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Abstract 

 

In aerospace business strategic decision making requires both managerial and technical exper-

tise. The minimum mistake can have serious consequences. Hence decision support systems are 

becoming useful tools aiding space companies to better respond to decision problems concerning 

their strategy.     

The present work implements an MCDA technique for selecting the most favourable configuration 

for the services delivered in Santa Maria Ground Segment in Açores. A review of the methodologies 

used in similar cases in the Aerospace industry is carried out and selection of the most suitable 

method is performed. The PROMETHEE method is implemented. Six criteria are used, namely: Ac-

quisition Cost, Reception Performance, Market Potential, Availability Performance, Tracking Perform-

ance and Maintenance and Operations Cost. Strong criteria interactions are verified. Hence a modifi-

cation in PROMETHEE is developed to model criteria interaction. Also an elicitation procedure is pro-

posed to identify the fuzzy measure used to model criteria interaction.   

PROMETHEE results recommend the installation of a new infrastructure and discourage the vi-

ability of the current infrastructure in Açores. Due to possible uncertainties a sensitivity analysis on 

weights is performed which enables to conclude about the robustness of the results obtained. No ma-

jor changes are verified to the recommendations of PROMETHEE when small variations on attributed 

weight are considered. 

Finally it is observed that if criteria interaction is not taken into account an overvaluation of alter-

natives occurs. In addition different ranking of alternatives are obtained when criteria interaction is not 

taken into account. This shows that modelling criteria interaction have significant impacts.  
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Resumo 
 

A decisão estratégica no sector aeroespacial requer simultaneamente um elevado grau de com-

petências técnicas e de gestão empresarial. O mais pequeno erro pode provocar consequências 

sérias. Portanto o uso de sistemas de apoio à decisão torna-se uma ferramenta capaz de ajudar as 

empresas a responder melhor a problemas estratégicos.    

O presente trabalho implementa uma técnica de MCDA que permite seleccionar a configuração 

mais favorável para os serviços prestados no segmento de solo de Santa Maria nos Açores. Uma 

revisão de metodologias foi realizada. O método PROMETHEE foi implementado. Seis critérios são 

usados, nomeadamente: Custo de Aquisição, Performance de Recepção, Mercado Potencial, Perfor-

mance de Disponibilidade, Performance de Seguimento e Custo de Operação e Manutenção. Interac-

ções entre critérios são verificadas. Consequentemente uma modificação no método PROMETHEE, 

permitindo a modelação de interacções entre critérios, é levada a cabo. Adicionalmente um procedi-

mento de identificação de uma medida difusa é proposto e usado para modelar interacção entre crité-

rios.       

Os resultados do PROMETHEE recomendam a instalação de uma nova infra-estrutura e desen-

corajam a infra-estrutura actual nos Açores. Devido a incertezas uma análise de sensibilidade é reali-

zada permitido concluir sobre a robustez dos resultados. Não são verificadas alterações significativas 

nas recomendações do método quando pequenas variações nos pesos atribuídos são consideradas.       

Finalmente observa-se que se a interacção entre critérios não for levada em conta uma sobreva-

lorização das alternativas ocorre. Adicionalmente classificações diferentes são obtidas quando a inte-

racção entre critérios não é considerada. Isto demonstra que modelar interacção entre critérios pode 

ter um impacto significativo.   
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1 Introduction 
 

1.1 Objective 
 

 The prime objective of this work is to define a decision methodology, in the context of the 

business development of a Portuguese Space company.  

 

Different business opportunities are considered for the development of Ground Segment 

Services. This work presents a structured approach to identify and reflect about the most favourable 

one. 

1.2 Context  

 This work was developed in the context of a company. The main objectives were the search 

for new business opportunities and the analysis and presentation of a business case concerning one 

of the company‘s main activities. 

 

 The business case in focus was the commercial viability of the expansion options for the 

services delivered by the earth observation imagery acquisition chain operated in Santa Maria Ground 

Segment located in Açores. An objective evaluation required the application of a structured approach. 

A cost perspective of the problem was very important but a final recommendation needed a much 

broader perspective, taking into account other factors.  

 

 A review of the existing methods to assess the present problem was performed. This review 

focused in methods that integrated at the same time different factors in the decision process. As a 

result an Operational Research type methodology was selected. Multicriteria decision analysis (MCDA) 

showed a capability of being an objective way to construct recommendations concerning the decision 

about the expansion of ―Santa Maria Ground Segment in Açores‖. 

