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Abstract
Mass migration to cities has led to a a huge increase in research into urban en-
vironmental sustainability, its assessment and methods to improve it. This the-
sis focuses on the theme of multi-criteria decision analysis (MCDA) in digital
urban planning. It addresses the question of how useful such methods would
be in quantitative assessment of the environmental sustainability potential of
urban areas in the planning stage. This paper discusses potential methods to
build an environmental sustainability scoring system for urban areas, chooses
the most promising and applies it to a case study urban area. This is intended
to be a proof of concept piece on whether the application of MCDA to digital
urban planning is feasible and useful. This method is then evaluated based
on its limitations, consistency, robustness to changes in input and on the opin-
ions of experts in the fields of sustainability and digital urban planning. It
is found that the method proposed, a combination of the AHP and MAUT
decision analysis methods, has several advantages in creating representative
sustainability scores and incorporating expert opinions, but is difficult to scale
to include many criteria and requires a high level of input. It is suggested that
further research in this area into more scalable MCDAmethods would be ben-
eficial, and increasing the reliability and availability of urban environmental
data would be highly useful for this field.
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Sammanfattning
Massmigration till städer har lett till en enorm ökning av forskning inom håll-
barhet i stadsmiljöer, dess bedömning och metoder för att förbättra det. Denna
avhandling fokuserar på temat ’multi-criteria decision analysis’ (MCDA, be-
slutsanalys av flera kriterier) i digital stadsplanering. Den adresserar frågan
om hur användbara sådana metoder skulle vara vid kvantitativ bedömning av
den miljömässiga hållbarhetspotentialen av stadsområden i planeringsstadiet.
Vidare diskuteras potentiella metoder för att ta fram ett poängsystem i miljö-
mässig hållbarhet för stadsområden, där den mest lovande väljs och appliceras
på en fallstudie. Detta är meningen att fungera som en konceptvalidering över
om appliceringen av MCDA till digital stadsplanering är möjligt och använd-
bart. Metoden utvärderas sedan baserat på dess begränsningar, pålitlighet, ro-
busthet till förändringar i input och med åsikter från experter inom områdena
hållbarhet samt digital stadsplanering. Det visas att den föreslagna metoden,
en kombination av AHP ochMAUT beslutsanalysmetoderna, har flera fördelar
när det kommer till att skapa representativa hållbarhetspoäng och inkorporera
expertåsikter, men är svår att skala för att inkludera många kriterier och kräver
en stor mängd input. Det föreslås att ytterligare forskning inom detta område
med mer skalbara MCDA metoder skulle vara lönsamt, samt att öka pålitlig-
heten och tillgängligheten av miljödata inom stadsområden skulle vara väldigt
användbart för detta område.
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Chapter 1

Introduction

1.1 Background
“The road to global sustainability runs through the world’s cities."

UN Secretary General Ban Ki-Moon, June 2012

Over half the population of our world lives in cities (Ritchie and Roser,
2018). The future of humanity is urban, with over one million people per week
relocating to urban environments (Kähler, 2017). This area has the potential
to be a spearhead for sustainable practices, as it is where the strongest impacts
can be felt from climate change, energy consumption and social inequality.
This is reflected in the United Nations’ 11th ‘Sustainable Development Goal’
of “Making cities and human settlements inclusive, safe, resilient and sustain-
able" (United Nations New York, 2018), as shown in Figure 1.1 (UN Habitat,
2015). Urban form and the layout of cities has a significant impact on how
sustainably citizens choose to live their daily lives, meaning imaginative ur-
ban planning practices can steer cities towards meeting sustainability goals
(Gu, 2016).

Integrating digitalisation and scientific decision processes into urban plan-
ning has the potential to make valuable contributions to city sustainability ef-
forts. The problem of designing urban areas for sustainability is one of mul-
tiple, conflicting objectives and many stakeholders, including government of-
ficials, urban planners and the communities themselves. In decision theory,
one tool which is used to accommodate such multiple, opposing viewpoints
is multi-criteria decision analysis (MCDA). The theme of this thesis is the

1



2 CHAPTER 1. INTRODUCTION

application of MCDA to the problem of quantitatively assessing sustainabil-
ity potential in digital urban planning. This research was proposed by Atkins
Sverige AB, with the aim being to develop a quantitative assessment method
of urban sustainability potential to include in their digital urban planning soft-
ware.

Figure 1.1: Sustainable Development Goals of the United Nations.

1.2 Research Question
Can a MCDA-based scoring system be used to aid urban planners in

improving sustainability in the digital planning process?

Sustainability of an urban area is not traditionally regarded as a quantita-
tively measurable concept (Grosvenor, 2013). This research question is rel-
evant because it will indicate whether or not it is feasible to incorporate a
sustainability potential measure into an urban planning tool, and the extent of
its usefulness. If results show that MCDA can provide a representative value,
it could provide information to assist in designing urban areas to improve sus-
tainability potential 1. This research question will be addressed by analysing
different MCDA methods and selecting the most promising to be used in the
creation of a sustainability potential scoring system. This will be used on the
case study urban area of Sege Park, Malmö, and the results analysed both inde-
pendently and using feedback from urban planning and sustainability experts.

1At this point, it is important to note the distinction between ‘sustainability potential’ and
‘sustainability’. Urban sustainability is almost exclusively measured as the result of actions of
residents in an area. This thesis focuses solely on how the form of an area prior to its build,
in the urban planning stage, can affect the potential of residents to act in a sustainable way. It
therefore only focuses on assessing sustainability potential.
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The answer to the research question will depend on the identified limitations
and advantages of the proposed scoring system.

One important aspect to note is that the aim of this research is not to imple-
ment a full sustainability potential scoring system on a large number of factors,
as this would detract from the main focus of the thesis. It is instead intended
to be a proof of concept piece on whether or not MCDA could be useful in this
context.

1.3 Schematic Outline
This research is structured as follows. Section 2 is a literature review sum-
marising the current state of research into the topic of digitalisation in sustain-
able urban planning. Section 3 provides an overview of the theory behind the
techniques used in this research, includingMCDA and how it can be applied to
digital urban planning. Section 4 describes the MCDA method used to create
a sustainability potential scoring system, including giving information on data
collection. Section 5 justifies all choices made regarding the method. Section
6 provides the results for the case study of using the method and Section 7 dis-
cusses the validity of the results by analysing the limitations and advantages
of the method, whilst Section 8 gives ideas for further research. Section 9 is
the conclusion which presents the findings of this research succinctly.
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Literature Review

The quantification of sustainability, and concepts related to it, is an area of
research that has received a great deal of interest in recent years. The focus on
achieving clear sustainability targets both at a corporate and national level has
led to a breadth of research on potential methods for quantifying this seem-
ingly amorphous concept. The sustainability of urban areas is recognised as
a key issue due to the increase in the percentage of the population living in
cities. The use of multi-criteria decision analysis in urban planning is a rela-
tively new concept and holds great potential for further research. In particular,
whilst knowledge of national-level techniques is widespread, far less has been
done at a regional or community level to assist city urban planners. The focus
of this research will be on how decision analysis can be integrated into digital
urban planning solutions.

Urban sustainability scoring systems such as BREEAM, LEED and CAS-
BEE have received mixed reactions from the scientific community (Berardi,
2013). Whilst the importance of sustainability assessment is recognised by
almost all sources, there is still a long way to go to acceptance of a universally
recognised system. Such systems are generally not created to be integrated into
digital solutions as their focus is not on urban form and design parameters, but
on the planning process of the designers (Shen, 2011). This therefore provides
an opening for this research on integrating quantification of urban form sus-
tainability indicators into a digital urban planning solution. The potential for
this integration has been discussed by various sources such as Garan and Pavan
(2018), which considers how indicators can be aggregated to evaluate “smart
urban quality". Other research institutions such as Yale Data-Driven Envi-
ronmental Solutions Group (2015) are attempting to incorporate large num-
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bers of environmental datasets to understand the performance of cities on en-
vironmental indicators. Multiple other sources (Fernandez-Redondo, 2018;
Rosales, 2011; Tironi and Valderrama Barragán, 2018) consider how technol-
ogy can be used in sustainable urban planning, but as yet none have incorpo-
rated a sustainability measurement system into a digital urban planning tool.
Tools such as ‘Virtual City’ from Chalmers University, Göteborg (VirtualCity,
2018), and other 3-d city modelling tools (Tiwari and Jain, 2013) are perform-
ing research into the possibility of this, but are not as yet widely used. These
each use different decision analysis variations to attempt to provide a repre-
sentative sustainability score.

The selection of an appropriate multi-criteria decision analysis tool for
measuring urban sustainability is contended, with multiple sources citing valid
arguments for different methodologies. Whilst many sources favour a subjec-
tive approach which directly integrates the opinions of stakeholders and ex-
perts (Han et al., 2006; Lotfi et al., 2009; Zinatizadeh et al., 2017) , others
take a more objective approach (Ding et al., 2016). Some research has been
undertaken into a comparison of different methods and which factors should
be considered when making such a selection, but their results vary. Whilst
some conclude that the choice of MCDA method can have a significant im-
pact on the results of the study (Guarini, 2018), others show using case study
examples that in some cases there is little difference in method results (Zina-
tizadeh et al, 2017). Nevertheless, the most generally accepted methods for
weighting the importance of sustainability indicators include subjective opin-
ion, and are the AHP (Han et al., 2006; Lotfi, 2009; Ramanathan et al., 1995),
TOPSIS (Berardi, 2013), and others such as ELECTRE and PROMETHEE
(Merad et al., 2012; Vinodh and Girubha, 2012). Other sources emphasise the
potential of using combinations of methods to better deal with qualitative data
and uncertainty (Ding et al, 2016).

The varying degrees of conflict which exist between sustainability objec-
tives, which make it such a fitting and interesting topic for decision analysis,
are widely recognised (Bandara et al., 2013; Nechi et al., 2019). The alter-
nate maximisation or minimisation of different sustainability indicators such
as building density, green area factor, cost and others are almost always in
conflict with one another (Ramanathan et al., 1995). Research into using sat-
isfaction functions (Liuzzi et al., 2015) has been performed to a moderate de-
gree of depth to provide a better understanding of the degree to which project
stakeholders can be satisfied. This is an area which is particularly relevant to
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this thesis topic as the digital tool developed by Atkins is designed to be used
by multiple different governing bodies.

In conclusion, whilst extensive research has been performed in the field
of quantifying sustainability at a national level, far less has been studied on
the impacts of urban form on sustainability potential and integrating measure-
ments of these into a digital tool at a city level. This research will therefore
provide new insights into digitalisation of sustainability initiatives and into
measurement of urban sustainability potential from information about urban
form using MCDA.
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Theory

This section introduces theory of multi-criteria decision analysis and its appli-
cations in sustainable urban planning, specifically in a digital context.

