

ceiling for this parameter. With this data, the upper limit of the cost criterion is the maximum possible 

distance multiplied by the costliest means of transport, the On-demand ride services. Consequently, 

the most expensive trip has a value of 22.4€ which is rounded to 23€ to facilitate the following 

calculations. These performance boundaries, 0€ and 23€, are therefore linked with the utility values of 

1 and 0, respectively. 

Since, for the user, the cost variations aren’t linear with the respective importance given, it is 

necessary to use the deck of cards method. Furthermore, with such an extensive cost interval, [0;23] 
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€, it is necessary to divide this interval in order to better reflect the non-linearity experienced by the 

user in terms of variation of importance. To do this, the user is asked what cost does a journey with a 

utility value of 0.5 have, considering the previously defined boundaries and their respective utility 

values. The answer is 9€, which implies the construction of two interval scales, one for the [0;9] € and 

other for the [9;23] €. 

For the first interval, [0;9] €, it is decided to sub-divide it in intervals of 1€ each, on which the user then 

applies the previously mentioned deck of cards method. The distribution of blank cards in-between 

each interval is depectied in Table 22 (where C = Cost and BC = Number of Blank Cards). 

Table 22 - User's preferences on the Cost criterion for the [0;9] € interval 

C BC C BC C BC C BC C BC C BC C BC C BC C BC C 

0 9 1 8 2 7 3 6 4 5 5 4 6 3 7 2 8 1 9 

For the interval between [9;23] € the analyst decides to sub-divide it in segments of 2€ each. This 

division is supported by the user’s indifference towards a disparity of 1€ in a journey more expensive 

than 9€. The user is then asked to perform the distribution of blank cards, in order to rank the 

differences on the importance given between each interval. The results follow in Table 23 (where C = 

Cost and BC = Number of Blank Cards). 

Table 23 - User's preferences on the Cost criterion for the [9;24] € interval 

C BC C BC C BC C BC C BC C BC C BC C 

9 7 11 6 13 5 15 4 17 3 19 2 21 1 23 

 

With this data established, the complete interval scale for the Cost criterion is constructed. The 

computations mentioned in sub section 3.4.3.1 are performed separately for both intervals and enable 

the determination of the complete Cost criterion utility value scale, as seen in Table 24. 

Table 24 - Costs criterion Utility Value Scale 

C 0 1 2 3 4 5 6 7 

UV 1.000 0.907 0.824 0.750 0.685 0.630 0.583 0.546 

  
        

8 9 11 13 15 17 19 21 23 

0.519 0.500 0.386 0.286 0.200 0.129 0.071 0.029 0.000 

As described in the deck of cards method, when dealing with a continuous criterion (like Costs is), a 

linear interpolation is performed, between the two closest defined intervals, in order to compute the 

actual utility value of the journey under analysis. 
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4.5 SCALE COEFICIENTS ASSESSMENT 

When city dwellers travel, they always have different desires concerning the means of transport 

available (Honga et al., 2013). For different types of travellers, with varied social economic properties, 

it is important to meet desired expectations, on several criteria, when choosing a route and its 

composition. Therefore, the definition of appropriate scale coefficients is vital to ensure the satisfaction 

of travellers. By choosing means of transportation with a higher utility value for a given route, the 

higher the satisfaction experienced. Therefore, when travelling, city dwellers always strive to elicit a 

means of transportation, or a combination, in a way that the utility value is maximized and 

consequently their personal gratification as well. 

In order to establish how the user values the different means of transport on previously established 

criteria, the definition of scale coefficients is fundamental. This is performed by applying the deck of 

cards method for the assessment of scale coefficients, as described in sub-section 3.4.4. The first step 

described by the method is to define hypothetical alternatives, where one criterion has the highest 

possible value whereas all other criteria are valued at their lowest possible score. This results in eight 

different alternatives, since we have eight distinct criteria. An example of one of those eight 

hypothetical alternatives is depicted below in Figure 4: 

 

Figure 4 - Hypothetical alternative to aid in the definition of Scale Coefficients 

Faced with these eight hypothetical alternatives, where each one only has a single criterion ranked at 

its maximum performance and the others rank at their lowest, the user has to elicit which ones are the 

most preferable, in his own opinion. After a long thought process and several swaps, the user came to 

terms with his choice. The defined alternatives ranking is translated into a criteria ranking, as follows: 

Cost > Travel Times > Safety and Accidents > Traffic Congestion > Parking Issues > Energy 

Consumption > Emissions (where > means “strictly more preferred than”). 

With the completion of this step, the analyst now provides the user with a set of blank cars and alerts 

the user to the fact that two consecutive positions in the criteria ranking may be more or less close in 

terms of importance. The analyst continues by explaining that this greater or smaller closeness is 

modelled through the insertion of blank cards in the intervals of the consecutive positions, in the 

criteria ranking. The user then proceeds to insert the blank cards in-between the criteria positions. The 

final result of this step is depicted in Table 25. 
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Table 25 – User’s preferences regarding the Criteria 

  

MOT Cost 

BC 2 

MOT Travel Times 

BC 4 

MOT Comfort 

BC 1 

MOT Safety and Accidents 

BC 3 

MOT Traffic Congestion 

BC 3 

MOT Parking Issues 

BC 2 

MOT Energy Consumption 

BC 1 

MOT Emissions 

The following step is regarding the ratio z. The analyst requests that user define the ratio z, which 

represents the ratio between the value of the most appreciated and the value of the least appreciated 

criteria (i.e., how many times the most appreciated criteria is more important than the least 

appreciated one). After pondering, the user replies that he feels that z should have a value of 20. This 

means that, for the user, the Cost criterion is twenty times more important than the Emissions 

criterion, in a given urban journey. With all of this data gathered, the computations defined in sub-

section 3.4.4 are performed. In a first stance, the calculation of the scale coefficient is executed. With 

these values, the normalized scale coefficients are computed, which are the values used by the 

model. The results are depicted in Table 26. 

Table 26 - Scale Coefficients of each Criterion 

Criteria Scale Coefficient Normalized Scale Coefficient 

Cost 20.000 0.250 

Travel Times 17.522 0.219 

Comfort 13.391 0.168 

Safety and Accidents 11.739 0.147 

Traffic Congestion 8.435 0.106 

Parking Issues 5.130 0.064 

Energy Consumption 2.652 0.033 

Emissions 1.000 0.013 

With this step completed, the model is up and running to begin testing urban routes. 

4.6 CHAPTER CONCLUSIONS 

In chapter four, the main frame of the model is developed. This is achieved by, in a first instance, 

establishing the options that the model considers. These are: Private Car; Motorbike; Walk; Bicycle; 

Train; Metro; Tram; Bus; Ferry; and On-demand Ride Services. There are other less common means 

of transport that city dwellers employ, such as longboards, tuk-tuks, cable cars, funiculars, which have 

been left out due to low passengers’ volume or lack of data. The second step consisted in establishing 
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the criteria that guides the model, which are: Traffic Congestion; Parking Issues; Travel Times; 

Comfort; Safety and Security; Energy Consumption; Emissions; and Cost. This step was aided by the 

research performed in previous chapters, on relevant urban mobility issues. Sequentially, the 

construction of Utility Value scales, for each means of transport is performed. This is achieved by a 

three step process: 1) Defining how to measure each means of transport performance; 2) Gathering 

data that enables the established performance measure; 3) Transforming the performance values into 

utility value. With ten distinct means of transport, we can group them accordingly on how the final step 

of this process is executed. For the Traffic Congestion, Energy Consumption and Emissions criteria a 

linear transformation is applied to convert the means of transport’s performances into utility value. For 

the Parking Issues, Comfort and Safety and Security criteria the deck of cards method iteration for 

discrete scales is applied, in order to convert performances into utility value. Alternatively, for the 

criteria Travel Times and Cost the deck of cards method iteration for continuous scales is applied, in 

order to convert performances into utility value. The final step present in the chapter, is the 

assessment of the scale coefficients of each criterion. This is executed by applying the deck of cards 

method iteration for scale coefficients. This enables the application of the Additive Model described in 

sub-section 3.3.1 which is the focus of chapter 5.  

It is also important to note that the pondered scale coefficients of the least preferred criteria, Energy 

Consumption and Emissions, bear extremely low values, 0.033 and 0.013, respectively. Together, 

they amount to a combined influence of 4.6%, on average, on the model computations. Some could 

argue that this has a very small impact in the global score outcome, so they could instead be 

neglected for the sake of practicality on the model development. This couldn’t be more erroneous due 

to two factors: 1) Small variations can be tie-breakers between two distinct routes with close global 

performances; and 2) More importantly, the purpose of the model development is to create a dynamic 

tool that reacts to different user’s preferences. The goal is to provide a mechanism that is individually 

tailored to the respective city dweller that is utilizing it, and his respective desires. 
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CHAPTER 5 – SCENARIO DEFINITIONS AND RESPECTIVE 

ANALYSES 
 

To validate the model developed in chapter four, three relevant scenarios are analysed in the city of 

Lisbon. The proposed goal is to define a sustainable route between two given urban points. For the 

three scenarios, the feasible routes are detailed. These are submitted to the model so that they are 

evaluated and ranked. With the overall ranking of each route, the optimal sustainable route is 

established, considering the user’s preferences. 

5.1 SCENARIOS DEFINITION  

5.1.1 SCENARIO A 

The first scenario is a common inner city route in Lisbon. The user is in point A, the Saldanha square, 

and wishes to go to point B, the Dom Luís Garden in Cais do Sodré. The schematics of this trip is 

presented in Annex S. 

For this specific trip, the user can resort to several different routes with distinct means of transport. It is 

of key importance to define which options, in terms of both means of transport and geographical 

routes, the user can survey. For the sake of the analysis we’ll consider that the user has at his 

disposal a private car, a motorbike and a bicycle in the starting point A, Saldanha Square. 