 

Finally as a complement, this work could also serve as an application guide of MCDA methods 

regarding a business opportunity selection and evaluation. 

1.3 Decision Process  
 

 Decision is perhaps the most essential characteristic of mankind. Many philosophers and 

thinkers had reflected about the complex action of deciding [1]. Due to its complexity the division of the 

decision process is important and facilitates the analysis, since smaller problems are considered 

individually. 

 

Before deciding, a real understanding of the problem which motivates the decision is 

necessary. A simple example can illustrate this. Let us imagine a medical centre in which the patients 
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complained regularly about the waiting period between each consultation. A common decision to 

overcome the situation would be to force consultations to be quicker. This could solve the problem. 

However the quality of the service could also be affected since the doctors would eventually have less 

time to examine their patients. On the other hand, when a detailed examination is performed, it is 

possible to deduce that the real problem is the patients‘ complaints. Therefore other possible solution 

could be to provide the waiting room with TVs or magazines to distract patients. This solution requires 

no effort from the doctors and is also possible to be applied. This example illustrates the need to 

perform a clear identification of the problem to solve before taking any decision.   

 

After defining the purpose of the decision, the possible alternatives to be implemented should 

be regarded attentively [2]. The alternatives are defined as being the ensemble of the possible actions 

to take regarding a specific decision situation. It is important to review the set of possible alternatives 

and to be aware of which of them are possible to implement. Therefore the analysis of their 

consequences is important as it tell us the possible outcomes of each alternative.   

 

By consciously reviewing the problem characteristics it may be possible to eventually find 

hidden details and possibly, generate alternatives which could be preferable. In the work presented 

here this process was not addressed since the possible alternatives were defined and the search for 

other alternatives was made at a higher level. The problem was the decision among a well defined set 

of alternatives in order to select the most favourable one. 

 

In a further step of the decision process, a deep understanding of the main differences 

between alternatives is crucial to perform a good decision [2]. Frequently, when deciding over 

something, we are confronted with an alternative which is preferable to other from one perspective but 

not from another viewpoint. For example when deciding which car to buy from two possible models, 

we can easily find one model which is preferable from the price perspective but less preferable from 

the comfort perspective. The process of defining those perspectives is very important in general and it 

plays a central role in this work. 

 

When facing non obvious decision situations it is possible to use existent methodologies which 

were created to help the decider operator or Decision Maker (DM). These methods are called Decision 

Aids (DA) or Decision Support Systems (DSS) [2]. There are mainly two types of DAs. DAs which help 

the DM in the decision process where a single well defined objective is present and DAs which are 

able to deal with multi-objective nature of the decision situation.     

 

 Given the purpose of this work, the method selected should have the capability to analyze the 

multivariable character of the problem. The method should incorporate in the decision process the 

definition of the different perspectives such as financial, technical and operational perspectives. 

Therefore Multicriteria Decision Analysis (MCDA) was selected to pursue the objective.  
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The MCDA approach is mainly focused in determining the most preferable alternative in a 

multivariable environment [3]. This characteristic is determinant regarding the scope of this work and it 

is therefore the main reason for selecting MCDA. 

 

MCDA does not consist of a unique method. In contrast, MCDA is a discipline of methods that 

facilitate obtaining answers to questions posed by the DM regarding the specific multivariable nature 

of the decision. Even when a decision situation is provided with a single well defined DM it is rare for 

him or her to have a single and clearly defined perspective under which the decision is performed [2]. 

It is commonly necessary to take into consideration different viewpoints.  

 

It is important to introduce some key words that will be used frequently and define their 

meaning in the context of MCDA methods.   

 

Alternative: Alternative is one defined strategy to solve the decision purpose. It is the object 

of the decision and implies a possibility of implementation. The concept of alternative also implies the 

existence of other possible strategies to resolve the decision and therefore it implies the existence of 

at least one other alternative [2], [3].   

 

Criterion: Criterion is a quality defined to evaluate and compare the existent alternatives. In 

fact it coincides exactly with the possible viewpoints, mentioned before. In general in a decision 

situation it is possible to define different criteria that the DM wants to include in the decision process. 

This ensemble of criterion is called criteria family. Usually the evaluations of alternatives take place 

numerically and the result of the evaluation of an alternative under a specific criterion comes in a form 

of a number. This evaluation result means fulfilment level of a specific quality. If an alternative is 

evaluated separately under each criterion it will be possible to define the profile of that alternative. The 

profile of the alternative is the set of all evaluations concerning each criterion.  