3.1 Multi-Criteria Decision Analysis
Decision makers have always used their own processes and informal methods
when making difficult decisions. One of the earliest, simplest references to
multi-criteria decision analysis (MCDA) dates back to the 18th century, in Ben-
jamin Franklin’s description of what he termed “moral algebra" (Kay, 2012).
When attempting to make a decision, he would write arguments for the deci-
sion in one column on a sheet of paper, and arguments against in the other. He
would then cross out groups of arguments which he judged to be of roughly
equal validity on each side until one side had arguments remaining. Since this
time the decision-making process has been extensively formalised and studied
in the works of eminent MCDA researchers including, amongst others, Ron
Howard, who is believed to have first coined the term ‘decision analysis’, and
Herbert Simon, who won the Nobel Prize in 1978 for his research on the pro-
cesses of human decision making (Campitelli and Gobet, 2010).

Multi-criteria decision analysis is now a common tool to aid decision mak-
ers in complex problems containing multiple, conflicting objectives. The aim
of using MCDA is to provide decision makers with a systematic, scientifically
rigorous process for satisfying their objectives and achieving the best possi-
ble outcome under the circumstances. The process of MCDA, which involves
problem formulation, model building and method implementation, as shown
in Figure 3.1, is applicable to a huge number of real-world scenarios, includ-

7



8 CHAPTER 3. THEORY

ing job applicant selection, ranking consumer choices and land-use planning.
Due to its popularity and its wide applicability, many specialised MCDA tech-
niques have been developed over the years which are each suited to different
categories of decision-making problem. The challenges of this research re-
lated to MCDA will be in selecting an appropriate MCDA method and select-
ing appropriate criteria by which to measure sustainability potential.

Figure 3.1: Flowchart of the MCDA Process.

3.2 Digitalising Sustainable Urban Planning
“Digitalisation is happening" (Partridge, 2017). There is no denying that dig-
italisation is having major impacts across almost all sectors of daily life. The
advancing technology, with all its benefits and disadvantages, is “fundamen-
tally changing the way wework" (Schwab, 2017). Digitalisation in urban plan-
ning is a fairly recent phenomenon with CityCAD, the “first major 3D CAD
application specifically designed for urban designers and planners", first be-
ing launched in 2008 (CityCAD, 2008). Since that time multiple other urban
planning and design companies have sought the potential benefits that digital-
isation can bring, such as accessing real-time urban control parameters (Mod-
elur, 2019), increasing speed of development projects (Catapult, 2019), and
fostering more sustainable building practices (Zynka, 2019).

One such example is Atkins Sverige AB’s ‘PIM’, or Planning Information
Modelling, tool to “help stakeholders collaborate better on sustainable urban
development projects" (ATKINS, 2018). This tool is used to create virtual
reality visualisations of urban areas prior to their build. It aims to include a
measure of sustainability potential, which will demonstrate how sustainably
residents are likely to act based on the area’s urban form. If the result of this
thesis is positive, and a scoring system subsequently implemented in PIM, it
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would be one of the first major urban planning tools to adopt such a measure.
Images demonstrating this tool are provided in Figures 3.2 and 3.3 (ATKINS,
2018).

The focus on quantitative sustainability potential assessment from a digital
model of an area presents several problems. Firstly, it immediately discounts
any indicators which cannot be derived from urban form alone, such as green-
house gas emissions, therefore the measure will lack important information.
Secondly, it requires that all indicators be measurable from a quantitative per-
spective to provide a meaningful measure of overall sustainability potential.
This is expected to be challenging with certain environmental indicators such
as “community engagement with green initiatives", so these too will be ex-
cluded. Any criteria selected to be used in quantitative sustainability assess-
ment in urban planning must therefore satisfy the requirements that they are
measurable, meaningful and can be easily determined from a 3-d model.

It must also be recognised that sustainability is difficult to quantify or
even define. There exist “many definitions, or better, descriptions of sustain-
ability"(Phillis and Andriantiatsaholiniaina, 2001, p438), the components of
which can be unmeasurable and vague. The other difficulty lies in the debate
on whether choices of spatial arrangements can be used in a meaningful way
to give an indication of sustainable practice, with some strong opinions to the
contrary that “form, in and of itself, is not measurable in terms of sustain-
ability" (Grosvenor, 2013). This is heavily contested, however the majority of
research concludes that urban form can have significant impacts on the poten-
tial to act sustainably, including in areas such as transport choices and energy
usage.

3.3 MCDA in Sustainable Digital Urban Plan-
ning

Multi-criteria decision analysis, as described in Section 3.1, is designed to be
used in situations with multiple, conflicting objectives or alternatives. The
question of whether it is a suitable tool to be used in sustainability assessment
has been widely researched. Sustainable issues can be characterised by a “high
degree of conflict" (Figueira et al., 2005, p. xxxiii), and contain multiple trade-
offs which must be taken into account (Cilinskis et al., 2017). These include,
amongst others, the conflicts that often exist between environmental sustain-
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Figure 3.2: Illustration of the PIM tool and its measurements.

Figure 3.3: Illustration of the aims of the PIM tool.

ability, cost, customer satisfaction and social sustainability. MCDA has been
used in many sustainability-related situations to find better resolutions to these
issues, such as in land usage (Brinkhoff, 2011), agricultural systems (Talukder
et al., 2018) and urban development (Fernandes et al., 2017).
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The field of quantitative sustainability potential assessment in digital urban
planning has not been extensively researched, so little evidence exists of the
uses of MCDA for this application. However, discussion with sustainability
and urban planning experts yielded several potential cases where it could be
implemented and useful. These are listed below.

1. Plan Design
Use case: An urban planner designing an urban area in a 3-d modelling
tool will change an aspect of an urban area, for example change the
height of a building, and this will affect the sustainability potential score
to provide instant feedback. This allows the planner to see exactly how
their actions change the sustainability potential score of an area they are
designing.

2. Plan Judging
Use case: A stakeholder such as a local government official can use a
sustainability potential indicator to judge several different plans, ranking
them by sustainability potential. This measurement can give an idea of
the sustainability potential to help guide the decision of which plan to
choose.

3. Area Comparison
Use case: After urban areas have been built a sustainability indicator
could be used to distinguish which performs best in different indicators
of sustainability.

This thesis will focus on the second use case of ‘Plan Judging’, to assist
officials in evaluating different design plans based on sustainability scores.
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Method

This section describes the process of selecting an appropriate MCDA method
for this specific problem and collecting necessary data. It concludes by ex-
plaining the quantitative scoring system created which will be used on the
case study area, Sege Park. All choices are justified in Section 5.

4.1 Selection of an MCDA Method
This subsection discusses the objective of this particular thesis from anMCDA
perspective, the importance of selecting an appropriate MCDA method for
success of the research, and names the methods chosen. A detailed descrip-
tion of the methods is given in 4.2.

The objective of this research from an MCDA perspective is to create a
quantitative scoring system for the sustainability potential of an urban area.
This will take into account several indicators, measured from a 3-d model of
the area, and their relative importance, to create a final score for the area.
This score will take the form of a simple additive weighting of indicators as in
Equation 4.1. ∑

k

wku(k) (4.1)

where
k indexes a list of sustainability potential criteria
wk represents a weighting of the kth criterion
u(k) represents a utility function of the kth criterion

12
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The complex part will be to useMCDA to determine representativeweight-
ings and utility functions. The weighting, wk, represents the relative impor-
tance of each criterion of sustainability potential. The utility function, u(k)
represents the satisfaction of stakeholders for a given criterion value.

In order to give the best possible indication of whether or notMCDAcan be
usefully applied to the situation in question, it is essential to select the most ap-
propriate method. It should be recognised that no ideal, universally-applicable
MCDA problem-solving method exists. Instead, MCDA methods are classi-
fied in a variety of ways, leaving the decision maker to choose an appropriate
method based on the characteristics of their specific problem. This is essen-
tial as it has often been recognised that different MCDA methods can produce
different results for the same problem (Polatidis and Haralambopoulos, 2006).
When choosing a method it is important to recognise that, in addition to there
being no perfect overall MCDAmethod, in practical situations there is also no
perfect MCDA method to use for a given problem. In other words, “there is
not one method that can perform superiorly to all identified attributes" for a
single problem (Polatidis and Haralambopoulos, 2006, p. 190), and it is likely
that a variety of different methods could potentially be used. However, there
are methods which will be more suited to a problem than others, and select-
ing such a method in the early stages can have a huge impact on the cost and
effectiveness of a solution in later stages (El Amine et al., 2016).

The main method used in this research will be the Analytic Hierarchy Pro-
cess (AHP), which is described in detail in Section 4.2.1. This will determine
the weights within the scoring system of how important each criterion is, wk

in Equation 4.1. A sub-problem within this area is to estimate the utility of
each criterion, u(k) in Equation 4.1, and this will be tackled by the method of
Multi-Attribute Utility Theory (MAUT), which is described in detail in Sec-
tion 4.2.2. Justification of these choices is discussed extensively in Sections
5.2 and 5.3.

4.2 Chosen Methods
This subsection describes theMCDAmethods chosen for the purpose of quan-
titative sustainability potential assessment.
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4.2.1 Analytic Hierarchy Process (AHP)
The AHP is a technique of decision science invented by Saaty in the 1970s
as a tool for setting priorities in decision-making (Ciambriello and D’Amelio,
2009). It reduces otherwise complex decisions involving multiple criteria to a
series of pairwise comparisons, the results of which are combined to provide a
weight for each criterion. These weights give an indication of the importance
of each criterion in achieving a certain goal. The AHP can also be used to
select the most suitable alternative from several options by finding a trade-
off based on scores for these weighted criteria. It is particularly well-suited
to group decision making as weights are based on the opinions of multiple
experts. This research will use the AHP to weight the importance of several
criteria toward achieving a high sustainability potential of an urban area. The
flowchart in Figure 4.1 gives an overview of the steps involved. These steps
are described in more detail below (Ishizaka and Nemery, 2013).
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Figure 4.1: Flowchart of the AHP Process.
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1. Problem Structuring
This step involves outlining the overall goal of the decision-making pro-
cess and which factors will contribute to the decision. In this case the
main goal of the scoring system is to measure environmental urban sus-
tainability potential, and this stage will involve selecting which criteria
will contribute towards the overall sustainability potential assessment
of the urban area. This information is then generally used to rank al-
ternatives, which in the case of this research would be urban plans. A
pictorial representation of this step is given in Figure 4.2.

Figure 4.2: Hierarchy of the AHP Problem Structure.

2. Expert Opinion
This step involves acquiring value judgements on a pairwise compari-
son basis of the relative importance of each of the selected criteria. In
this research, this will be done using Saaty’s original pairwise scale,
found in Appendix A. This decision is justified in Section 5.2.5. This
stage involved sending questionnaires which can be found in Appendix
I to experts on urban sustainability who worked on the particular case
study project chosen. Justification for this choice can be found in Section
5.2.6.

3. Comparison Matrices
This step involves constructing pairwise comparison matrices for each
decision maker to demonstrate an individual’s view of the relative im-
portance of each criterion. Each element of these matrices, denoted aij ,
can be interpreted as meaning that criterion i is aij times more impor-
tant than criterion j.
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Two important properties of pairwise comparison matrices are:

• A main diagonal with each entry of value 1.
This is because each criteria is automatically viewed to be as im-
portant as itself.