With the help of Google Maps and the analyst expertise, ten distinct routes have been identified as 

feasible, which are as follows: 

 R1: Use a private car from point A to B; 

 R2: Use a motorbike from point A to B; 

 R3: Ride a bicycle from point A to B; 

 R4: Use On-demand ride services from point A to B;  

 R5: From point A, walk towards the nearby Carris 736 bus stop, take the bus until Cais do 

Sodré and then walk to B; 

 R6: From point A, walk towards the nearby Saldanha Metro station, ride the red line until the 

Alameda station. Swap to the green line and get out at the Cais do Sodré Metro Station. 

Finally, walk to point B; 

 R7: From point A, ride a bicycle to the nearby Saldanha Metro station and take the red line 

until the Alameda station. Swap to the green line and get out at the Cais do Sodré Metro 

Station. Finally, ride a bicycle to point B; 

 R8: From point A, walk towards the nearby Saldanha Metro Station and ride the yellow line 

until Marquês de Pombal. Head out and take the Carris bus 732 to Cais do Sodré. Walk to 

point B; 
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 R9: From point A, walk towards Marquês de Pombal and then take the Carris 732 bus until 

Cais do Sodré. Walk to point B; 

 R10: From point A, ride a bicycle until Marquês de Pombal. Park the bicycle and then take the 

Carris 732 bus until Cais do Sodré. Walk to point B. 

These routes are schematized, with the notation defined in sub-section 4.2, in Annex T. 

The lack of extra routes, where the user takes the bus and then rides a bicycle until point B (like in 

Route 7 with the Metro), is justified by Carris not allowing bicycles inside its bus fleet. Only the 708, 

723, 724, 725 e 731 buses are equipped with bicycle carrying infrastructure. There is also no route 

consisting of only walking due to the distance covered being superior to the 2.5km boundary, 

previously defined for this means of transport. 

Analysis 

With the definition of the feasible options established, the following stage is to input each route to the 

model, previously developed in section 4, in order to see how each route performs. The first step in 

this process is to calculate the distance covered by each means of transport, for each route.  

For the sake of practicality let’s assume that we’re analysing Route 8 (Walk + Metro + Bus + Walk). In 

this case, the user walks 0.59km (0.19km in the first stretch and 0.4km in the final stretch), rides the 

metro for 1.27km and rides the bus for 2.83km. All of these distances (and also for the other options) 

are measured with the Measure Distance tool, present in Google Maps. With this data, the total 

distance of Route 8 is computed: 4.69km.  

Sequentially, the percentage of the distance covered by each means of transport k, named Pk, is also 

data required by the model. It is computed by simply dividing each means of transport distance 

covered by the total route distance covered. For instance, in Route 8, the Walk stretch distance is 0.59 

km while the total route distance is 4.69 km. By dividing these values, we obtain the Walk percentage 

of distance covered, 12.58%. Routes that only employ one single means of transport have a value of 

100% for the utilized means of transport. 

With the above data gathered for all routes, the route’s performances calculations can commence. 

Consequently, it enables the computation of the respective utility values, of each option for each 

criterion. All of these calculations are performed with the software Microsoft Office Excel. A description 

of the logic process behind the model is now illustrated, for each criterion. 

Traffic Congestion 

For the Traffic Congestion criterion, each means of transport k has a corresponding value of the 

percentage of extra time spent on average (Tk). In order to calculate a Route’s performance in this 

criterion, it is necessary to compute the sum of the multiplications of Tk by the corresponding 

percentage of the distance covered by each means of transport k, Pk. This is formulated, for a route 

constituted by n distinct means of transportation k, as follows: 
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𝑇𝑟𝑎𝑓𝑓𝑖𝑐 𝐶𝑜𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 = 𝑇𝐶 = ∑ 𝑃𝑘 ∗ 𝑇𝑘

𝑛

𝑘=1

#11  

It has also been previously established that the Traffic Congestion utility value scale is linear. 

Therefore, to compute the route’s utility value, a mere transformation is required, as follows: 

𝑢(𝑇𝐶) =
𝑇𝐶 − 0.53

0 − 0.53
#12  

Note that the values of 0 and 0.53, present in the above formula, were previously defined in sub-

section defined as the maximum and minimum performances of the Traffic Congestion criterion, 

respectively. The final result of the utility value of Route 8 is 0.372, for the Traffic Congestion criterion. 

Parking Issues 

Since the Parking Issues criterion isn’t affected by the distance nor time of the journey, the route 

alternatives performances are measured on a penalty-basis. This means, if at least one of the route 

sections is performed by motorbike or bike, then this alternative has a utility value of 0.847 in its 

Parking Issues criterion. Concurringly, if there is at least one section performed by private car, then 

that alternative has a utility value of 0 in its Parking Issues criterion. Routes that do not employ any 

private car, motorbike nor bicycle have a utility value of 1 in this criterion. 

This means that, for example, Route 8 has a full utility value of 1 in its Parking Issues criterion, since 

there are no stretches performed with a private car, motorbike, nor bicycle. 

Travel Times  

The computation of the total travel time of a route is a fairly straightforward process. It consists of 

dividing the distance covered by each means of transport k (dk) by its corresponding average speed 

(vk), previously defined in Table 10, and then adding each value calculated. Each value is multiplied by 

60minutes/hour so that the final result is expressed in minutes, which is the unit of the Travel Times 

criterion interval scale. This computation is achieved through the following formula: 

𝑇𝑟𝑎𝑣𝑒𝑙 𝑇𝑖𝑚𝑒𝑠 = 𝑇𝑇 = ∑
𝑑𝑘

𝑣𝑘

∗ 60

𝑛

𝑘=1

#13  

where: 

 𝑑𝑘 – Distance covered by MOT k in the route under analysis 

 𝑣𝑘  – Average Speed of MOT k in the route under analysis 

 n – Number of distinct MOTs in the route under analysis 

With the total travel time calculated, it becomes necessary to convert it into utility value. The first step 

to achieve this is to locate in which interval the cost value belongs to in Table 13. With the correct 

interval identified, a linear interpolation is applied, as mentioned in sub-section 3.4.3.1 to compute the 

utility value of the Travel Times criterion.  
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For Route 8 the total Travel Time amounts to 16.96 minutes. This means that the correct interval to 

apply the linear interpolation is [15;18] minutes, which corresponds to the utility value interval of 

[0.654; 0.608], respectively. Through the application of a linear interpolation, the final result of the 

utility value of Route 8 is 0.638, for the Travel Times criterion. 

Comfort 

The computation of the Comfort (C) criterion utility value is a simple process. Since each means of 

transport has its own corresponding utility value, as seen in Table 15, it is only necessary to calculate 

the sum of the multiplications of the percentage of the distance covered by each means of transport k, 

Pk by its corresponding utility value (u(C)k) by, as follows: 

𝑢(𝐶) = ∑ 𝑃𝑘 ∗ 𝑢(𝐶)𝑘

𝑛

𝑘=1

#14  

Route 8’s performance in the Comfort criterion is corresponded to a utility value of 0.183, through the 

above formula. 

Safety and Security 

The Safety and Security criterion follows a similar process than that of the Comfort criterion. 

Depending of the class it belongs, each means of transport has a corresponding utility value, as seen 

in Table 18. Likewise, we obtain the utility value of the Safety and Security criterion by computing the 

sum of the multiplications of the percentage of the distance covered by each means of transport k, Pk 

by its corresponding utility value (u(SS)k) by, as follows: 

𝑢(𝑆𝑆) = ∑ 𝑃𝑘 ∗ 𝑢(𝑆𝑆)𝑘

𝑛

𝑘=1

#15  

For this criterion, Route 8 boasts a near-optimal utility value, of 0.956. 

Energy Consumption 

In order to calculate the Energy Consumption criterion utility value for a route, it is necessary to first 

determine the overall consumption of the route. This means computing the sum of the multiplications 

of the distance covered by each means of transport k (dk) by the corresponding energy consumption 

of each means of transport (ECk), previously established in Table 21. This translates into the following 

formula: 

𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 𝐸𝐶 = ∑ 𝑑𝑘 ∗ 𝐸𝐶𝑘

𝑛

𝑘=1

#16  

Knowing that the analyst and the user have previously defined a linear correlation between the 

performance of this criterion and its respective utility value, the computation of the latter is a simple 

linear transformation. For this transformation, the maximum and minimum performance value 

correspond with the energy consumption of the most energy intensive route and the least energy 

intensive route, respectively. 

In scenario A, route 8 has a combined energy consumption of 0.12492 koe (the metro stretch is 

responsible for 0.00889 koe while the bus stretch accounts for 0.11603 koe). By analysing the other 
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routes’ energy consumption, Route 1 (Private car) and Route 4 (On-demand Ride Services) stand out 

with the highest levels of energy consumed, both at 0.324 koe. Inversely, Route 3 (Bicycle) is the one 

that least energy consumes, with a value of 0 koe. Consequently, the performance of 0 koe is 

assigned to a utility value of 1 while a performance of 0.324 koe corresponds to a utility value of 1, for 

this scenario. Thus, the utility value of the Energy Consumption criterion, for route 8, is 0.614. 

Emissions 

For the Emissions criterion, each means of transport k is associated with a corresponding emissions 

rating (ERk), as detailed in Table 20. In order to calculate a route’s performance in this criterion, it is 

necessary to compute the sum of the multiplications of ERk by the percentage of the distance covered 

by each means of transport k, Pk, as follows: 

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 = 𝐸 = ∑ 𝑃𝑘 ∗ 𝐸𝑅𝑘

𝑛

𝑘=1

#17  

It has also been previously established that the Emission criterion utility value scale is linear. 

Therefore, to compute the route’s utility value, a mere transformation is required, as follows: 

𝑢(𝐸) =
𝐸 − 90

0 − 90
#18  

It’s important to remember that the values 0 and 0.53 in the above formula were defined as the 

maximum and minimum performances of the Emissions criterion, respectively. Route 8’s performance 

in the Emissions criterion is a combined Emissions’ rating of 10.19 which corresponds to a utility value 

of 0.887. 