• Entries reflected in the main diagonal satisfy the property that

aijaji = 1

This is because if a criterion A is taken to be some arbitrary n times
as important as B, the AHP determines that B has an importance
1
n
times that of A.

An example of a pairwise comparison matrix is provided here, with the
above properties evident.

A B C D
A 1 1 1/3 1/2
B 1 1 1/3 1/5
C 3 3 1 1
D 2 5 1 1

In this research, pairwise comparison matrices were created from each
questionnaire answered, and can be found in Section 10.

4. Consistency Analysis
This step involves analysing each comparisonmatrix for consistency. In-
consistency can occur within matrices for a number of different reasons
including inherent problems in the comparison scale structure, lack of
knowledge on the part of experts and errors from lack of concentration
(Pankratova and Nedashkovskaya, 2015). There are two forms of incon-
sistency which can commonly occur in pairwise comparison matrices -
cardinal and ordinal (Siraj, 2011).

Cardinal consistency is defined as each entry of a matrix satisfying the
property

aij = aikakj for all i, j, k (4.2)
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If a matrix does not satisfy this property it is said to be cardinally incon-
sistent.

Ordinal consistency is defined as all elements in a matrix satisfying the
property that

If Ei −→ Ej −→ Ek then Ei −→ Ek (4.3)

where −→ indicates ordering of importance (Siraj, 2011). If a matrix
does not satisfy this property it is said to be ordinally inconsistent.

In this research, consistency is analysed in two different ways. These are
by using Saaty’s ‘Consistency Ratio’, which measures cardinal inconsis-
tency, and ‘Overall Dissonance’, which measures ordinal inconsistency.
These are described below, and the decision to use them is justified in
Section 5.2.3.

Saaty’s Consistency Ratio
Saaty’s ‘Consistency Index’ is given by

CI =
λmax − n
n− 1

where λmax is the principal eigenvalue of the pairwise comparison ma-
trix and n the dimension. This idea stems from the fact that the largest
eigenvalue of a fully consistent reciprocal matrix is equal to its dimen-
sion (Siraj, 2011). The higher the inconsistency of the matrix, the fur-
ther the largest eigenvalue will be from the dimension. The λmax value
will also be included in the consistency evaluation for this reason. The
issue with using solely the consistency index would be that this depends
on the dimension of the matrix, so a new measurement, the consistency
ratio, was developed, given by

CR =
CI

RIn

where CR is the Consistency Ratio, CI is the Consistency Index, and
RIn is a random consistency index. This random consistency index is
the average value of the consistency index for a selection of randomma-
trices of dimension nxn using Saaty’s scale. Example values of this
random index are provided in Appendix B from the Alonso and Lamata
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fit (Alonso and Lamata, 2006), which is used in this research. A consis-
tency ratio of lower than 0.1 is the accepted rule for indicating amatrix is
consistent enough for inclusion in the final judgment, a point expanded
on further in Section 5.2.3.

Overall Dissonance
The idea of dissonance as a measure of ordinal consistency is based
on identifying outliers from an ordinal rank. A dissonance matrix is
constructed from the formula (Siraj, 2011)

ψij =
1

n− 2

∑
k

step(−log aijlog aikakj) where i 6= j 6= k (4.4)

The dissonance matrix gives a measure of the number of ordinally in-
consistent triads in the original matrix. The overall dissonance is then
found from an average of elements of this dissonance matrix using

Ψ =
2

n(n− 1)

n−1∑
i=1

n∑
j=i+1

ψij (4.5)

AΨ value of 0 indicates that the pairwise comparisonmatrix is ordinally
consistent. The highest value of Ψ is 1, indicating the highest level of
ordinal inconsistency. Justifications for the use of this measurement can
be found in Section 5.2.3.

5. Decision Maker Pairwise Comparison Matrix Aggregation
In order to incorporate the views from multiple stakeholders in a de-
cision, the pairwise comparison matrices of each decision maker are
incorporated into a single consensus matrix. Inconsistent matrices were
excluded from this aggregation, a decision justified in Section 5.2.4.
Different methods exist for this, the most common of which is the geo-
metric mean method. In this approach a collective judgment matrix is
created from the individual pairwise comparison matrices, where each
element is given by (Goepel, 2013)

aij = exp

∑N
k=1 ln(aij(k))∑n

k=1wk

where

aij(k) is each matrix element for the kth opinion matrix
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wk is the weighting of the kth opinion matrix.

It is also possible not to do this step, and to calculate a final weight-
ing vector from individual weights of each pairwise comparison matrix.
Justification of this choice is provided in Section 5.2.2.

6. Weighting Criteria Calculations
This step involves calculating weightings from the consensus pairwise
comparison matrix. This can be done in a variety of ways, most com-
monly the approximatemethod, eigenvectormethod and geometricmean
method. In this research the principal eigenvector method will be used,
a justification of which is provided in Section 5.2.1. The principal eigen-
vectormethod consists of using the eigenvector associatedwith the largest
eigenvalue for the matrix as the priority weighting vector. Given some
comparison matrix, A, a priorities vector, p, and a maximum eigenvalue
of the matrix, λmax, the following equation is used:

A · p ≈ λmax · p (4.6)

The priority vector p is the eigenvector that corresponds to λmax.

7. Sensitivity Analysis
The purpose of the sensitivity analysis step is to assess the stability of
the solution found. The AHP is generally used to find scores for a set of
alternatives, which in the case of this research would be suggested plans
for design of an urban area. If the AHP scores indicate that a certain
area performs best, it is important to know how robust this final rank-
ing output is to small changes in the input. This step is recognised as
crucial for ensuring reliable results, and has been described as “a funda-
mental concept in the effective use and implementation of quantitative
decision models" (Goepel, 2013). Knowledge of the sensitivity of each
criterion and its respective weighting can help decision makers to make
better decisions on alternatives (Triantaphyllou et al., 1997). Ideally
this research would measure the sensitivity in these terms, comparing
the urban plan of Sege Park, the case study, with other competing plans.
A method for this is discussed in Section 8.1.5. However, as access to
other urban plan alternatives were not available a different method was
used, involving investigating the smallest perturbation in an indicator
score which could give the greatest change in overall score for the area.
This will help designers to see the areas that can be focused on to make
the biggest advances in sustainability with potentially minimal effort.
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A clear application of all these steps to this research is given in Section 6.

4.2.2 Multi-Attribute Utility Theory (MAUT)
MAUT is a method for assigning a level of importance to different attributes,
to give some meaning to an otherwise arbitrary value. This involves the con-
struction of mapping functions from criterion values, k, to a satisfaction or
utility function, u(k). In the case of this research it represents the level of sat-
isfaction, or utility, that the stakeholders will gain from a particular value for
a sustainability potential criterion. In other words, it “translates the level of
performance achieved for an attribute, expressed in whatever unit of measure-
ment was chosen for it, into a number indicating how useful or desirable that
level of performance is perceived to be by the decision maker" (LeeMerkhofer
Consulting, 2019). It therefore supports the decision-making process by pro-
viding quantitative scores for a criterion’s value.

In order to evaluate an urban area on each of the criteria of environmental
sustainability potential described in Section 6.2, it must be given a score based
on these criteria. This is a difficult area as it involves applying what is often
termed ‘hard maths’ to an area of decision-making known as ‘soft decisions’.
The main difficulties here can be explained by the following example. One
criterion sometimes suggested for measuring environmental sustainability po-
tential is the ‘density of biking paths’, measured in km per km2. This presents
difficulties in interpretation, as it is complex to judge what different values
mean for each area. What level of satisfaction will be gained if comparing
Area A, with a value for this criterion of 9.3, against Area B, with a value of
10.6? This is where MAUT can be put to use.

There are several methods for determining the shape of this utility func-
tion, but in this research the percentile method will be used. This choice is
justified in Section 5.3.1. This involves gathering data on many other similar
urban areas and using the criterion scores from these as a comparison basis to
build a satisfaction function. The percentile rank for an indicator demonstrates
the percentage of other areas which scored worse than the case study area for
a particular indicator. For example, if one area has a higher green area factor
than 90% of all other areas, this area will score in the 90th percentile for that
indicator. The method for calculating this can be demonstrated by the follow-
ing example. Imagine that the score of the area in question, in this research’s
case Sege Park, is X for some indicator I . In order to calculate the percentile
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rank for this indicator from the database, the following equation is used:

Percentile Rank (Ix) =
Number of items with lower scores than Ix

100 ∗ Total number of items
(4.7)

Using this measurement, full satisfaction functions are built based on all
information stored in a database. These functions can be found in Section 10.

4.3 Data Collection
This subsection discusses how data was collected to be used in the MCDA
methods.

In gathering data for criteria selection in the ‘Problem Structuring’ section
of the AHP, the opinions of the eight field experts in sustainability in urban
planning who worked within the selected case study project, Sege Park, were
sought. This decision is justified in Section 5.2.6. Of these, five provided
suggestions as to what they deemed most important. These criteria sugges-
tions can be found in Section 6.2. These criteria were then presented to a 3-d
modelling expert in urban planning, who selected four of them as having the
most potential to include in a digital urban planning tool. The urban plan-
ning and sustainability experts were then asked to fill in a questionnaire on
pairwise comparisons of the four criteria with a focus on the aims of the Sege
Park project. The questionnaire can be found in Appendix I, and the pairwise
comparison matrices constructed can be found in Section 10.

In order to create a percentile ranking based satisfaction function for each
criterion in the MAUT part of the process, data from several other urban areas
for each of the indicators was required. This process involved both selecting
appropriate urban areas for comparison and finding data on them. The urban
areas selected were chosen based on several key factors which were, in no
particular order: size, age, location, purpose and availability of data. The
choice of these attributes is justified in Section 5.3.2, as is the choice of case
study area, Sege Park, Malmö.

4.4 Overview of the Scoring System
The overall method developed for sustainability evaluation of an urban area in a
digital tool is given below. Its purpose is to assist in choosing between different
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alternative plan suggestions for an urban area with a focus on sustainability.

1. Request opinions from experts involved with the project on which sus-
tainability criteria are most important for this particular area.

2. Compile from these suggestions a list of criteria which can be calculated
within a 3-d model.

3. Send AHP questionnaires to experts involved with the project on rela-
tive importance of each criteria, and from their responses form pairwise
comparison matrices.

4. Evaluate the consistency of the results.

5. Calculate a weighting vector to assign a quantitative value to the relative
importance of each criterion.

6. Calculate the score of each criterion for the given area from its perfor-
mance in satisfaction functions determined from MAUT.

7. Calculate the total environmental sustainability potential score of the
urban area.

8. Perform sensitivity analysis to investigate robustness of results.
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Justifications of the Method

The purpose of this section is to explain the reasoning behind choices made in
Section 4, either through detailed discussion, if appropriate, or by signposting
the interested reader towards further research which supports these choices.

5.1 Selection of an MCDA Method
TheMCDAmethod chosen for the purpose of this research was a combination
of AHP and MAUT, as described in Section 4.2. This subsection justifies this
decision by describing the steps taken to select these methods. This involved
creating a clear description of this research’s aim, and inputting this into vari-
ous frameworks designed to help decision makers choose appropriate MCDA
methods.