Cost 

The computation of the total cost of a route is a two-step process: 1) The calculation of the costs 

based on distance covered; and 2) The calculation of costs due to payment of fares or tickets. The first 

step is achieved by multiplying the previously established cost per km of a means of transport k, Ck by 

the corresponding distance covered with it, dk and then adding each value. This is applicable to the 

private car, motorbike and on-demand ride services. The second step is achieved by multiplying the 

previously established fare prices of each means of transport k, Fk by the corresponding number of 

tickets bought in a route for that means of transport, tk. This step is applicable to the train, metro, tram, 

bus and ferry. 

With the sum of the resulting values of these two steps, the total route cost is obtained. This 

computation is formulated as follows: 

𝐶𝑜𝑠𝑡 = 𝐶 = ∑(𝑑𝑘 ∗ 𝐶𝑘)

𝑛

𝑘=1

+ ∑(𝑡𝑘 ∗ 𝐹𝑘)

𝑛

𝑘=1

#19   

With the total route cost calculated it is now necessary to convert it into a utility value. The first step to 

achieve this is to locate in which interval the cost value belongs to in Table 24. With the correct 

interval identified, a linear interpolation is applied, to compute the utility value of the Travel Times 

criterion.  
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For Route 8 the total Cost amounts to 3.3€ (1,45€ for the metro ticket and 1.85€ for the bus ticket). 

This means that the correct interval to apply the linear interpolation is [3;4] €, which corresponds to the 

utility value interval of [0.685; 0.750], respectively. By applying the linear interpolation in-between the 

determined interval, the final result of the utility value of Route 8 is 0.731 for the Cost criterion. 

Final Results 

With the completion of the analysis on Scenario A, it is now possible to compute the global 

performances of each route. These have been calculated through the Additive model described in 

sub-section 3.4.1. The intermediate utility values of each criterion can be consulted in Annex U. The 

final results, sorted by rank, follow in Table 27: 

Table 27 - Global performance of Scenario A 

Route R7 R3 R6 R4 R1 R2 R10 R8 R5 R9 

Global 
Score 

0.771 0.767 0.757 0.707 0.688 0.639 0.634 0.629 0.624 0.624 

 

According to the model, the most preferred route for the user is to ride a bicycle, take the bicycle with 

him in the red line metro, swap to the green line metro and then ride again the bicycle towards the final 

destination. Figure 5 depicts the individual influence of each criterion in the computation of the global 

performance of Route 7. Both Cost and Travel Times criteria have the highest influence in boosting 

Route 7 to the top position, which makes sense since they’re they two criteria with the highest scale 

coefficient. Inversely, the Comfort criterion, which features the third highest scale coefficient, barely 

contributes to the global performance of the route. This is justified by its low performance which is 

corresponded with a 0.222 utility value. 

 

Figure 5 - Individual contribution of each Criterion in Route 7 for Scenario A 

All of the alternatives rank relatively close to one another. The biggest disparity, in terms of utility 

value, is of 0.147 between Route 7 and Route 9. This is a natural trait of the model, since a strict pre-

selection of feasible routes is performed, before starting to put routes under the analysis.  
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On a curious note, the two worse performing routes, R5 and R9, have such close scores (0.62386 and 

0.62355, respectively) that according to the model it’s irrelevant which one to choose from. Both 

routes involve walking, taking a bus and then walking again to the final destination. 

On a side note, if the user has no issues to walk 3.6 km, a route performed merely by walking has a 

global performance of 0.717. Although this journey would take around 50 minutes to complete, it is still 

a reasonable route to consider and would rank as the 5
th
 most preferable route, according to the 

model. This is only justified if the user doesn’t penalize the route in the comfort criterion, due to 

walking such a long distance. 

5.1.2 SCENARIO B 

The second scenario under analysis is a common commute from home to work for many Lisbon city 

dwellers. The route begins in the Lisbon South Bay in Almada. Specifically, point A is Rua Liberdade, 

67. The final destination, point B, is in the heart of Lisbon, the Luís de Camões Square. The 

schematics of this trip can be seen in Annex V. 

For this scenario the user has, yet again, plenty of distinct routes and different means of transportation 

at his disposal. Since it is a longerr journey, compared to scenario A, the broader the set of options the 

user has to choose from. Concurringly to what happened in Scenario B, we admit that the user has a 

car, a motorbike and a bicycle in the starting point A, Rua Liberdade 67. 

Aided by Google Maps, the analyst expertise and the user experience, twenty-four distinct routes have 

been identified as feasible. This increase in the amount of feasible routes derives from the fact that 

we’re now analysing a much longer journey which, on top of that, has two possible modes of transport 

involved: both land and maritime. The routes under analysis are the following: 

 R1: Use a private car from point A to B; 

 R2: Use a motorbike from point A to B; 

 R3: Use On-demand ride services from point A to B; 

 R4: Ride a bicycle from point A to the Cacilhas Ferry Station. Aboard the ferry with the bicycle 

until the Cais do Sodré Ferry Station. Ride the bicycle until point B; 

 R5: Use a private car from point A to the Cacilhas Ferry Station. Park the car and aboard the 

ferry until the Cais do Sodré Ferry Station. Walk until point B; 

 R6: Go from point A to the Cacilhas Ferry Station with On-demand ride services. Aboard the 

ferry until the Cais do Sodré Ferry Station. Use On-demand ride services until point B; 

 R7: Go from point A to the Cacilhas Ferry Station with On-demand ride services. Aboard the 

ferry until the Cais do Sodré Ferry Station. Walk until point B; 

 R8: Use a motorbike from point A to the Cacilhas Ferry Station. Park the motorbike and 

aboard the ferry until the Cais do Sodré Ferry Station. Walk until point B; 

 R9: Use a private car to reach the Pragal Train Station from point A. Park the car and take the 

red line train until the Campolide Train Station. Get out and board the green line train until the 

Rossio Train Station. Get out and walk until point B; 

 R10: Ride a bicycle from point A to the Pragal Train Station. Park the bicycle and take the red 

line train until the Campolide Train Station. Get out and board the green line train until the 

Rossio Train Station. Get out and walk until point B; 
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 R11: Ride a bicycle from point A to the Pragal Train Station. Take the red line train with the 

bicycle until the Campolide Train Station. Get out and board the green line train until the 

Rossio Train Station. Ride the bicycle until point B; 

 R12: Ride a motorbike from point A to the Pragal Train Station. Park the motorbike and take 

the red line train until the Campolide Train Station. Get out and board the green line train until 

the Rossio Train Station. Get out and walk until point B; 

 R13: Use on-demand ride services to reach the Pragal Train Station from point A. Take the 

red line train until the Campolide Train Station. Get out and board the green line train until the 

Rossio Train Station. Get out and walk until point B; 

 R14: Ride a bicycle from point A to the Pragal Train Station. Take the red line train with the 

bicycle until the Sete Rios Train Station. Get out and ride the bicycle towards the nearby 

Jardim Zoológico Metro Station. Take the blue line Metro with the bicycle until the Baixa-

Chiado Metro Station. Get out and ride the bicycle until point B; 

 R15: Ride a bicycle from point A to the Pragal Train Station. Park the bicycle and take the red 

line train until the Sete Rios Train Station. Get out and walk towards the nearby Jardim 

Zoológico Metro Station. Take the blue line Metro until the Baixa-Chiado Metro Station. Get 

out and walk until point B; 

 R16: Ride a motorbike from point A to the Pragal Train Station. Park the motorbike and take 

the red line train until the Sete Rios Train Station. Get out and walk towards the nearby Jardim 

Zoológico Metro Station. Take the blue line Metro until the Baixa-Chiado Metro Station. Get 

out and walk until point B; 

 R17: Use a private car to reach the Pragal Train Station from point A. Park the car and take 

the red line train until the Sete Rios Train Station. Get out and walk towards the nearby Jardim 

Zoológico Metro Station. Take the blue line Metro until the Baixa-Chiado Metro Station. Get 

out and walk until point B; 

 R18: Use On-demand ride services to reach the Pragal Train Station from point A. Take the 

red line train until the Sete Rios Train Station. Get out and walk towards the nearby Jardim 

Zoológico Metro Station. Take the blue line Metro until the Baixa-Chiado Metro Station. Get 

out and walk until point B; 

 R19: Walk from point A to the nearby Centro Sul bus stop. Take the Carris 753 bus until the 

Amoreiras bus stop. Get out and take the Carris 758 bus until the Luís de Camões Square bus 

stop. 

 R20: Ride a bicycle from point A to the nearby Centro Sul bus stop. Park the bicycle and take 

the Carris 753 bus until the Amoreiras bus stop. Get out and take the Carris 758 bus until the 

Luís de Camões Square bus stop; 

 R21: Ride a motorbike from point A to the nearby Centro Sul bus stop. Park the motorbike and 

take the Carris 753 bus until the Amoreiras bus stop. Get out and take the Carris 758 bus until 

the Luís de Camões Square bus stop; 
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 R22: Use a private car to reach the nearby Centro Sul bus stop from Point A. Park the car and 

take the Carris 753 bus until the Amoreiras bus stop. Get out and take the Carris 758 bus until 

the Luís de Camões Square bus stop; 

 R23: Use on-demand ride services to reach the nearby Centro Sul bus stop from Point A. Park 

the car and take the Carris 753 bus until the Amoreiras bus stop. Get out and take the Carris 

758 bus until the Luís de Camões Square bus stop. 

All of these routes are schematized, with the previously defined notation in sub section 4.2, as seen in 

Annex X. 

Analysis and Final Results 

With all of the feasible routes established the same procedure, described for scenario A, is applied to 

scenario B. Besides the novelty of the Ferry and Train means of transport being included, all of the 

other means of transport have already been analysed and these two follow the same rules as the 

others.  

By computing the utility values of all of the criteria for each route under analysis, as seen in Annex Y, 

the global scores of Scenario B, derived from the model, is visualized in Table 28, sorted by rank. 

Table 28 - Global Performance of Scenario B 

Route R4 R6 R5 R14 R11 R7 R10 R15 R16 R13 R18 

Global Score 0.702 0.684 0.678 0.671 0.670 0.662 0.658 0.657 0.642 0.640 0.635 

 

R12 R8 R1 R9 R17 R3 R19 R23 R20 R21 R2 R22 

0.631 0.631 0.617 0.600 0.599 0.563 0.544 0.544 0.544 0.537 0.528 0.487 

For this scenario, Route 4 ranks the highest which consists of riding a bicycle from point A, taking the 

ferry with the bicycle and then riding the bicycle until the Luís de Camões Square. This route ranks so 

highly due to its low cost (1.98€) and short journey duration, with an estimated duration of 21 minutes. 

The individual contribution of each criterion towards the global performance of Route 4 is seen in 

Figure 6. 

 

Figure 6 - Individual contribution of each Criterion in Route 4 for Scenario B 

The next two ranked routes follow the same geographical pattern, but resort to On-demand ride 

services for the initial stretch, the ferry for the main stretch, and then On-demand ride services again 

(R6) or walk (R5) to reach the final destination. Route 14 is the first being ranked without utilizing the 

ferry. This one consists of riding a bicycle, taking the red and green line trains, and then riding the 
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bicycle again to reach point B. On the other end, Route 22 ranks the lowest with its composition of 

private car plus two buses. This is explained by the longer route (11.65km), the payment of two bus 

tickets and having the penalization of parking a car. 

With a broader set of alternative routes, the disparity between the global performances grows 

considerably: Route 22 and Route 4 are separated by 0.215, in terms of utility value.  

5.1.3 SCENARIO C 

The third and final scenario is a common touristic and leisure journey. The user is in point A, the 

Pastéis de Belém Store in Rua Belém 84 and wishes to go to Lx Factory in Rua Rodrigues de Faria 

103 which is point B The schematics of this trip are presented in Annex Z. 

For this trip, both the bus and tram stop are in such a short distance that the user only considers 

walking to reach it. If he wishes to use a different means of transport (such as a private car or bicycle) 

he will complete the whole trip with it, since the destination point B is close to him as well. As 

performed previously, it is assumed that the user has a private car, a motorbike and a bicycle at his 

disposal in point B. 

With the help of Google Maps and the analyst expertise ten distinct routes have been identified as 

feasible, which are as follows: 

 R1: Use a private car from point A to B; 

 R2: Use a motorbike from point A to B; 

 R3: Walk from point A to point B; 

 R4: Ride a bicycle from point A to B; 

 R5: Use On-demand ride services from point A to B; 

 R6: From point A, walk towards the nearby 714 bus stop Belém-Jerónimos. Take the bus until 

the Santo Amaro bus stop. Head out and walk until point B; 

 R7: From point A, walk towards the nearby Belém tram stop. Take the 15E tram until the 

Museu Carris tram stop. Head out and walk until point B. 

These routes are schematized, with the notation defined in sub section 4.2, as seen in Annex AA. 

Analysis and Final Results 

With the feasible routes established the model evaluates each one of them following the same 

procedure described for Scenario A. For this case, we have the addition of the means of transport 

Tram in the analysis. By computing the utility values of all of the criteria for each route under analysis, 

as seen in Annex AB, the global score of each route is determined and presented in Table 29, sorted 

by rank. 

Table 29 - Global Performance of Scenario C 

Route R4 R3 R5 R1 R2 R6 R7 

Global Performance 0.776 0.746 0.732 0.703 0.652 0.647 0.614 
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For this scenario, the Bicycle ranks the highest out of all the options. This is due to the inexistent cost 

of this journey combined with a relatively short trip duration (10 minutes). The criteria individual’s 

influence in Route 4, for Scenario C, is visualized in Figure 7. 

 

Figure 7 - Individual contribution of each Criterion in Route 4 for Scenario C 

Route 3, which consists on walking from point A to point B, occupies the 2
nd

 position of the global 

performances ranking. This route performs strongly in terms of cost (0€), parking issues and energy 

consumption (0 koe) where it obtains the maximum utility value of 1 for all criteria. 

In the 3
rd

 position, Route 5 is present which consist on utilizing on-demand ride services. This route 

has its strengths present in the criteria parking issues, comfort and travel times. Although being the 

most expensive means of transport, it’s not severely penalized in terms of cost (3.2€) due to the short 

distance of the trip (2.8km). 

In the last position, Route 7 only manages a global performance of 0.614, in terms of utility value. This 

route is penalized due to its high cost (2.9€) and low comfort experienced. 

5.2 SENSITIVITY ANALYSIS 
After the analysis of the three scenarios and their respective results, a crucial part of the MCDA 

process unfolds, the sensitivity analysis. As detailed in sub-section 3.4.7, this is performed in two 

distinct ways: 1) By altering the way options’ performances and utility values are measured; and 2) By 

adjusting the scale coefficients, in order to test the same options with different user preferences. Since 

the performances’ measurements of each means of transport and the respective conversion into utility 

values are inherent to the means of transport themselves, it has been established that the focus of this 

sensitivity analysis are the scale coefficients. This decision is further backed by the intention of 

developing a model capable of being personalized, hence the vantage point of analysing its behaviour 

with alternative user preferences. 

The three exact same scenarios, A, B and C, are the foundation of this sensitivity analysis. These are 

analysed under the preferences of two new distinct users: 1) A user that has no preferences 
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whatsoever. For him, every criterion has the exact same importance when planning an urban journey. 

This user is henceforth addressed as user I; and 2) A user with a substantial environmentalist 

preoccupation and less focused on personal gratification criteria such as Cost, Travel Times or 

Comfort. This user is henceforth addressed as user E. 

The first step of the sensitivity analysis is to compute each user’s respective scale coefficients. For 

user I it is a simple case of dividing one by eight which equates to a scale coefficient of 0.125, for all of 

the criteria.  

To model user E’s preferences, the same procedure described in sub-section 3.4.4 and applied in 

sub-section 4.5 is performed. The resulting User E criteria ranking and distribution of blank cards is 

shown in Annex AC. Subsequently, user E defines that the criterion Emissions is ten times more 

important than the Cost criterion. This enables to quantify z with a value of 10. By applying the cards 

method iteration developed by Bottero et al., 2017 user E’s scale coefficients are determined, as seen 

in Table 30. 

Table 30 - User E scale coefficients for the Criteria 

Criteria Scale Coefficient Normalized Scale Coefficient 

Emissions 10.000 0.233 

Energy Consumption 8.941 0.208 

Safety and Accidents 7.353 0.171 

Traffic Congestion 6.294 0.147 

Comfort 4.176 0.097 

Parking Issues 3.118 0.073 

Travel Times 2.059 0.048 

Cost 1.000 0.023 

With the respective scale coefficients defined for both users, an appraisal on how each scenario 

reacts given the new preferences inputted in the model is now performed. 

5.2.1 SCENARIO A 

Scenario A, a common inner city Lisbon route starting in the Saldanha Square and ending in the Dom 

Luís Garden in Cais do Sodré, is now tested with the new preferences of both users I and E. The 

model results are depicted, respectively, in Table 31 and Table 32. The variation of each route, in 

terms of ranking, compared to the original user results is also presented, in order to aid in the 

interpretation of results. 

Table 31 - Global performance of Scenario A for user I 

Route R6 R3 R7 R8 R9 R10 R5 R4 R2 R1 

Global Score 0.819 0.817 0.812 0.673 0.664 0.655 0.642 0.609 0.598 0.499 

Variation +2 0 -2 +4 +5 +1 +2 -4 -3 -5 

Table 32 - Global performance of Scenario A for user E 

Route R6 R7 R3 R8 R9 R10 R5 R2 R4 R1 

Global Score 0.859 0.851 0.829 0.691 0.675 0.665 0.636 0.502 0.500 0.417 

Variation +2 -1 -1 +4 +5 +1 +2 -2 -5 -5 
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After analysing the model output, with the new user preferences, some interesting changes arise. For 

both the news users Route 6 becomes the highest ranked one. This route consists on walking, taking 

the red line, the green line metro, and then walking to the end destination. It’s a very similar route 

compared to Route 7 (ranked in first place for the original user), which maintains a strong ranking for 

both of the news users, where the walking stretches are replace by riding a bicycle. Although being 

ranked as the top route for both users, Route 6 accomplishes this performance due to distinct traits in 

the eyes of the two new users. For user I, this route is considered optimal due to a strong performance 

in the following criteria: 1) Parking Issues, where it has a maximum performance of 1 that corresponds 

to a utility value, of 0.125; 2) Traffic Congestion, with a near maximum utility value of 0.121; 3) Safety 

and Security, with a utility value of 0,120; 4) Emissions, with utility value of 0.116; 4) Energy 

Consumption, with a utility value of 0.112 corresponding to an energy consumption of 0,0329 koe; and 

5) Cost, with a utility value of 0.109 that corresponds to a cost of 1.45€. On the other hand, for user E 

the route peaks his route preferences through the robust performance of these criteria: 1) Emissions, 

with a utility value of 0.216; 2) Energy Consumption, with a utility value of 0.187 (0.0329 koe); and 3) 

Safety and Security, with a utility value of 0.164. A detailed analysis of Route 6 is available in Figure 8. 

 

Figure 8 - Individual contribution of each Criterion in Route 6, for Scenario A and for user I (on the left) and user E 
(on the right) 

It is also worth to mention the increases in ranking of Routes 8 and 9. Route 8 climbs 4 ranking 

positions, for both users, and consists of walking, taking the yellow line metro, taking the 732 bus and 

finally walking to the final destination. Parallel to this, Route 9 climbs 5 ranking positions equally in 

both users’ case and consists of walking, taking the 732 bus and walking to the end destination. These 

leaps in the ranking are justified by the boost in terms of influence of the following criteria: 1) Parking 

Issues (from 0.064 to 0.125); Emissions (from 0.013 to 0.125); and 3) Energy Consumption (from 

0.033 to 0.125), for user I. For user E, the leaps are justified by the increase in the influence of the 

criterion Emissions (from 0.013 to 0.233) and Energy Consumption (from 0.033 to 0.208). 