There are many methods for categorising problems in MCDA according to
their different characteristics. These guides to choosing an appropriateMCDA
method (Guarini, Battisti and Chiovitti, 2018; El Amine et al., 2016; Polatidis
et al., 2006; Watróbski et al., 2018) consider different problem specifics but
in general agree on five key themes of consideration which this research has
extracted, listed below. The main attributes of the problem considered by this
thesis, that of using anMCDA-based scoring system to aid sustainability-based
decision making in digital urban planning, are described alongside these key
themes.

1. Family of Methodology
There are a few main schools of thought on the methodology of MCDA,
most commonly the ‘European’ outranking method developed by Roy,
and the ‘American’ utility theory developed byKeeney andRaiffa (1975).

24
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This thesis’ problem falls more into the utility theory approach. The
idea is that this system will assign scores to urban areas in the digital
urban planning process before they have been constructed in real life.
MCDA methods which focus on other methodological families such as
classification are therefore excluded from further investigation.

2. Aim of the Decision Problem
Decision problems can have different aims such as selecting an option
from a list based on a score, classifying solutions and ranking different
options. Different MCDA decision-making techniques have been devel-
oped to tackle each of these streams.

The aim of this problem is to provide a representative, useful sustainability-
scoring method which could in turn help decision makers to rank differ-
ent options.

3. Number and Type of Evaluation Element
Some methods are more scalable than others when it comes to having
large numbers of criteria and subcriteria. Some can also take different
types of input data such as quantitative or qualitative, so this can be used
to categorise decision problems.

As this problem is more of a proof of concept as to whether or not
MCDA-based scoring can be used in this form of problem, and must
be completed in a limited time, it will not be possible to consider all
aspects of sustainability relating to urban form, so the number of evalu-
ation elements may be relatively small. However, it would be preferable
if it was scalable to a larger number. Discussions in Section 7.3 will
describe how this could be extended.

4. Level of Uncertainty
Some methods are more suited to dealing with problems where the cri-
teria have high degrees of uncertainty.

As all data for the sustainability scoring system will be retrieved from
a 3-d model of the urban area, for this particular case study uncertainty
of data should not be an issue. Discussions in Section 7.3 will describe
how this could be extended.
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5. Integration of Decision Maker Preferences
Depending on the problem specifics, it may be important to include ex-
pert opinions rather than purely objective data.

In the field of sustainability, the integration of expert opinions is widely
recognised as preferable in decision-making (Han et al., 2006; Lotfi et
al., 2009; Wilkins, 2003; Zinatizadeh et al., 2017). This is partly due
to the lack of research which has been formally done on the relation of
urban form to sustainability potential.

In order to guide the choice of the most appropriate MCDA method to
be used for this research, three frameworks were used (Guarini et al., 2018;
Polatidis et al., 2006; Watróbski et al., 2018). Each of these was created for
evaluating MCDA methods in similar areas to this research. The purpose of
each of these, and their results, are outlined below. Throughout the process,
it is important to always keep in mind the aim of this research - to use criteria
from a 3-d urban model to create a measurement of environmental sustain-
ability potential. It is also important to keep in mind the characteristics of this
particular problem as discussed previously.

Framework 1 - “AMethodology for the Selection ofMulti-
Criteria Decision Analysis Methods in Real Estate and
Land Management Processes”
This framework (Guarini et al., 2018) structures the problem of choosing an
appropriate MCDA method as a binary mathematical system. It considers the
characteristics of a problem that the researchers define as most likely to affect
the choice of MCDA method such as number of evaluation elements, indi-
cator typology etc., and gives a point-scoring system for seven of the “most
frequently used and implemented" MCDA methods. A diagram demonstrat-
ing the factors that this framework considers is provided in Figure 5.1 (Guarini
et al., 2018). One drawback of this framework is that it only compares seven
different methods, meaning that this research must also consider other frame-
works as well to see if there are different results. It is important to note that
whilst this framework has been created for the purpose of use in real estate
and land management processes, it “can also be employed in other decision-
making contexts”.
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Figure 5.1: Factors used to categorise MCDA problems in Framework 1.

A walkthrough of how this method categorises different problems is pro-
vided in Table C.1 in Appendix C. This shows each of the characteristics of this
particular research’s problem. Table C.2 in Appendix C indicates the scores
of each of the seven examined MCDA methods for this problem. It can be
seen from these tables that this scoring system indicates the most appropriate
method from this choice of seven for this particular problem is the Analytic
Hierarchy Process (AHP).

Framework 2 - “Selecting an Appropriate Multi-Criteria
DecisionAnalysis Technique for Renewable Energy Plan-
ning”
This framework (Polatidis et al., 2006) splits the MCDA approach into four
different methodological families, and considers which family of methodolo-
gies is best suited to answering a problem. The four methodological families
are demonstrated in Figure 5.2 (Polatidis et al., 2006) and grouped as

1. Outranking methods

2. Utility-based methods

3. Other methods

4. Programming methods
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It then considers the characteristics which make problems suitable to be
solved by each of these families, which are listed in Table D.1 in Appendix D.
Out of the four families of methodologies considered within this framework,
the most promising was the utility-based family, as demonstrated in Table D.1.
This is characterised by creating a single score for every alternative, having di-
rectly comparable criteria, allowed compensation, little incomparability, and
some commensurability. The second choice, the outranking method, performs
better in that it allows for more incomparability but it does not accept the pos-
sibility of the good performance of one criterion being allowed to compensate
for the poor performance of another. Therefore, this framework suggests that
the utility-based models are the best suited family for this research. Examples
of these include AHP, SAW and MAUT, which will all merit further investi-
gation.

Figure 5.2: Families used to categorise MCDA problems in Framework 2.

Framework 3 - Generalised Framework forMulti-Criteria
Method Selection
This framework (Watróbski et al., 2018) provides a set of rules based on par-
ticularMCDA problem descriptors c1-4 and their sub-rules. A decision tree has
been constructed which leads the decision maker through to the method node
which is most appropriate to use. The characteristics of the particular prob-
lem in relation to these problem descriptors activates a rule which indicates the
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most appropriate MCDA method, or combination of MCDA methods, to use.
A walkthrough of this framework for the research question of this particular
thesis is provided in Table E.1 in Appendix E. This outcome of this framework
suggests a subset of methods consisting of AHP, ANP, MACBETH and REM-
BRANDT. All of these merit further investigation.

Of the three frameworks consulted, the results all suggested some form of
utility-based method. These include amongst them ‘Simple Additive Weight-
ing (SAW)’, ‘Analytic Hierarchy Process (AHP)’, ‘Analytic Network Process
(ANP)’, ‘Measuring Attractiveness by a Categorical-based Evaluation Tech-
nique (MACBEHT)’, ‘Ratio Estimation in Magnitudes or deci-Bells to Rate
Alternativeswhich areNon-Dominated (REMBRANDT)’ and ‘Multi-Attribute
Utility Theory (MAUT)’.

After thorough consideration, the AHP was chosen to be the main MCDA
method used in this research due to several reasons. Firstly, it has extensive
focus on incorporating expert opinions, which has been cited in numerous
sources as essential in this type of research. In addition, for this problem it
may be the case that all criteria are not be measured in the same units, so SAW
is not applicable. Also, in this proof of concept case the criteria are likely
to be independent, so ANP is not necessary. The possibility of extending the
method to use ANP is discussed in Section 8.1. The AHP accepts some level
of inconsistency due to human nature, unlike MACBETH, and it considers
relative importance of criteria which is important for this type of research,
unlike REMBRANDT. Finally, the difficulty in requiring decision makers to
construct specific utility functions for each criteria meant that MAUT would
not be feasible for the criteria weighting part of this problem.

As has been noted in Section 4.1 however, MAUT will be used in this re-
search for the subproblem of mapping real-world criterion values into a mean-
ingful measure of their worth. This method was chosen as its purpose is to
form utility functions for this very reason.

5.2 AHP-Related Justifications

5.2.1 Principal Eigenvector Method
Eliciting a priority vector from a pairwise comparison matrix can be done
in a number of different ways, the most common of which are the principal
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eigenvector method, as described in Section 4.2.1, and the geometric mean
method. The principal eigenvector method is preferred to its main rival in
several sources (Cabala, 2010; Saaty, 2002), and has been cited as the “only
method which directly deals with the question of inconsistency and captures
the rank order in herent in the inconsistent data" (Saaty and Hu, 1998, p. 122).
The disadvantage of this method is that the priority vector produced will only
be completely accurate for fully consistent matrices, which are very unlikely
(Tomashevskii, 2015). However, it has also been noted that for small, relatively
consistent matrices, both methods will perform similarly (Ishizaka and Lusti,
2006), hence the reason for setting a consistency ratio threshold of 0.1. Due
to these reasons, this research uses the principal eigenvector method to find a
priority vector.

5.2.2 Aggregation Method
In the AHP, opinions from several different experts are evaluated. This can
be done in one of two main ways. The first involves creating a single aggre-
gated pairwise comparison matrix from each individual matrix then construct-
ing a priority vector from this - the aggregation of individual judgments, AIJ,
procedure. The second involves finding individual priority vectors from each
pairwise comparison matrix and then combining these vectors to a final prior-
ity vector - the aggregation of individual priorities, AIP, procedure (Ossadnik,
Schinke and Kaspar, 2015). It has been shown that using AIJ is useful for con-
sistency (Aguarón, Escobar and Moreno-Jiménez, 2019), and that it is more
appropriate in situations where it is likely the group will act as a whole with
similar opinions (Forman and Pendiwati, 1998). As the entire project team
worked together on the Sege Park project with the same goals this is assumed
to be the case, and the AIJ method is used.

5.2.3 Consistency Analyses
The consistency analyses chosen for the purpose of this research were ‘Saaty’s
Consistency Ratio’ and ‘Overall Dissonance’. More than one inconsistency
measure is used in this research as it has been noted that “a single global value
measuring inconsistency, whether cardinal or ordinal, is insufficient to locate
all the inconsistent judgments present in a PCM" (Siraj, 2015, p. 69).

Saaty’s ‘Consistency Ratio’ is the oldest measure of inconsistency within
pairwise comparison matrices. Other measures exist for measuring cardinal
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inconsistency such as the ‘Geometric Consistency Index’, but this is linear
with Saaty’s ‘Consistency Ratio’, so unnecessary for this research (Mazurek,
2017). Criticisms cited for this ‘Consistency Ratio’ often stem from the seem-
ingly arbitrary value of 0.1 as a consistency cut-off point, and its sensitivity
to the measurement scale used. However, it is still held in high regard as a
measure of cardinal consistency and remains the most widely used in relevant
literature (Kulakowski, 2018; Pauer et al., 2016).

Saaty’s ‘Consistency Ratio’ is not a goodmeasure of ordinal inconsistency.
It has been noted that “ordinally inconsistent PCMs are not always rejected
by the criterion of CR less than equal to 0.1" (Siraj, 2015, p.15), hence the
need for a further measure. The importance of measuring ordinal consistency
should not be undervalued, as “a priority vector with ideal ranking is only pos-
sible when judments are ordinally consistent"(Siraj, 2015, p. 16). To this end,
the measure of ‘Overall Dissonance’ is used to indicate ordinal inconsistency.
Fewer measures exist for the purpose of measuring ordinal consistency than
cardinal, but this has been cited as a useful, representative one for measuring
intransitivity of pairwise judgments (Siraj, 2015).