On the other hand, Routes 1 and 4 decrease considerably their rankings. Route 1 decreases 5 

positions in the ranking, for both users. This route consists on using a private car for the whole trip. 

Similarly, Route 4 jumps down 4 positions for user I and 5 positions for user E. This route involves 
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utilizing on-demand ride services for the whole journey. These declines in the rankings are linked to 

the higher influence of the criteria Energy Consumption and Emissions where both Route 1 and 4 

obtain a utility value of 0 and 0.540, respectively (the lowest out of all the routes). 

Even with fundamental variations on the scale coefficients, Routes 3 (Bicycle), 6 (Walk + Metro + 

Metro + Walk) and 7 (Bicycle + Metro + Metro + Bicycle) manage to rank always in the top three 

positions, for all of the users. This is a great indicator that these three routes are near-optimal for 

Scenario A. 

Curiously, if both user I and user E don’t penalize a route consisting of only walking (3.6km) in the 

Comfort criterion, this route would rank in the 4
th
 and 3

rd
 position, respectively.  

5.2.2 SCENARIO B 

Scenario B, a common home to work commute in Lisbon, begins in Almada and has its final 

destination in the Luís de Camões Square. The performances of the routes previously defined with the 

new data input regarding users I and E, are presented in Table 33 and Table 34, respectively. 

Table 33 - Global performance of Scenario B for user I 

Route R14 R11 R15 R10 R16 R18 R13 R12 R4 R7 R5 

Global Score 0.770 0.768 0.762 0.761 0.726 0.724 0.724 0.718 0.717 0.652 0.642 

Variation +3 +3 +5 +3 +4 +5 +3 +4 -8 -4 -8 

            

R6 R8 R17 R9 R19 R23 R20 R21 R3 R2 R22 R1 

0.635 0.630 0.612 0.610 0.606 0.594 0.592 0.579 0.533 0.477 0.473 0.460 

-10 0 +2 0 +2 +2 +2 +2 -3 +1 +1 -9 

Table 34 - Global performance of Scenario B for user E 

Route R14 R11 R15 R10 R16 R18 R12 R13 R4 R17 R9 

Global Score 0.855 0.852 0.852 0.850 0.791 0.784 0.783 0.780 0.715 0.712 0.707 

Variation +3 +3 +5 +3 +4 +5 +5 +2 -8 +6 +4 

            

R19 R20 R23 R7 R21 R5 R8 R6 R22 R3 R2 R1 

0.638 0.628 0.617 0.615 0.609 0.599 0.594 0.567 0.544 0.480 0.458 0.404 

+6 +7 +5 -9 +5 -14 -5 -17 +3 -4 0 -9 

Scenario B, with its complex routes’ configuration, varies considerably after inputting the new two 

users’ data. Route 14 (Bicycle + Train + Bicycle + Metro + Bicycle), by escalating three positions, 

becomes the top ranked route for the two users. As in scenario A, the motives vary between users. 

For user I, Route 14 ranks as number one due to strong performances in the criteria Energy 

Consumption, Traffic congestion, Emissions, Safety and Security and Parking Issues. Alternatively, 

user E perceives Route 14 as his best choice due to strong performances in terms of: 1) Emissions; 2) 

Energy Consumption; 3) Safety Security and; 4) Traffic Congestion. The criteria influence on Route 14 

can be analysed in Figure 9 



74 
 

 

Figure 9 - Individual contribution of each Criterion in Route 14, for Scenario B and for user I (on the left) and user 
E (on the right) 

For both new users, Routes 10, 11, 14, 15, 16 and 18 jump 3 to 5 positions forward to form the top 6 

routes. Routes 12 and 13 also leap a few positions forward and complete the top 8, with inverse 

rankings, for both users. All of these routes are constituted by a main stretch of Train + Train (R10, 

R11, R12, and R13) or Train + Metro (R14, R15, R16, R18) with a combination of bicycle, walk, on-

demand ride services and motorbike for the smaller initial and/or final stretches. The increases in the 

performances of these eight routes, which are all constituted by public transportation, walking and 

riding a bicycle for their most part, are largely justified by the boosts in the scale coefficients of the 

criteria Energy Consumption and Emission, in both users’ cases. 

For the original user, the top 3 routes (4, 6, and 5) involve taking the ferry. For both of the new users a 

route considering the ferry only appears in the 9
th
 position, Route 4. Considering the similar 

performances of Route 4 for the three distinct users: 1) With a performance of 0.702 it is the highest 

performing route for the original user; 2) For user I scores a performance of 0.717; and 3) For user E 

has a performance of 0.715. It is then concluded that the 8 positions drop of Route 4 isn’t due to a 

poor performance according to the new users, but instead due to the improvement of the alternative 

routes mentioned in the above paragraph, in the eyes of the news users. Parallel to Route 4, both 

routes 5 and 6, which consist mostly in taking the ferry, drop immensely in the ranking (8 and 10 

positions drops for user I, and 14 and 17 positions drops for user E, respectively). 

When taking into account the route performances of all users, Route 11 (Bicycle + Train + Train + 

Bicycle) and 14 (Bicycle + Train + Metro + Bicycle) clearly stand out by managing to always rank in the 

top 5. 

5.2.3 SCENARIO C 

Scenario C, a common touristic and leisure journey between the Pastéis de Belém shop and Lx 

Factory, is now put to test under the new preference conditions of the two novel users. The 

performance of Scenario C, under this revamped model, is presented in Table 35 and Table 36. . 
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Table 35 - Global performance of Scenario C for user I 

Route R3 R4 R7 R6 R5 R2 R1 

Global Score 0.810 0.808 0.693 0.663 0.623 0.606 0.508 

Variation +1 -1 +4 +2 -2 -1 -3 

Table 36 - Global performance of Scenario C for user E 

Route R3 R4 R7 R6 R2 R5 R1 

Global Score 0.836 0.822 0.740 0.656 0.504 0.504 0.420 

Variation +1 -1 +4 +2 0 -3 -3 

Although the scale coefficients defined by user I and user E vary considerably, both users obtain an 

almost identical set of route rankings, where only Route 2 and 5 do not coincide. Route 3, which 

consists on only walking, improves its ranking by one position and stands out as the highest 

performing route for in both cases. User I perceives this route as optimal due to the strong influence of 

the following criteria: 1) Parking Issues, with a maximum utility value of 0.125; 2) Energy 

Consumption, as well with a maximum utility value of 0.125; 3) Cost, which also features a maximum 

utility value of 0.125, since the cost of the route is null; and 4) Emissions, with a near maximum utility 

value of 0.123. At the same time, user E values Route 3 as optimal since it performs solidly in the 

Emissions and Energy Consumption criteria. The respective influence of each criteria on Route 3 can 

be seen in Figure 10. 

 

Figure 10 - Individual contribution of each Criterion in Route 3, for Scenario C and for user I (on the left) and user 
E (on the right) 

Route 7 has the highest performance improvement: from being the lowest ranked, for the original user, 

to ranking as the 3
rd

 best route for both new users. This route consists on walking, taking the tram and 

walking towards the final destination.  

Inversely, Route 1 falls down three positions for both news users. This route, that consists of utilizing a 

private car, fails to perform decently in the now stronger criteria Energy Consumption and Emissions. 

Likewise, Route 5 (On-demand Ride Services), experiences a drop of 2 and positions for user I and 

user E, respectively. 
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By analysing the preferences of the three users, it is concluded that Route 3 (Walk) and Route 4 

(Bicycle) are the most recommended routes, since they always occupy the 1
st
 or 2

nd
 ranking positions. 

5.2.4 SUMMARY 
In this subsection an analysis is presented that provides a clear and global overview on how each 

criterion affects the global performance of each route, for each user. In Figure 11 the disparity 

between the three users are crystal clear in terms of relative importance of each criterion, towards the 

final outcome. For the original user, a large contribute is derived from the criteria Cost and Travel 

Times. This is justified by being the two most important criteria, for this user. Inversely, User E’s 

optimal route selection is mainly based by the performance of criteria such as Emissions, Energy 

Consumption and Safety and Security which is again justified by this user’s ranking of preferences. 

Finally, User I has an intermediate value for most criteria as expected but it is interesting to note how 

for him the criteria Parking Issues stands out the most, when compared to the two other users. This 

derives from the fact that both original user and User E don’t rate this criterion very importantly.  

 

Figure 11 - Criteria's influence on final performance 

5.3 CHAPTER CONCLUSIONS 

Chapter five consists on the application of the model previously developed in chapter four. To 

accomplish this, three distinct scenarios are established in Lisbon: 1) A common inner city route; 2) A 

routine commute from home to work; and 3) A frequent touristic and leisure journey. Each of these 

scenarios features several feasible routes to reach the destination point. These routes vary in terms of 

the actual geographical route and in the means of transport employed to execute them. 

The analysis of Scenario A features three top performing routes (R7, R3 and R6) with very similar 

global performances (all within 0.014 in terms of utility value). These feature a combination of the 

means of transport bicycle, walk and metro. Furthermore, with the execution of the sensitivity analysis, 

0% 5% 10% 15% 20% 25% 30% 35%

Traffic Congestion

Parking Issues

Travel Times

Comfort

Safety and Security

Energy Consumption

Emissions

Cost

CRITERIA'S INFLUENCE ON FINAL PERFORMANCE 

Original User User I User E



77 
 

the same three routes maintain their top 3 positions, with some minor variations. This strengthens the 

classification of these urban routes as the most sustainable. 

For Scenario B there are also three distinct routes similarly ranked (all within 0.024 in terms of utility 

value), R4, R6 and R5. The three routes are based on taking the ferry to cross the Tagus river, with 

variations between bicycle, on-demand ride services and walking for the smaller initial and final 

stretches. Upon performing the sensitivity analysis, these three routes drop considerably in the global 

performances ranking (between -8 and -17 position drops, for both users) and are replaced by less 

polluting routes. These greener routes consist of a main stretch performed by train or by train and 

metro and then complemented with a combination of bicycle, walk, on-demand ride services and 

motorbike, for the smaller initial and/or final stretches. Due to the defined new user’s preferences, this 

latter routes are the ones considered most sustainable. 

Scenario C also ranks three distinct routes with similar global performances (separated by 0.044, in 

terms of utility value).  These feature single-modal journeys by riding a bicycle (R4), walking (R3) and 

utilizing on-demand ride services (R5). Upon the execution of the sensitivity analysis, Route 7 (walking 

and taking the tram) jumps from the last position to the 3
rd

 position.  Route 3 swaps positions with 

Route 4 and takes the first place, for both users. 

The introduction of two new users, with conflicting preferences relative to the original user, enables to 

re-test the 3 scenarios, and their respective routes, with alternative point of views. Furthermore, this 

procedure is also beneficial since it enables the evaluation of the model’s behaviour itself, when some 

core internal modifications are performed. 

With these new preferences set, the model output demonstrates a clear trend, for all the scenarios: 

routes that feature greener means of transport, such as walking, riding a bicycle and all of the public 

transportation, experience considerable increases in their ranking. This translates in the selection of 

more sustainable routes by the two new users. Furthermore, and the most important conclusion of this 

chapter, is the consistently dominance of the Bicycle over other means of transport. The importance of 

bicycles in the development of sustainable urban mobility is mentioned several times in the literature 

revision of chapter three, and the model evidently confirms this trend. The strong bicycle 

performances result in being featured in the first position in five out of the nine analysis performed 

(three scenarios with three distinct users). In the remaining four analyses, it is featured in the second 

position at a mere distance of 0.02 and 0.08 in scenario B, for user I and E, respectively. In scenario 

C, the distance to the first position is valued at 0.02 and 0.014 for user I and E, respectively. 

In low distance routes (A and B), on-demand ride services outrank the private car. The reverse is 

experienced when analysing longer routes, such as scenario B. This is applicable regardless of the 

user’s preferences being utilized. 

With the work developed in this chapter, it is safe to conclude that the model developed in this 

document successfully fits the problem it attempts to solve. Furthermore, it is flexible enough to adjust 

itself to different individual’s preferences, which is also a key objective. 
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CHAPTER 6 - CONCLUSIONS AND FUTURE RESEARCH 

6.1 CONCLUSIONS 
Recent exponential growth in urbanization rates has generated numerous challenges for both city 

policymakers and city dwellers. Among them, the imbalance between urban mobility supply and 

demand, of both people and goods, has become a pressing issue, since mobility is crucial for the good 

functioning of cities and their respective citizens’ quality of life. 

In this Master’s dissertation, eight fundamental urban mobility dimensions are identified: 

1) Traffic Congestion; 2) Parking Issues; 3) Travel Times; 4) Comfort; 5) Safety and Security; 6) 

Emissions; 7) Energy Consumption; and 8) Cost, to better comprehend and consequently framework 

the problem under study. A benchmarking analysis of relevant projects with integrated mobility 

solutions is performed, so that pertinent procedures are analysed and absorbed. A special focus is 

given to holistic approaches, since locally-driven ones tend to render sub-optimal global solutions. 

A literature review is performed in four central themes: 1) Smart Cities; 2) Internet of Things; 3) Urban 

Mobility; and 4) Multiple Criteria Decision Analysis. The first three themes enable a deeper 

understanding on the key issues concerning smart, sustainable urban mobility. The MCDA chapter is 

essential to establish the proper strategy, for model development. In this chapter, the work of Bottero 

et al. (2017) is detailed with rigour, since it is the basis of the model developed. 

The model development is the central part of this dissertation. It is performed by compiling the 

information studied in previous chapters, and builds from there. The process respects the traditional 

stages of the MCDA discipline, described in Table 6. These are filtered by Roy (1996), who stresses 

the importance of framing the problem correctly by having the three following components clearly 

defined: 1) The set of alternatives or decision space from which a choice (decision) has to be made; 2) 

The set of criteria against which the alternatives are to be evaluated; and 3) The model, or method, to 

be used to effect that evaluation. The primary alternatives of the model are the following means of 

transport: 1) Private Car; 2) Motorbike; 3) Walk; 4) Bicycle; 5) Train; 6) Metro; 7) Tram; 8) Bus; 9) 

Ferry; and 10) On-demand Ride Services. The actual alternatives end up being usually a combination 

of these ten elements, due to the synergies present in multimodal trips. The criteria of the model utilize 

the previous urban mobility dimensions defined in Chapter two, which are described above. The 

selected performance measurements, for all of the criteria, are the core of the evaluation methodology 

towards urban sustainable mobility. For each of the criteria, data is gathered in order to calculate the 

performance value of each alternative. This process is aided by existing databases and research for 

criteria with objective quantitative date, while for the criteria with a subjective component the dialog 

between the analyst and the user is essential. The third component is resolved through the utilization 

of the Additive Model.  

The analysis of three distinct scenarios is detailed in chapter 5. This enables the corroboration of the 

successful functioning of the model and the drawing of conclusions regarding urban journeys 

analysed. Three distinct scenarios were evaluated through the preferences of three different users, 
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each with alternative views on what a sustainable route is. This enables judging the model’s 

performance when facing clashing preferences, and better understanding what factors truly matter in 

an urban sustainable route. The main conclusions drawn from this process are the following: 1) 

Bicycles are an outstanding urban means of transport and should be encouraged. They perform 

consistently with high ranks, for different scenarios and different users. 2) If the user has little regard 

for the Environmental Impacts group of criteria (Emissions and Energy Consumption) public transport, 

although feasible in some cases, is rarely ideal. By changing user preferences to, at the very least, 

rate the Environmental Impacts’ criteria as equal as the other criteria, the public transport is 

immensely boosted and is rated frequently as an ideal solution. 3) Irrespective of the user preferences 

being used, the strength of multimodal trips is always present. These enable synergies between 

distinct means of transport which benefit the user tremendously. 

As a main conclusion, the reliable performance of the model is praised. The model functions 

accordingly to its creation purpose: It outputs, based on user preferences, a ranking of routes based 

on their perceived sustainability, in a given journey from A to B. Although this is the prime goal of the 

model, it can further be utilized, with some minor tweaks, for other relevant purposes, such as: 1) Self-

evaluation of a city’s mobility system: what is the global score, and what are the strengths and 

weaknesses? This results in a specific city profile; 2) Monitoring: a regular update of the data present 

in the model shows the evolution of aspects concerning the sustainability of the urban mobility system, 

portraying the impact of measures taken; 3) Policy assessment: by estimating the impact of a planned 

(package of) mobility measure(s) on each of the criteria, insight into the global sustainability of the 

proposed mobility investments is retrieved; 4) Benchmarking with other cities: evaluating how the 

performance measurements and scale coefficients compare to other cities. This allows the city to set 

(realistic) targets for its future development; and 5) Back casting: alternatively, the model can assist in 

exploring what changes need to be performed to reach the desired urban sustainable mobility goals: 

which criteria enable large improvements, is it sufficient to focus actions on a limited number of 

criteria, or does a broader approach reap greater rewards? 

The flexibility of the model is also noteworthy. Since it utilizes the Additive Model, the incorporation of 

say, new criteria, is facilitated by its inherent simplicity. This also applies to the case of adding new 

means of transport. 

6.2 FURTURE RESEARCH 
Living PlanIT actively explores and develops technological solutions, which mitigate inefficiencies, in 

the Smart City sphere. Their UOS, a fully integrated “city brain” platform, manages the IoT by 

delivering real-time sensing control, spatial analytics, support, security, data integration and provides a 

universal contextual framework required for every application. Specifically, it serves a key role by 

managing the proposed urban mobility methodology’s data gathering, scenarios’ definition and 

respective assessment. Most importantly, it’ll be responsible for the further integration with other core 

city services. 

The implementation of the model developed into Living PlanIT’s UOS is a promising merger. Backed 

by the UOS real-time sensing of data, the model can improve its gathering data process, thus 
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providing more accurate route rankings. This integration requires the development of a strategy on two 

fronts: 1) The IoT deployment; and 2) The software solutions. The deployment of physical sensors can 

be performed in users’ private means of transport or in public transportation vehicles. The sensors’ 

deployment must take into account the information gathered in sub-section 3.2. The purpose of the 

sensor should be to gather data such as GPS, fuel consumptions, occupancy rates, and more to 

provide more accurate data to the model. Coincidentally, the development of software capable of 

processing on the massive data flow input is equally important. For this stage, the integration of the 

algorithms and models described in sub-section 3.3 can further enhance the performance of the model 

developed in this dissertation. For instance, the smart parking guidance algorithm developed by Shin 

and Jun (2014) can be introduced into the model to aid in the Parking Issues criterion. 

The data collected by the UOS, through the utilization of the model, serves to map users’ urban 

travelling patterns. This data, properly processed, enables a consolidated prediction on the actual and 

future urban mobility needs of a city. Specifically, the data retrieved can aid in the improvement of 

public transportation services to better adjust to citizens’ needs. Likewise, the data is a valuable tool 

for city policymakers that want to develop new urban mobility strategies.  

This partnership also enables the possibility for the model to self-improve, based on machine learning. 

Through the regular use of a city dweller, the model can record the historical data and better adjust 

itself for future route requests. The model can also request user feedback in order to accelerate the 

learning process. The interaction between the model and the user is fundamental to ensure that his 

preferences are being respected. 

With a perfection of the model, it can also be included in common route mapping apps, like Google 

Maps and Waze. Likewise, it can be utilized by public transportation companies, like Carris, in order to 

better promote their services.  

The model does not reflect the reality in several parameters due to the complexity of the problem itself 

in the real world. One of the key features that the model lacks is the ability to compute the route’s 

rankings considering the interaction between criteria. Logically, a route that has a higher performance 

in the Travel Times criterion is due to having a higher performance in criteria such as Energy 

Consumption, Costs, etc. To model this, the Cochet multiple criteria preference model, developed by 

Bottero et al., (2017), is an interesting prospect to apply in the model developed. The Cochet integral 

enables the calculation of Route rankings by taking into account the interaction experienced between 

the criteria. This interaction can be positive, null (as is assumed in the model developed) and negative. 