5.2.4 Inconsistency Removal
There are many causes of inconsistency in the AHP, including mistakes in
expert opinion, lack of knowledge, subjective human nature and the discrete
property of Saaty’s scale (Opydo, 2019). The general accepted consistency
level in the process is cited in multiple sources as a 10% consistency ratio.
The issue of whether or not to accept or reject matrices which show incon-
sistency has been argued extensively, with eminent decision analysts on both
sides. Some research suggests rejection, some suggests manipulation to math-
ematically close matrices of a higher consistency, and some recommend re-
requesting expert opinions until a consistent matrix is provided. Much of the
research uses the rule of rejection at a consistency ratio fo 10% which was
suggested by the inventor of the AHP, Saaty (Chu and Kuang-Han Liu, 2002).
This approach has therefore been performed in this research also.

5.2.5 Saaty’s Pairwise Scale
Several options are available for the form of pairwise comparison scale on
which criteria are compared. These include the fundamental AHP scale as
suggested by Saaty (2001), a logarithmic scale from Ishizaka et. al (2010), a



32 CHAPTER 5. JUSTIFICATIONS OF THE METHOD

power scale from Harker and Vargas (1987), a geometric scale from Lootsma
(1989), and many others. These have been compared according to different
performance criteria to determine the effects that each will have on the results
of the AHP (Franek andKresta, 2014). Research generally agrees that themost
commonly used scale by far, the fundamental AHP scale, performs well with
respect to the number of criteria it can support and the uncertainty in weighting
(Goepel, 2018). It is regarded in multiple papers as the most preferable option
(Franek and Kresta, 2014).

5.2.6 Expert Selection
The experts chosen to give their opinions in the AHP are important as their
opinions will determine the overall weight vector for the criteria. The experts
chosen for this research were all included in the list of professionals involved
in the Sege Park case study project for either urban planning, environmental
sustainability, or both. This was done so as to gain accurate, well-informed
opinions on the most important criteria for this particular project from those
who knew its goals best.

5.2.7 Sensitivity Analyses
The method of sensitivity analysis used in this research is that of investigating
the smallest perturbation in a score for an area’s indicator which will generate
the largest change in output. This will be a useful sensitivity analysis method
for an urban planner using the digital tool as it will enable them to see areas of
sustainability that could be focused on to have the greatest impact on, and be
most relevant for, the sustainability potential score of a particular urban area.

5.3 MAUT-Related Justifications

5.3.1 Percentile Ranking Method
There are several different methods used to create a shape for single-attribute
satisfaction functions. Some examples are

1. Direct questioning of field experts on their level of satisfaction for dif-
ferent values of the criteria.

2. Selecting a mathematical form for the satisfaction function then ques-
tioning field experts for a few points to fit the curve to. The shape of
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this curve will often depend on the level of risk a decision maker finds
acceptable.

3. Using fundamental units, for example if the criterion is already a per-
centage scale which has value of itself.

4. Percentile ranking, where the value of the criteria is compared to other
similar cases and ranked against these.

Of themethods listed above, several problemswere identified. Direct ques-
tioning of field experts was not possible, an issue which has been cited as a
problem by many other researchers. It has been noted that, in these situations,
“decision makers usually feel uncomfortable to provide explicit rates of com-
pensation between the criteria and they do not have sufficient time to devote
to this procedure" (Polatidis et al., 2006). Selecting a mathematical form also
presents problems as experts are not in general happy to give a level of risk
or spend a lot of time evaluating different points. Using fundamental units is
possible but does not always give an accurate representation of satisfaction.

The method chosen for this research was the percentile ranking method.
This has the advantages of giving a thorough picture of an area in relation to
other urban areas, giving a clear quantitative measure, and of being possible in
the time frame. This method has been used in multiple similar sustainability-
based contexts (Harzmark et al., 2019; Heerwagen et al., 2005; Sachs et al.,
2016). In order to do this, information for each criterion was found on several
different urban areas as comparative points, as described in Section 4.3. Sat-
isfaction functions were sketched based on relative performance against other
urban areas, as shown in Section 6.10.

5.3.2 Area Selection
As described in Section 4.3, there are several key considerations for selecting
urban areas to be used in utility function construction. Four of these - size, age,
location and purpose - were chosen due to extensive discussion with experts on
what the most important factors are for comparing sustainability-based indi-
cators. The final indicator, availability of data, was chosen as this thesis must
be completed in a limited time-frame and is for proof of concept, so it was
considered important not to spend an unnecessarily large amount of time on
this section.
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Sege Park, Malmö, was chosen as the case study area in question as it was
a relatively recent development with specific sustainability focus areas which
had already been rendered within the PIM tool. The Environmental Admin-
istration Board of Sweden even cited it as having the potential to become an
“inspirationsområde både inom Sverige och i andra länder [Area of inspiration
both within Sweden and in other countries]" (Malmö Stad, 2015) for sustain-
able practices. Images of urban plans for Sege Park are provided in Figures
5.3 (Weiber, 2018) and 5.4 (Atkins, 2018).
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Figure 5.3: Bird’s eye view of the Sege Park urban plan.

Figure 5.4: 3-d rendered Sege Park model in Atkin’s PIM tool.
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Results

This section provides the results of using the method described in Section 4.4
on the case study area of Sege Park, Malmö.

6.1 Problem Structuring
The overall goal of this research is to quantify environmental sustainability
potential in an urban area. The evaluation of the environmental sustainability
potential of an urban area is given by a weighted combination of four crite-
ria. These criteria are chosen from expert opinion, the process of which is
described in Section 6.2.

6.2 Expert Opinion
Expert opinions from the eight urban sustainability experts indicated that the
eight criteria which would be most appropriate for use in this research, as these
were focused on most during the Sege Park case study, were, in no particular
order: ‘green area factor’, ‘proximity to public transport’, ‘cyclability’, ‘walk-
ability’, ‘diversity of facilities’, ‘proximity to recycling facilities’, ‘expected
energy from renewable resources’ and ‘connectivity of green spaces’. Expert
opinions from the 3-d modelling in urban development experts on what could
be implemented within a digital tool within the timeframe narrowed these
criteria down to the following four: ‘green area factor’, ‘proximity to pub-
lic transport’, ‘cyclability’ and ‘expected energy from renewable resources’.
The problem structure, based on the generic AHP hierarchy shown in Figure
4.2, is given in Figure 6.1.
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Figure 6.1: Hierarchy of the AHP problem structure for the Sege Park case
study.

It should be noted that ‘Proximity to Public Transport’ and ‘Cyclability’
are not immediately measurable indicators. In order to represent these, the
criterion ‘Proportion of houses within 500 metres of a public transport hub’
was chosen to represent ‘Proximity to Public Transport’ after discussion with
sustainability experts and examples from multiple other studies (Wäreborn
Schultz, 2015; Poelman and Dijkstra, 2015; Roy, 2018). The criterion ‘Den-
sity of biking paths’ was chosen to represent ‘Cyclability’ (Dufour, 2010;
Schmitt, 2015). The limitations of this approach of simplifying concepts which
are not immediately measurable are discussed in Section 7.3.

6.3 AHP Comparison Matrices
The pairwise comparison matrices formed from the questioning of experts are
provided in Appendix F. One is provided here as an example. 1

6.4 Consistency Results
The consistency results values for each pairwise comparison matrix are shown
here, where ‘CR’ is the ‘Consistency Ratio’, λmax is the maximum eigenvalue
of the aggregated matrix and ‘Psi’ is ‘Overall Dissonance’. This was created

1In this matrix the following key is used:
‘GS’ = Green Space
‘PT’ = Public Transport Proximity
‘RE’ = Renewable Energy (Expected)
‘C’ = Cyclability
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GS PT RE C
GS 1 1 1/3 1/2
PT 1 1 1/3 1/2
RE 3 3 1 1
C 2 2 1 1

using online AHP software (Goepel, 2013). These results are discussed in
Section 7.1.

Response 1 Response 2 Response 3 Response 4 Response 5
CR 0.01 0.02 0.05 0.01 0.57

Lambda 4.021 4.061 4.158 4.010 5.543
Psi 0 0 0 0 0.5

Table 6.1: Consistency Results for each PCM

6.5 Aggregated Consensus Matrix
The aggregated consensus matrix, excluding inconsistent results, calculated
using the geometric mean method as described in Section 4.2.1, is given be-
low. The values of its consistency results are given in Section 6.7.

GS PT RE C
GS 1 5/9 3/5 1/3
PT 9/5 1 5/4 1/2
RE 5/3 4/5 1 1/2
C 3 2 2 1

6.6 Weighting Vector Calculation
This was created using online AHP software (Goepel, 2013).
This section contains theweighting vector determined from the principal eigen-
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vector method for the aggregated consensus matrix in Section 6.5
GS

PT

RE

C

 =


0.13

0.24

0.21

0.42



6.7 Consistency Results of Final Matrix
The consistency results for the final aggregated matrix are provided here.

Consistency Ratio Lambda Value Psi
0.3% 4.007 8.3%

6.8 MAUT Area Selection
The following areas were chosen as comparison areas for Sege Park based on
the attributes listed in Section 4.3: ‘Bo01, Malmö’, ‘Augustenborg, Malmö’,
‘Hyllie, Malmö’, ‘Northern Djurgårdsstaden, Stockholm’, ‘Hammarby Sjös-
tad, Stockholm’, ‘Nacka, Stockholm’, ‘Djurgården, Stockholm’, ‘Kungshol-
men, Stockholm’ and ‘Reimersholme, Stockholm’.

6.9 MAUT Database
As part of the percentile ranking method of the MAUT part of this research,
data had to be gathered on the indicators in Section 6.2 for several different
areas. This data can be found in Appendix G. It is from data on these areas
that satisfaction functions were created using the percentile ranking method to
indicate the decision makers’ satisfaction with different values for the sustain-
ability potential criteria.

In a fully implmeneted sustainability potential evaluation system, a larger
database would be used but for this proof of concept research a smaller version
is sufficient. An example of an entry in this database is provided below. It is
clear that entries into this database would be scalable to include any reason-
able number of indicators.

{
Area_Name : “Northern Djurgårdsstaden",
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Green_Area_Factor : 0.74,
Public_Transport_Availability : 1,
Expected_Renewable_Energy : 0.33,
Cyclability : 3.5,

}

A structure of the information to be stored in this simple database model is
given in Figure 6.2. Potential extensions of this are discussed in Section 8.1.