Similarly, the perfection of the Comfort criterion needs to be addressed. This criterion needs to be 

linked with real-time meteorological data in order to correctly evaluate the performances of the means 

of transport Walk, Motorbike and Bicycle.  

As a final conclusion, it is expected that the resulting model motivates the further development of tools 

with the aim of improving urban mobility. Furthermore, with the implementation of the model in the 

UOS, it is also expected that synergies between distinct urban sectors and urban mobility arise, due to 

the crossover and processing of inter-sector data. This a fundamental factor in the transformation of 

cities into Smart Cities, that is yet to be explored. 
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ANNEXES 
 

 

ANNEX A - Urban motorization, passenger and goods growth rates 

 

Figure 12 - Urban motorization, passenger and goods growth rates (Van Audenhove et al., 2014) 

ANNEX B –  Urban Mobility priority and its respective investment 



91 
 

 

Figure 13 - Urban Mobility as the n°1 priority for cities and its respective significant investment (Van Audenhove et 
al., 2014) 

 

ANNEX C – History of annual car registrations and production 

 

Figure 14 - History of annual car registrations and production (Davis et al., 2015) 

 

ANNEX D - Losses in percentage of GDP due to traffic congestion 

Table 37 - Losses in percentage of GDP due to traffic congestion (adapted of Edenhofer et al., 2014) 

Country USA UK Dakar, Manila, Beijing, Bangkok, Lima, 



92 
 

Senegal Philippines China Thailand Peru 

% of GDP 0.7% 1.2% 3.4% 4% [3.3;5.3]% [1;6]% 10% 

 

ANNEX E - Integrated infrastructure platform powered by the PlanIT UOSTM 

 

Figure 15 - Integrated infrastructure platform powered by the PlanIT UOS
TM

 

 

ANNEX F - Nice's Connected Boulevard Architecture 
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Figure 16 - Nice's Connected Boulevard architecture (Corsaro, 2014) 

ANNEX G – New York Midtown in Motion’s System Architecture  

 

Figure 17 – New York Midtown in Motion system architecture (Xin et al., 2013) 

 

 

 

 

ANNEX H - Living PlanIT UOS’ Architecture in Singapore Smart Nation 
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Figure 18 - Living PlanIT UOS’ architecture in Singapore Smart Nation 

ANNEX I - Living PlanIT UOS’ Architecture in Copenhagen 

 

Figure 19 - Living PlanIT UOS’ architecture in Copenhagen 

 

 

ANNEX J – Evolution of key IoT Technologies  
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Table 38 - Evolution of key IoT technologies (adapted of Lee and Lee, 2015) 

Before 2010 2010-2015 2015-2020 Beyond 2020 

Network 

 Sensor 
networks 

 Self-aware and 
self-organizing 
networks  

 Sensor network 
location 
transparency 
Delay-tolerant 
networks  

 Storage 
networks and 
power networks  

 Hybrid 
networking 
technologies 

 Network 
context 
awareness 

 Network cognition 
 

 Self-learning, self-
repairing networks 

 
 

Software 
and 

Algorithms 

 Relational 
database 
integration  

 IoT-oriented 
RDBMS  

 Event-based 
platforms 

 Sensor 
middleware 

 Sensor 
networks 
middleware 

 Proximity/ 
Localization 
algorithms 

 Large-scale, 
open semantic 
software 
modules  

 Compostable 
algorithms 

 Next generation 
IoT-based social 
software 

 Next generation 
IoT-based 
enterprise 
applications 

 Goal-oriented 
software 

 

 Distributed 
intelligence, 
problem 
solving 

 

 Things-to-
Things 
collaboration 
environments 

 User-oriented software 
 

 The invisible IoT  
 

 Easy-to-deploy IoT 
software 

 

 Things-to-Humans 
collaboration  

 

 IoT 4 All 

Hardware 

 RFID tags and 
some sensors 

 Sensors built 
into mobile 
devices 

 NFC in mobile 
phones  

 Smaller and 
cheaper MEMs 
technology 

 Multiprotocol, 
multistandards 
readers 

 More sensors 
and actuators  

 Secure, low-cost 
tags (e.g., Silent 
Tags) 

 Smart sensors 
(biochemical) 

 

 More sensors 
and actuators 
(tiny sensors) 

 Nanotechnology and 
new materials 

Data 
Processing 

 Serial data 
processing  

 Parallel data 
processing 

 Quality of 
services 

 Energy, 
frequency 
spectrum-aware 
data processing 

 Data processing 
context 
adaptable 

 Context-aware 
data 
processing and 
data responses 

 Cognitive processing 
and optimization 

 

ANNEX K - Horizontal representation of IoT phases 
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Figure 20 - Horizontal representation of IoT phases (Borgia, 2014) 

 

 

 

 

 

 

 

 

 

 

 

 

ANNEX L – 25 Imperatives towards sustainable urban mobility development 



97 
 

Table 39 - 25 imperatives cities need to consider for developing sustainable urban mobility practices (Van 
Audenhove et al., 2014) 

Cities in emerging countries with 
partly underdeveloped mobility 
systems: 
"Develop Sustainable Core" 

Cities with high maturity and low 
share of public transport, 
walking, cycling: 
"Rethink the System" 

Cities with high maturity and high 
share of PT, walking, cycling: 
"Network the System" 

V
is

io
n

a
ry

 S
tr

a
te

g
y
 a

n
d

 

E
c

o
s

y
s

te
m

 

Vision and 
objectives 

1. Establish a transparent, viable and stable regulatory framework for PT, 
integrating national and regional mobility prerogatives and ensuring clear 
allocation of roles and responsibilities 

 

2. Professionalize PTO and formalize 
public transport 

3. Develop a political vision and urban mobility objectives based on strategic 
alignment between all key stakeholders 

Strategy and 
master plan 

4. Develop a visionary urban mobility strategy and master plan ensuring the right balance between stretch and achievability 
and shift focus from “supply oriented” to “demand oriented” measures 

Integration of 
urban policies 

5. Ensure coordination of transport 
planning with other policies 

6. Develop an integrated approach for transport planning and other urban 
policies to shift from isolated decision-making toward integrated urban 
management 

Level playing 
field 

  7. Initiate fair competition  between 
modes and business models 

 

M
o

b
il

it
y

 S
u

p
p

ly
 

(s
o

lu
ti

o
n

s
 &

 

li
fe

s
ty

le
) 

Core PT 
offering 

8. Invest to establish a sustainable 
mobility offering and do not replicate 
mistakes of developed cities 

9. Develop competitive position of public transport by evolving from “transport 
provider” to “solution provider” via introduction of innovative business models 
and partnerships 

Offering 
characteristics 

 10. Shift PTO culture from "fleet manager" mind-set toward customer-centric 
culture and progressively enhance quality of public transport offering and 
customer experience 

Value-Added 
Services 

 11. Further improve customer experience via service offering extension through 
partnerships and alliances with third parties 

Integrated 
mobility 

 12. Encourage interoperability and 
develop multi-modal packages 

13. Integrate the travel value chain 
via development of integrated 
mobility platforms 

 

M
o

b
il

it
y

 D
e

m
a

n
d

 M
a

n
a
g

e
m

e
n

t Awareness 
creation 

 14. Engage with citizens and business community to encourage pragmatic, well-
informed and sustainable travel and location choices 

MDM 
measures 

to influence 
behaviour of 
individuals 

 15. Introduce traffic calming measures to optimize streets usage conditions and 
increase quality of life for residents and businesses 

 16. Introduce pricing measures to steer mobility demand through financial 
incentives and better synchronize supply and demand 

17. Introduce and enforce parking policy as a critical instrument to steer mobility choices, while gradually increasing 
sophistication of fee and regulation structure 

MDM 
measures 

to influence 
behaviour of 
businesses 

18. Define appropriate land-use policies to influence long-term mobility patterns 
and encourage transit-oriented development 

 

 19. Encourage businesses to develop active corporate mobility strategy to 
improve mobility of individuals and goods while minimizing costs 

 

P
u

b
li

c
 T

ra
n

s
p

o
rt

 F
in

a
n

c
in

g
 

Fare 
revenue 

20. Drive demand for public transport to maximize fare revenue by focusing on gradual increase 
of service offering quality and ensure transparency of fare adjustments 

 21. Further individualize mobility offering by providing bundles of services 
targeting different customer groups at different prices 

Additional 
revenues 

 22. Assess opportunities to exploit PT assets to derive additional revenues 
through aggregation of third party services 

Public 
funding 

23. Prioritize public funding for capital investments into projects with sound business cases demonstrating policy benefits 
and long term viability 

Earmarked 
charges 

 24. Explore opportunities to perceive charges from indirect beneficiaries of PT 
and earmark them for PT financing 

Private 
funding 

25. Further stimulate partnerships with private investors while focusing on preserving business model solidity over short 
term funding opportunities 

ANNEX M – The Process of MCDA (Belton and Stewart, 2010) 
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Figure 21 - The Process of MCDA (Belton and Stewart, 2010) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ANNEX N – Common Congestion Indicators (adapted of Litman, 2017) 
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Table 40 - Common Congestion Indicators (adapted of Litman, 2017) 

Indicator Description Comprehensive? Multi-

Modal 

Roadway Level Of 

Service (LOS) 

Congestion intensity at a particular 

location, rated from A (uncongested) to F 

(most congested). 

No No 

Multimodal LOS Congestion delays to various modes, 

rated from A to F. 

No Yes 

Travel Time Index The ratio of peak period to free-flow 

traffic speeds. 

No No 

Density Number of people or vehicles using a 

given space 

Yes if for all 

modes 

Yes if for 

all modes 

Average Traffic Speed Average vehicle travel speeds at a 

particular location. 