Figure 6.2: Structure of items stored in an Urban Area Indicators database

6.10 MAUT Satisfaction Functions
The satisfaction functions for each of the four criteria, which demonstrate the
level of utility gained by a certain value of the indicator, as calculated from
the percentile ranking of individual areas, are provided in Appendix H along
with graphs sketches of each. One example, that of the ‘Green Area Factor’
satisfaction function, is provided here.

uG(x) =



0 0 ≤ x < 0.5

0.2 0.5 ≤ x < 0.55

0.4 0.55 ≤ x < 0.6

0.6 0.6 ≤ x < 0.7

0.8 0.7 ≤ x < 74

1.0 0.74 ≤ x ≤ 1
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Figure 6.3: Example Satisfaction Function - Green Area Factor

6.11 Final Scoring System
The final scoring system of the environmental sustainability potential of an
urban area is therefore given by

Score = 0.13uG(x) + 0.24uT (x) + 0.21uE(x) + 0.42uB(x) (6.1)

where
Weights are those from the weighting vector in Section 6.6.
Utility functions, uk are those provided in Section 6.10

6.12 Case Study Score
Using the final scoring system in Section 6.11 the following values were ob-
tained for Sege Park.

Criterion Criterion Weighting Criterion Score Utility Score
Green Area Factor 0.13 0.64 0.6
Public Transport 0.24 1 1
Renewable Energy 0.21 0.8 0.4

Cyclability 0.42 21 1

The final score for the environmental sustainability potential score of this
area plan derived from the method described in 4.4 is given, where the maxi-
mum is 1, by:
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0.13× 0.6 + 0.24× 1 + 0.21× 0.4 + 0.42× 1 = 0.822 (6.2)

6.13 AHP Sensitivity Analysis
The table below demonstrates the perturbation necessary to increase a crite-
rion’s utility score, as derived from the satisfaction functions in Section H,
and by how much this would increase the overall sustainability potential score
for Sege Park. The overall score change is then divided by the perturbation
to normalise it, and the largest number taken as that which will increase the
score the most with minimal perturbation necessary. In this table N/A refers
to those indicators which have already scored the maximum value and cannot
be increased.

Criterion Criterion
Score

Perturbation Overall
Score
Change

Normalised
Criterion
Choice

Green Area
Factor

0.64 0.06 0.026 0.43

Public
Transport

1 N/A N/A N/A

Renewable
Energy

0.8 0.05 0.042 0.84

Cyclability 21 N/A N/A N/A

This demonstrates that the smallest perturbation for the largest overall score
change would come from focusing on increasing the percentage of households
in Sege Park supplied by renewable energy. If just 5% more households were
supplied with renewable energy the score would increase by 0.042.
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Analysis

This section comments on the consistency analysis of the results, considers
experts user feedback and discusses the limitations and advantages of the ap-
proaches taken in this research.

7.1 Comment on Consistency Analysis
The consistency results in Section 6.4 demonstrate the first four responses have
a consistency ratio of lower than 0.1, a λmax value close to 4 and aΨ value of 0.
These all indicate that thesematrices are highly self-consistent, both cardinally
and ordinally and that the principal eigenvector method would be accurate for
providing a weighting vector for these. However, the fifth response has a very
high consistency ratio value of 5.7, a λmax value far from 4 and a Psi value
of 0.5. Each of these values indicate that this matrix is highly inconsistent.
This could be due to a number of reasons, such as incorrect filling in of the
questionnaire or lack of concentration on the part of the expert.

GS PT RE C
GS 1 1/7 1/2 1
PT 7 1 1/2 3
RE 2 2 1 1/5
C 1 1/3 5 1

Taking a closer look at this response in the matrix above indicates from
where some of the inconsistency originates. This matrix shows that the expert
believes that ‘PT’ is 7 times as important as ‘GS’, and ‘RE’ is 2 times as im-
portant as ‘GS’. For a consistent matrix it would then be expected that ‘PT’
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is roughly 3.5 times as important as ‘RE’, whereas in this case the expert has
indicated that ‘PT’ is actually half as important as ‘RE’. This is an example
of one of the inconsistent judgments in this matrix, which has provided just
cause not to include it in the aggregated consensus matrix used to determine
the final weighting vector.

7.2 Expert User Feedback
Following discussions with several professionals in the fields of sustainability
and digital urban planning on the scoring system developed within this re-
search, the feedback received has been collated and presented here.

Several advantages were noted from an expert user perspective. One of
these was the ease of integration into the Atkins PIM tool, which has led to
the beginning of development of a prototype version as an add-on option for
those using the tool. The idea is that this would be one sustainability mea-
surement option, and others could be built in as well which might be more
focused on certification systems such as BREEAM. An example of how this
would look in the PIM tool is provided in Figure 7.1. This is demonstrating
the PIM dropdown menu of ‘Yttre Förutsättningar - Energibalans [External
Conditions - Energy Balance]’, which shows the percentage of the area which
is likely to be supplied by renewable energy. A different sustainability scoring
system, that proposed in this research, will be built into this tool in a similar
way. Another advantage cited was the basis of the scoring system on compar-
isons with other areas, which could encourage a healthy competition between
planners to focus more on environmental sustainability in the design process.

Some disadvantages cited from a user perspective were also provided. One
major one identified by almost all consulted was the heavy involvement from
multiple experts and the length of time that the system would take if scaled
up to include enough criteria to provide a highly representative score. The
pairwise comparison part of AHP, which is so useful in gaining opinions from
experts on subjects that are difficult to provide quantitative scores for, has a
major drawback in the effort input for large scale problems. The other main
issue brought up was the validity of expert opinions, including the difficulty
in choosing who to ask to gain representative criteria weightings, and the in-
evitable subjectivity that this will cause. The feasibility of attempting to apply
hard numbers to this area was also brought into question, and it was suggested
that it might be more useful simply to compare each area on the individual
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Figure 7.1: Menu in the PIM tool demonstrating how this research could be
incorporated into a digital urban planning tool.

criteria without trying to quantify them, and leave it up to the decision makers
to choose what they believe is the most important without creating a numerical
score.
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7.3 Limitations of the Method
Several issues arose during the course of this research which highlighted the
limitations of the method chosen. One important example is that it became ev-
ident throughout this research that the practice of attempting to apply a single
highly specific, quantitative value to an area which is often seen as intangible
and qualitative is very challenging, and its applicability highly disputed. It
has been argued that such types of thinking are “not natural" (Saaty, 2013),
and have even been likened to “chasing what cannot be caught" (MacKay,
1980). Experts in the field were understandably unwilling to provide quan-
titative or exact values for sustainability indicators or constraints, which dis-
counted many potential avenues of research. One such avenue was that of a
focus on minimisation of a cost function whilst setting constraints for each
indicator. It became apparent that the practice of setting hard constraints for
any environmental sustainability indicator was not something that experts in
the field were willing to do. This led to the approach considered in this paper,
particularly the focus on pairwise comparisons between indicators. This, even
more so than ranking criteria, was as far as the experts were willing to go in
comparing different criteria. This, in the opinion of this author, was found to
be the crux of the difficulties found in this research.

Although using the AHP was essential to gain expert opinions, one limita-
tion of this is in the scalability of the number of sustainability potential crite-
ria. It has been recommended in various literature that, when using the AHP
method, or any method which involves eliciting pairwise comparison judg-
ments from experts, it is important not to use a very large number of criteria.
One rule of thumb which is often cited is to use a maximum of 9 criteria (Mu
and Pereyra-Rojas, 2017). This is because the number of questions that must
be asked of experts grows quadratically. With n criteria, the experts will each
be asked

n2 − n
2

(7.1)

questions. Although the choice of AHP can be defended by the necessity of
pairwise comparison to elicit any meaningful response from experts, it still
represents scalability problems.

Another issue with the AHP was that of finding criteria which reflected
the topics that sustainability experts said were important for the urban area in
question. As an example, ‘proximity to public transport’ was cited as impor-
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tant for Sege Park, but this is not a measurable indicator. In order to represent
this, the criterion ‘proportion of houses within 500 metres of a public trans-
port hub’ was chosen. The most appropriate criterion to choose is still open
to debate however, which is a limitation on the repeatability and reliability of
this method.

In addition, limitations also stem from the senstivity analysis method for
the AHP. Even though the method chosen demonstrates which indicator can be
perturbed least to have the greatest impact, the actual cost in terms of money,
time or effort to perform this perturbation could only be estimated by an ex-
pert in the field of sustainability. As an example, if analysis shows that a small
perturbation in the score for renewable energy of 0.1 would increase the score
most drastically, an uninformed user has no idea exactly how much must be
done in terms of renewable energy installations in an area to achieve this per-
turbation. This is the reason that it would be important to present an urban sus-
tainability expert with several perturbation options and allow them to choose
the one that they feel is most worth the effort to achieve the maximum score
increase.

The AHP was not the only method which presented problems. MAUT is
built upon the basis of creating satisfaction functions from data, but creating
3-d models of urban areas and gathering environmental sustainability data on
them is a time-consuming process. There is no centralised database contain-
ing the type of data values that were considered in this research, meaning that
a lot of time was used in simply finding the data used to build satisfaction
functions. This led to data from relatively few areas being used in the satisfac-
tion functions, meaning they could be far more representative than they are.
Whilst this is potentially defensible on the grounds that this research is proof
of concept of a method, it must be recognised that it is also necessary that the
small database created would be extensively built on if this method were to be
used on a larger scale. However, even this presents issues in that keeping an
extensive database up to date would present many new challenges.

Another drawback of using percentile ranking for the MAUT method is
that it involves comparing each urban area plan suggestion to those stored in
a database for each criterion. The issue arises if each plan suggested is better
for a single criterion than all other areas stored in the database. They will
each score the highest possible score of 1 for that criterion. This means that
one area plan could be superior for the criterion but that there is no way to
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determine this. This limitation can be dealt with to a certain extent by only
selecting between similar areas for comparison in terms of geography, age and
other variables, so that huge differences in sustainability scores will be less
likely to occur.

7.4 Advantages of the Method
Despite the numerous limitations described in Section 7.3, there were also sev-
eral advantages to using the methods chosen. One aspect, reflected well in this
research, that has been noted by multiple other researchers is the importance
of including a subjective opinion in environmental sustainability evaluation
studies (Han et al. 2006; Lotfi et al. 2009; Wilkins, 2003; Zinatizadeh et al.
2017). This stems from the idea that, as easily-accessible data available on
urban environmental sustainability is sparse and it is not a well-understood
topic, the most appropriate method is to gain and collate a lot of information
from multiple experts. This was reflected in this research, which consulted
experts for opinions at several stages, including criteria suggestions, criteria
weightings, and final method evaluation.

This group of consulted decision makers can also be expanded as much as
necessary, another advantage of the AHP method. The aggregation and con-
sistency analysis steps only increase linearly in effort as this is done, meaning
many opinions can be taken to ensure that there is a reasonable consensus.
Similar scaling is possible for the database of values used to construct MAUT
satisfaction functions, meaning that more and more areas can be used for com-
parison, increasing the function’s usefulness. In the future, if this database
grew large enough, the satisfaction functions could also be refined to only
compare areas of the same age or other criteria.

Another advantage of this method is that it has been designed with the
view to be incorporated into a digital platform. This reflects the move towards
digitalisation which is being experienced within urban planning described by
Partridge (2017). Discussion with a digital urban planning expert indicated
that this method, if it is decided to be representative and useful, could definitely
be included into Atkins’ urban planning tool, PIM.
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Extentions

This section discusses future extensions of the research in this thesis and also
further related areas of investigation.

8.1 Future Extensions of this Research
This thesis has been focused on the incorporation of sustainability potential
evaluation into a digital urban planning tool, specifically PIM, using MCDA.
Due to the limited timeframe of this research there have been several aspects
which have been impossible to implement, but have the potential to improve
the quality of the research and the product greatly. These potential additions
are suggested below.

8.1.1 Incorporating Pre-existing Software
To increase the validity of the sustainability result it is important to be able
to measure any reasonable indicators suggested by the urban sustainability ex-
perts that are measurable in a digital tool. As an example, one criterion sug-
gested in this research by a Sege Park sustainability planner was walkability.
This was rejected by the 3-d urban modelling expert as difficult to quantify in
a 3-d model. However, research has been done into measurement of some of
the more complex criteria suggested which has the potential to be incorporated
into PIM. The most promising of these found during this research included

• Walkability measurements using the ‘Pedestrian Environment Review
System (PERS)’ TRL software (TRL, 2009). This is a structured soft-
ware tool which individually assesses pedestrian routes in an area and
scores them on a variety of different indicators.
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• Road safety measurements using guidelines from the ‘World Road As-
sociation’. This contains a Road Safety Manual which gives guidelines
on implementing “safe system infrastructure" (World Road Association,
2012), and designing road infrastructure for the purpose of safety. Safer
roads can increase social sustainability.

• Sophisticated building energy estimations using the ‘Zynka BIM’ mod-
elling tool (Zynka, 2019). This company uses sophisticated energymod-
elling techniques to estimate the energy usage of buildings, a process
which would contribute to PIM’s measurements.

The above extensions also provide the opportunity to include goals and sub-
goals within these, such as splitting cyclability into several sub-goals including
factors such as ‘street width’, ‘road safety’ and others.

8.1.2 Considering other Areas of Sustainability
Initially this research was intended to create a sustainability measurement for
all three aspects of sustainability as described in the ‘Three Pillars’ model: so-
cial, economic and environmental sustainability (Hansmann et al., 2012). This
model is demonstrated in Figure 8.1 (Swish, 2019). This would have taken too
long in the limited timeframe of this research so only environmental sustain-
ability was focused on. If it proves possible to gain accurate information on
economic and social sustainability from a 3-d model, this information would
also be important when presenting digital urban models.

Figure 8.1: The Three Pillar Model of Sustainability.
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8.1.3 Extending the Database
The current satisfaction functions are adequate as a proof of concept of the
idea, but in order for MAUT to be used and provide an accurate measure the
database of existing areas would have to be extended. Ideally, every area which
is modelled in PIM would be saved with information including their age, size
and environmental indicators so that comparisons can bemadewith other areas
according to attributes such as age and size. This will provide a more rounded
picture of the sustainability evaluation. An idea of the structure this could take
is given in Figure 8.2.

Figure 8.2: Structure of the Extended Database.

8.1.4 Interdependence of Criteria
It was decided in this research to choose criteria which were not interdepen-
dent. However, in a larger scaled system it is likely that there will be several
different interconnected measures. An example of these would be the ‘Green
Area Factor’ and the ‘Green Points system’, which are slightly different mea-
sures of types of green space which are likely to be related. In order to account
for this in the future it would be worth analysing the usefulness of the Ana-
lytic Network Process, which is a similar process to the AHP which allows for
interdependent criteria.
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8.1.5 Sensitivity Analysis Extension
In future research, where access to other urban plans for an area are available,
two measures of sensitivity which would be useful are the ‘most critical cri-
terion’ and the ‘most critical performance measure’ (Goepel, 2013). These
measures are described below. If used in combination, they provide an overall
picture of the main factors which can affect the final ranking of alternatives -
the priority vector determined from expert opinions and the alternatives’ re-
spective performances for each criterion. It is important to consider both of
these as they can both have a significant effect on the robustness of the final
result. If a small change in either of them causes the final ranking of areas to
change, the system developed is not robust to small deviations in input values.

Most Critical Criterion
The most critical criterion is used in sensitivity analysis as it gives a measure
of how sensitive the final ranking results are to weight changes. Each alterna-
tive solution, Ai, with corresponding weight,Wi, will have some position, Pi

in the final ranking of alternatives after the AHP process has been performed.
The measurement described here considers the smallest amount by which re-
spective weights need to be altered to change the final ranking. Given two
alternatives with associated weights, it can occur that a change in one of the
weights by some amount, δij , will cause the alternatives to switch places in
the ranking. The most critical criterion is defined as that criterion for which,
in order for this to happen, the weighting must change by the smallest amount
(Triantaphyllou et al., 1997). It can be denoted as

δk,i,j , the minimum change in weight wk of criterion k which will
reverse the ranking of alternatives Ai and Aj (8.1)

In the case of this research, the criterion of interest would be the ‘absolute
top critical criterion’, which is the most critical criterion which will change
the choice of best alternative. If this change in weight necessary is larger than
the uncertainty estimation for that weight, the resulting ranking is regarded as
stable.

Most Critical Performance Measure
Each alternative will have associated with it a score for each criterion and an
overall score. If an alternative’s score for a particular criterion were altered
slightly it could occur that the ranking between two alternatives, Ai and Aj



CHAPTER 8. EXTENTIONS 53

could switch. The most critical performance measure is defined as the mini-
mum change which will cause this switch. This is considered on an individual
criterion basis, and can be denoted as

µk,i,j , the minimum change in performance of an alternative Ai

for a particular criterion k which will reverse the ranking of
alternatives Ai and Aj (8.2)

In the case of this research, this would be considered only for the best
alternative. Therefore extensions of this research would investigate by how
much each value scored by the best alternative would have to change for each
criterion to cause it to no longer be ranked the highest.

8.2 Ideas for Further Related Research
As this research was limited to a short time-frame there were several aspects
which would have been interesting and potentially useful to explore but were
not possible. These have been included here as suggested avenues for further
research.

It is possible that a more representative situation for real life urban policy
would be setting minimum constraints for many sustainability criteria then at-
tempting to minimise cost. This is a difficult problem for two reasons. Firstly,
it is difficult to get exact values for any sustainability constraints, meaning in-
vestigation into fuzzy constraints will be highly recommended. Secondly it is
difficult to relate the cost of changing different sustainability values to chang-
ing cost. However this approach is potentially more realistic, as it is likely that
local governments will aim for minimum sustainability values at minimal cost.

Further research is also recommended by this author into methods for stor-
ing a large amount of information on different environmental sustainability
criteria for urban areas in a single, easily accessible place. This would not
only allow public access to increase awareness of these issues, but also be a
starting point for further data-driven solutions to tackling many urban sustain-
ability issues which are faced today. It is unclear whether this could be done
at a municipality, national or even global level, but research into its relevance
and potential techniques would be useful as a catalyst for further research.
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Conclusion

The question that this research aimed to answer was that of whether a MCDA-
based scoring system could be used to aid urban planners in making the digital
planning process more sustainable. The results of this work have shown that
MCDA can be used in this way, which has not been previously considered in
depth by other researchers. It is technically possible to assign a single num-
ber indicating environmental sustainability potential to an urban area based
on knowledge of its urban form. This measurement can also be included into
a digital platform. The sensitivity analysis also provided suggestions for rele-
vant focus areas when attempting to improve the sustainability potential score,
and has the potential to be extended to be even more useful. Many of the ad-
vantages of multi-criteria decision analysis which caused the author to believe
it would be suitable for this research, such as its wide variety of methods and
its ability to structure problems in amodular fashion did aid a lot in the process.

However, in the process of attempting to apply MCDA to this area it has
become evident that a great deal of further research is required in order to
overcome the difficulties which arose. Amongst these, some which proved es-
pecially difficult included finding a MCDA method scalable enough to allow
for the vast quantity of data and number of indicators which would be useful in
the creation of a sustainability potential score. Another issue, cited by many
experts in the field, was that even the idea of attempting to give a quantitative
score for a concept such as sustainability was flawed from the start. Many as-
pects of sustainability are not inherently measurable, or are qualitative, or are
imprecise enough that they can only be described by a fuzzy range of values.

Overall, whilst this research demonstrates that the idea of applying MCDA
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methods to the concept of sustainability in digital urban planning could be
used, the measurement produced is likely to be subjective. It should therefore
not be considered as a singular entity by itself, but alongside other scoring
systems and analyses of its consistency and sensitivity to give a more complete
picture. The findings within this paper are promising, but extensive further
research is needed before MCDA can be applied meaningfully in this area.
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Appendix A

Saaty’s Pairwise Scale

Saaty (2001)

Fundamental Scale for Pairwise Comparisons
Importance Definition
1 Equal Importance
3 Moderate preference of one over another
5 Strong preference of one over another
7 Very strong preference of one over another
9 Highest preference of one over another
2, 4, 6, 8 Intermediary values

Table A.1: Saaty’s Fundamental Pairwise Comparison Scale
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Appendix B

Random Consistency Indices

Ammarapala et al. (2018)

Saaty’s Random Index Table
Matrix Dimension Random Consistency Index (RIn)
1 0.00
2 0.00
3 0.58
4 0.90
5 1.12
6 1.24
7 1.32

Table B.1: Saaty’s Random Indices
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Appendix C

Framework 1 Table

Framework 1
Category Evaluation for this Research
Number of evaluation ele-
ment

Limited number of criteria and sub-criteria

Typology of indicators Mixed, or at least with the potential to be
Number of stakeholders Narrow (activated and with a limited and specific

number of stakeholders)
Expected Solution A better overall alternative definition for the purpose
Type of solution Coherent alternative (closest to the objective itself)
Technical support of a deci-
sion aid specialist

No role for the Decision Aid Specialist

Stakeholders to be included in
the decision process

Participatory process activated with a limited and spe-
cialized number of stakeholders

Type of decision-making
problem

Ranking and choice problem

Solution Approach Full aggregation approach
Input Level Flexible, but time-limited
Implementation Procedure Uncertain of the best implementation procedure at this

stage, but it will not be a preference threshold or use
an ideal option as these do not apply to this problem.

Output Typology Full ordering obtained by considering the scores
Decision Problem Solution Alternative with the higher global score

Table C.1: Framework 1 Table - Characteristics of this Problem
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MCDA List
Indicator ELEC-

TRE
MAUT ANP MACB-

ETH
AHP TOPSIS PROME-

THEE
Number
of Eval-
uation
Elements

0 0 1 0 1 0 0

Typology
of Indica-
tors

1 0 1 1 1 1 1

Stakeholder
Inclusion

1 1 1 1 1 1 1

Expected
Solution

0 1 1 1 1 0 1

Decision
Aid Spe-
cialist
Inclusion

0 0 0 0 1 1 1

Type of
Problem

1 1 1 1 1 1 1

Solution
Approach

0 1 1 1 1 0 0

Implement
Proce-
dure

0 0/1 0/1 0/1 0/1 0/1 0

Input
Level

0 1 1 1 1 0 0

Output
Typology

0 1 1 1 1 0 0

Decision
Problem
Solution

0 1 1 1 1 0 0

Total 3 7 or 8 9
or
10

8 or 9 10
or
11

4 or 5 5

Table C.2: Framework 1 Table - Scores



Appendix D

Framework 2 Table

Framework 2
Characteristic Definition Relation to this Research
Compensation Indicates if a

good perfor-
mance in one
criteria compen-
sate for a bad
performance in
another

In this research it is usually accept-
able to compensate one criteria for
another, as it is not reasonable to ex-
pect a single urban area to perform
well on all criteria, sometimes for
geographical reasons.