No Yes if for 

all modes 

Delay Additional travel time experienced by a 

traffic participant as compared to the 

minimum travel time. 

Yes if for all 

modes 

Yes 

Per Capita Travel Time Total average time residents devote to 

travel. 

Yes if for all 

modes 

Yes if for 

all modes 

Percent Travel Time In 

Congested Conditions 

Portion of peak-period vehicle or person 

travel that occurs under congested 

conditions 

No Yes if for 

all modes 

Congestion Duration Average duration of congested 

conditions. 

No No 

Congested Lane Miles Number of lane-miles congested during 

peak periods. 

No No 

Annual Hours Of Delay Hours of extra travel time due to 

congestion. 

Yes if for all 

modes 

Yes if for 

all modes 

Annual Delay Per 

Capita 

Hours of extra travel time divided by area 

population. 

Yes if for all 

modes 

Yes if for 

all modes 

Excess Fuel 

Consumption 

Total additional fuel consumption due to 

congestion. 

No No 

Congestion Cost Per 

Capita 

Hours of delay times monetized value of 

travel time, plus additional fuel costs, 

divided by area population. 

Yes Yes if for 

all modes 

Planning Time Index Earlier departure required when traveling 

during peak periods 

No No 

Barrier Effect Walking and cycling delay caused by 

wider roads 

No No 

ANNEX O – Traffic Congestion Utility Value Scale 



100 
 

 

 

Figure 22 - Traffic Congestion Utility Value Scale 

 

 

ANNEX P – ADEME Calculator results for a 10km trip (accessed on 4/3/2017) 

Figure 23 - ADEME Calculator results for a 10km trip (accessed on 4/3/2017) 

ANNEX Q - Utility Value scale of the Energy Consumption criterion 
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Figure 24 - Utility Value scale of the Energy Consumption criterion 

ANNEX R - Emissions Utility Value Scale 

 

 

Figure 25 - Emissions' Utility Value Scale 

 

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

Energy Consumption Interval Scale 

Normalized Utility Value scale Energy Consumption performance [koe]

Energy Consumption 
of the most energy 
intensive route [koe] 

Energy 
Consumption of the 
most energy 
intensive route 
[koe] 

0

1

0

10

20

30

40

50

60

70

80

90

Emissions Utility Value Scale 

Environmental Rating Normalized Utility Value Scale



102 
 

ANNEX S - Scenario A user trip (Source: Google Maps, 2017) 

 

 

Figure 26 - Scenario A user trip (Source: Google Maps, 2017) 

 

ANNEX T - Options schematics of Scenario A 

 

Table 41 - Options schematics of Scenario A 

Route Means of Transport 

R1 Private Car 

R2 Motorbike 

R3 Bicycle 

R4 On-demand Ride Services 

R5 Walk + Bus + Walk 

R6 Walk + Metro + Walk 

R7 Bycicle + Metro + Bycicle 

R8 Walk + Metro + Bus + Walk 

R9 Walk + Bus + Walk 

R10 Bicycle + Bus + Walk 

 

A 

B 
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ANNEX U - The intermediate utility values of each criterion for Scenario A 

 

Table 42 - The intermediate utility values of each criterion for Scenario A 

 Traffic 
Congestion 

Parking 
Issues 

Travel 
Times 

Comfort 
Safety and 
Security 

Energy 
Consumption 

Emissions Cost 

R1 
0.003 0.000 0.792 0.815 0.882 0.000 0.540 0.963 

R2 
0.378 0.847 0.792 0.593 0.000 0.469 0.723 0.985 

R3 
0.753 1.000 0.665 0.519 0.647 1.000 0.951 1.000 

R10 
0.269 0.847 0.634 0.244 0.879 0.642 0.888 0.837 

R6 
0.965 1.000 0.683 0.243 0.961 0.898 0.929 0.870 

R9 
0.253 1.000 0.514 0.290 0.879 0.642 0.897 0.837 

R5 
0.110 1.000 0.651 0.155 0.954 0.557 0.868 0.837 

R8 
0.372 1.000 0.638 0.183 0.956 0.614 0.887 0.731 

R4 
0.003 1.000 0.792 1.000 0.882 0.000 0.540 0.659 

R7 
0.972 0.847 0.802 0.222 0.961 0.898 0.925 0.870 

 

ANNEX V - Scenario B user trip (Source: Google Maps, 2017) 

 

Figure 27 - Scenario B user trip (Source: Google Maps, 2017) 

 

A 

B 
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ANNEX X - Routes' schematics of Scenario B 

 

Table 43 - Routes' schematics of Scenario B 

Route Means of Transport 

R1 Private Car 

R2 Motorbike 

R3 On-demand Ride Services 

R4 Bicycle + Ferry + Bicycle 

R5 Private Car + Ferry + Walk 

R6 On-demand Ride Services + Ferry + On-demand Ride Services 

R7 On-demand Ride Services + Ferry + Walk 

R8 Motorbike + Ferry + Walk 

R9 Private Car + Train + Train + Walk 

R10 Bicycle + Train + Train  + Walk 

R11 Bicycle + Train + Train + Bicycle 

R12 Motorbike + Train + Train + Walk 

R13 On-demand Ride Services + Train + Train + Walk 

R14 Bicycle + Train + Bicycle + Metro + Bicycle 

R15 Bicycle + Train + Walk + Metro + Walk 

R16 Motorbike + Train + Walk + Metro + Walk 

R17 Private Car + Train + Walk + Metro + Walk 

R18 On-demand Ride Services + Train + Walk + Metro + Walk 

R19 Walk + Bus + Bus 

R20 Bicycle + Bus + Bus 

R21 Motorbike + Bus + Bus 

R22 Car + Bus + Bus 

R23 On-demand Ride Services + Bus + Bus 
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ANNEX Y - The intermediate utility values of each criterion for Scenario B 

 

 

Table 44 - The intermediate utility values of each criterion for Scenario B 

 Traffic Congestion Parking Issues Travel Times Comfort Safety and Security Energy Consumption Emissions Cost 

R1 0.003 0.000 0.546 0.815 0.882 0.000 0.540 0.896 

R2 0.378 0.000 0.546 0.593 0.000 0.615 0.723 0.958 

R3 0.003 1.000 0.546 1.000 0.882 0.000 0.540 0.297 

R4 0.843 0.847 0.598 0.465 0.733 0.820 0.605 0.826 

R5 0.507 0.847 0.529 0.630 0.834 0.548 0.435 0.808 

R6 0.366 1.000 0.712 0.770 0.882 0.419 0.344 0.588 

R7 0.507 1.000 0.529 0.710 0.834 0.548 0.435 0.650 

R8 0.668 0.847 0.529 0.535 0.454 0.676 0.514 0.819 

R9 0.810 0.000 0.485 0.378 0.963 0.695 0.870 0.677 

R10 0.942 0.847 0.438 0.325 0.922 0.983 0.943 0.692 

R11 0.945 0.847 0.498 0.317 0.922 0.983 0.941 0.692 

R12 0.876 0.847 0.485 0.338 0.807 0.830 0.903 0.654 

R13 0.810 1.000 0.485 0.410 0.963 0.695 0.870 0.557 

R14 0.952 0.847 0.478 0.289 0.932 1.000 0.936 0.724 

R15 0.949 0.847 0.409 0.297 0.932 1.000 0.938 0.724 

R16 0.893 0.847 0.455 0.308 0.835 0.847 0.904 0.718 

R17 0.838 0.000 0.455 0.341 0.967 0.712 0.877 0.708 

R18 0.838 1.000 0.455 0.369 0.967 0.712 0.877 0.576 

R19 0.062 1.000 0.462 0.109 0.980 0.671 0.858 0.705 

R20 0.065 0.847 0.512 0.099 0.980 0.671 0.855 0.705 

R21 0.044 0.847 0.520 0.103 0.944 0.631 0.843 0.703 

R22 0.023 0.000 0.520 0.115 0.993 0.596 0.833 0.700 

R23 0.023 1.000 0.520 0.126 0.993 0.596 0.833 0.661 
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ANNEX Z - Scenario C user trip (Source: Google Maps, 2017) 

 

Figure 28 - Scenario C user trip (Source: Google Maps, 2017) 

 

ANNEX AA - Options schematics of Scenario C 

 

Table 45 - Options schematics of Scenario C 

Route Means of Transport 

R1 Private Car 

R2 Motorbike 

R3 Walk 

R4 Bicycle 

R5 On-demand Ride Services 

R6 Walk + Bus + Walk 

R7 Walk + Tram + Walk 

 

 

 

 

B 

A 
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ANNEX AB - The intermediate utility values of each criterion for Scenario C 

 

 

Table 46 - The intermediate utility values of each criterion for Scenario C 

 R1 R2 R3 R4 R5 R6 R7 

Traffic 
Congestion 

0.003 0.378 0.689 0.753 0.003 0.130 0.201 

Parking 
Issues 

0.000 0.847 1.000 0.847 1.000 1.000 1.000 

Travel Times 0.848 0.848 0.456 0.749 0.848 0.741 0.625 

Comfort 0.815 0.593 0.704 0.519 1.000 0.174 0.187 

Safety and 
Security 

0.882 0.000 0.647 0.647 0.882 0.944 0.906 

Energy 
Consumption 

0.000 0.469 1.000 1.000 0.000 0.617 0.953 

Emissions 0.540 0.723 0.988 0.951 0.540 0.872 0.939 

Cost 0.974 0.990 1.000 1.000 0.710 0.829 0.731 

 

 

 

ANNEX AB - User E preferences regarding the criteria (where C = Criterion and BC 

= number of blank cards). 

 

Table 47 - User E preferences regarding the criteria (where C = Criterion and BC = number of blank cards). 

  

C Emissions 

BC 1 

C Energy Consumption 

BC 2 

C Safety and Accidents 

BC 1 

C Traffic Congestion 

BC 3 

C Comfort 

BC 1 

C Parking Issues 

BC 1 

C Travel Times 

BC 1 

C Cost 
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