Commensurability Indicator of
whether criteria
have a common
measure

Many criteria in this research do
have a common measure, as many
will rely on a percentage scale, for
example the percentage of houses
within 500m of a public trans-
port network, and the percentage
of houses within 200m of a public
park.

Decision-maker’s
preferences

Indicator of the
importance of
inclusion of the
decision-maker’s
opinion?

In this research, as in almost every
sustainability and MCDA-based re-
search mentioned in the literature
review, integrating decision-maker
preferences is incredibly important.

Table D.1: Framework 2 Table
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Appendix E

Framework 3 Table

Framework Walk-through
Problem
Descriptor

Descriptor Definition Characteristic for this
Problem

c1 Inclusion of weights in decision problem 1 - yes
c1.1 If weights used, what type 3 - relative
c2 Type of scale on which decision variants

will be compared
3 - relative

c3 Data or preference uncertainty in the de-
cision problem

0 - no (in this case)

c3.1 If uncertainty, related to input data, pref-
erences or both

0 - no uncertainty

c3.1.1 If input data uncertainty, in criteria
weights, variants’ performances or both

0 - no uncertainty

c3.1.2 If preference uncertainty, thresholds of in-
difference, preference or both

0 - no uncertainty

c4 Type of problem 4 - ranking
c4.1 If ranking problem, full or partial order 2 - full order

Table E.1: Framework 3 Table

The outcome of this full rankingmethod is a set c1c2c3c4c1.1c3.1c3.1.1c3.1.2c4c4.1
which is equal to 1.3.0.4.3.0.0.0.2, which suggests Rule 30 (R30). This sug-
gests a subset of methods consisting of AHP, ANP, MACBETH and REM-
BRANDT.
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Appendix F

Pairwise Comparison Matrices

Response 1

GS PT RE C
GS 1 1 1/3 1/2
PT 1 1 1/3 1/2
RE 3 3 1 1
C 2 2 1 1

Response 2

GS PT RE C
GS 1 1 5 1/2
PT 1 1 5 1/2
RE 1/5 1/5 1 1/5
C 2 2 5 1

Response 3

GS PT RE C
GS 1 1/5 1/4 1/5
PT 5 1 3 1/2
RE 4 1/3 1 1/3
C 5 2 3 1

Response 4

GS PT RE C
GS 1 1/2 1/3 1/4
PT 2 1 1/2 1/2
RE 3 2 1 1
C 4 2 1 1
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Response 5

GS PT RE C
GS 1 1/7 1/2 1
PT 7 1 1/2 3
RE 2 2 1 1/5
C 1 1/3 5 1



Appendix G

Database of Environmental In-
dicators

The data given here was gathered from a variety of sources including (Malmö
Stad, 2019; World Habitat Awards, 2010; China Development Bank, 2015;
Stockholm Stad, 2019; Wangel, 2013; Nacka Stad, 2014; WSP, 2019).

{
Area_Name : “Northern Djurgårdsstaden",
Green_Area_Factor : 0.74,
Public_Transport_Availability : 1,
Expected_Renewable_Energy : 0.33,
Cyclability : 3.5,

}

{
Area_Name : “Bo01",
Green_Area_Factor : 0.55,
Public_Transport_Availability : 1,
Expected_Renewable_Energy : 1,
Cyclability : NULL,

}

{
Area_Name : “Augustenborg",
Green_Area_Factor : 0.5,
Public_Transport_Availability : 0.98,
Expected_Renewable_Energy : 0.85,
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Cyclability : NULL,
}

{
Area_Name : “Hyllie",
Green_Area_Factor : NULL,
Public_Transport_Availability : 0.8,
Expected_Renewable_Energy : 1,
Cyclability : NULL,

}

{
Area_Name : “Hammarby Sjöstad",
Green_Area_Factor : 0.74,
Public_Transport_Availability : 1,
Expected_Renewable_Energy : 0.5,
Cyclability : 10.5,

}

{
Area_Name : “Nacka",
Green_Area_Factor : 0.6,
Public_Transport_Availability : NULL,
Expected_Renewable_Energy : NULL,
Cyclability : NULL,

}

{
Area_Name : “Djurgården",
Green_Area_Factor : NULL,
Public_Transport_Availability : NULL,
Expected_Renewable_Energy : NULL,
Cyclability : 3.8,

}

{
Area_Name : “Kungsholmen",
Green_Area_Factor : NULL,
Public_Transport_Availability : NULL,
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Expected_Renewable_Energy : NULL,
Cyclability : 6.5,

}

{
Area_Name : “Reimersholme",
Green_Area_Factor : NULL,
Public_Transport_Availability : NULL,
Expected_Renewable_Energy : NULL,
Cyclability : 6.9,

}



Appendix H

Satisfaction Functions

H.1 Green Area Factor Satisfaction Function

uG(x) =



0 0 ≤ x < 0.5

0.2 0.5 ≤ x < 0.55

0.4 0.55 ≤ x < 0.6

0.6 0.6 ≤ x < 0.7

0.8 0.7 ≤ x < 74

1.0 0.74 ≤ x ≤ 1

H.2 Public Transport Satisfaction Function

uT (x) =


0 0 ≤ x < 0.8

0.2 0.8 ≤ x < 0.98

0.4 0.98 ≤ x < 1.0

1.0 1 ≤ x
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Figure H.1: Green Area Factor Satisfaction Function

Figure H.2: Public Transport Satisfaction Function

H.3 Renewable Energy Satisfaction Function

uE(x) =



0 0 ≤ x < 0.33

0.2 0.33 ≤ x < 0.5

0.4 0.5 ≤ x < 0.85

0.6 0.85 ≤ x < 1

1 1 ≤ x
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Figure H.3: Energy Satisfaction Function

H.4 Cyclability Satisfaction Function

uB(x) =



0 0 ≤ x < 3.5

0.2 3.5 ≤ x < 3.8

0.4 3.8 ≤ x < 6.52

0.6 6.52 ≤ x < 6.88

0.8 6.88 ≤ x < 10.5

1.0 10.5 < x

Figure H.4: Biking Satisfaction Function
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AHP Questionnaire
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03/05/2019 Environmental Sustainability in Sege Park

https://docs.google.com/forms/d/1kbktRgbYAJkL28ARWMhcy1grZvupZHo0Bb2ZCQJFPbE/edit 1/4

Environmental Sustainability in Sege Park
In this questionnaire you will be asked 6 questions. 

In Part a) of a question, please select which criteria you judge to be more important for the potential 
environmental sustainability of an urban area. In particular I am interested in the factors you believe 
were focused on most or considered most important in the Sege Park project.  

In Part b) of a question, please select how much more important your selected criteria is, based on 
the following scale, which will be shown in each question: 

1 - Equally important 
2 - Between 1 and 3 
3 - Moderately more important 
4 - Between 3 and 5 
5 - Much more important 
6 - Between 5 and 7 
7 - Very much more important 
8 - Between 7 and 9 
9 - Highest possible order of importance

Please keep in mind these answers should be based on your subjective judgement/experience, so 
don't worry at all if you're not 100% sure of an answer. 

*Required

Q1
1 - Equally important 
3 - Moderately more important 
5 - Much more important 
7 - Very much more important 
9 - Highest possible order of importance 
2, 4, 6 and 8 represent the respective intermediate values

1. Q1a) Which indicator was focused on more/considered more important for environmental
sustainability of the Sege Park project? *
Mark only one oval.

 Increasing green space in the area

 Encouraging usage of public transport

 They are equally important

2. Q1b) How much more important is your selected indicator? *
Mark only one oval.

1 2 3 4 5 6 7 8 9

Equally
important

Highest
order of
importance

Q2
1 - Equally important 
3 - Moderately more important 
5 - Much more important 
7 - Very much more important 
9 - Highest possible order of importance 
2, 4, 6 and 8 represent the respective intermediate values
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3. Q2a) Which indicator was focused on more/considered more important for environmental
sustainability of the Sege Park project? *
Mark only one oval.

 Encouraging usage of renewable energy in construction and housing

 Making the area bicycle and pedestrian friendly

 They are equally important

4. Q2b) How much more important is your selected indicator? *
Mark only one oval.

1 2 3 4 5 6 7 8 9

Equally
important

Highest
order of
importance

Q3
1 - Equally important 
3 - Moderately more important 
5 - Much more important 
7 - Very much more important 
9 - Highest possible order of importance 
2, 4, 6 and 8 represent the respective intermediate values

5. Q3a) Which indicator was focused on more/considered more important for environmental
sustainability of the Sege Park project? *
Mark only one oval.

 Increasing green space in the area

 Encouraging usage of renewable energy in construction and housing

 They are equally important

6. Q3b) How much more important is your selected indicator? *
Mark only one oval.

1 2 3 4 5 6 7 8 9

Equally
important

Highest
order of
importance

Q4
1 - Equally important 
3 - Moderately more important 
5 - Much more important 
7 - Very much more important 
9 - Highest possible order of importance 
2, 4, 6 and 8 represent the respective intermediate values

7. Q4a) Which indicator was focused on more/considered more important for environmental
sustainability of the Sege Park project? *
Mark only one oval.

 Encouraging usage of public transport

 Making the area bicycle and pedestrian friendly

 They are equally important
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8. Q4b) How much more important is your selected indicator? *
Mark only one oval.

1 2 3 4 5 6 7 8 9

Equally
important

Highest
order of
importance

Q5
1 - Equally important 
3 - Moderately more important 
5 - Much more important 
7 - Very much more important 
9 - Highest possible order of importance 
2, 4, 6 and 8 represent the respective intermediate values

9. Q5a) Which indicator was focused on more/considered more important for environmental
sustainability of the Sege Park project? *
Mark only one oval.

 Increasing green space in the area

 Making the area bicycle and pedestrian friendly

 They are equally important

10. Q5b) How much more important is your selected indicator? *
Mark only one oval.

1 2 3 4 5 6 7 8 9

Equally
important

Highest
order of
importance

Q6
1 - Equally important 
3 - Moderately more important 
5 - Much more important 
7 - Very much more important 
9 - Highest possible order of importance 
2, 4, 6 and 8 represent the respective intermediate values

11. Q6a) Which indicator was focused on more/considered more important for environmental
sustainability of the Sege Park project? *
Mark only one oval.

 Encouraging usage of public transport

 Encouraging usage of renewable energy in construction and housing

 They are equally important

12. Q6b) How much more important is your selected indicator? *
Mark only one oval.

1 2 3 4 5 6 7 8 9

Equally
important

Highest
order of
importance
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