      

Preference: Preference is defined in the context of MCDA as being a relation between two 

alternatives. It is possible to say that one alternative is preferable, concerning a specific criterion, to 

one another if and only if the evaluation result (concerning that criterion) of the first alternative is better 

than the other [4].  

 

Referring the difference of local and global preferences is other important notion. The 

preference between two alternatives concerning one specific criterion must be distinguished from the 

overall preference that can be computed after evaluating all the criteria. The first concerns a specific 

criterion and the second is the result of an aggregation of information from all the local preferences. 

The later one is the prime objective of MCDA methods. To provide mechanisms that enables the 

extraction of a global preference between alternatives taking into consideration different criteria.      

  

Problematic: The word problematic in this context is used as a reference to the way that the 
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decision problem is formulated. In other words, when the DM selects the problematic, he or she is 

stating what should be the outcome of the method. In the literature it is frequent to find three distinct 

forms of problematic [2], [5], [3]: The choice problematic, the sorting problematic and the ranking 

problematic, see section 2.1. 

1.3.1 Bias, Lack of Knowledge and Uncertainties 

1.3.1.1 Bias in MCDA Methodologies 

 It is a mistake to think that by using MCDA techniques, one is immune to non objective 

answers or recommendations. Sometimes the DM‘s convictions can produce bias on the results. This 

is indeed one critical source of non objectivity when applying these methods. By consciously review 

different bias effects that can affect later judgments, error mitigation is expected. Some examples of 

the most relevant bias effects are presented bellow. An extended review about this topic can be found 

in [6], [7], [8], [9]. 

 

Belief bias – This effect appears when an evaluation of the strength of an argument is biased by the 

believability of the conclusion  

Confirmation bias – This effect appears when there is a tendency to search for information in such a 

way that confirms already formed beliefs.  

Focusing effect – This effect appears if it is placed too much importance on one aspect of an event. 

Framing effect – This effect appears when people react differently to a particular choice depending 

on whether it is presented as a loss or as a gain.  

Illusion of validity – This effect appears when consistent but weak data leads to confident predictions 

 

Information bias – This effect appears when one seeks information even when it cannot affect the 

action. 

 

Outcome bias – This effect appears when one judge a decision by its eventual outcomes instead of 

judge it based on the quality of the decision at the time it was made. 

 

Following these arguments it is fair to say that MCDA is far from being completely objective. 

One way of protecting the results that are extracted when facing decision making situations is to list a 

potential set of bias effects and search for evidences of those effects. This will enable an iterative 

process that can avoid the introduction of bias in the final recommendations. 

1.3.1.2 Lack of Knowledge and Uncertainties 
 

Even when there is a strong desire for objectivity and a meticulous evaluation and data extrac-

http://en.wikipedia.org/wiki/Belief_bias
http://en.wikipedia.org/wiki/Confirmation_bias
http://en.wikipedia.org/wiki/Focusing_effect
http://en.wikipedia.org/wiki/Framing_effect_(psychology)
http://en.wikipedia.org/wiki/Illusion_of_validity
http://en.wikipedia.org/wiki/Information_bias_(psychology)
http://en.wikipedia.org/wiki/Outcome_bias
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tion is performed, it still exist some fundamental limitations to objectivity.  

 

Many times problems are posed in such a way that the answer to the question cannot be only 

stated as being true or false; considerations on this topic were performed [2], [10], [11], [12]. Even 

when the problem is provided with a well convicted and informed DM there are always some fuzzy 

zones where the DM is in the limit of his knowledge and he cannot state anymore if something is good 

or bad, true or false.  

 

On the other hand many of the data acquired is imprecise, uncertain or ill- defined. When us-

ing this information the results extracted will not be a totally deterministic. A probability character is 

introduced and therefore the results are also affected [12], [13]. It is not possible to state if a decision 

is good or bad only by referring to the mathematical model behind it. Therefore an identification of the 

sources of lack of knowledge and uncertainties should be performed in order to incorporate this infor-

mation in a way that enables the extraction of clear and valid recommendations. Bernard Roy has 

identified mainly three different sources of imperfect knowledge on concerning MCDA application that 

affect the results [2]: 

 

Source 1: The imprecise and uncertain nature of the problem specific features. An example of 

this source can be the imprecise data needed to evaluate an alternative under a specific criterion. For 

example when a numeric evaluation is performed there is uncertain or lack of objectiveness nature 

behind the representativeness of that evaluation.   

 

Source 2: The time evolution of the decision context and external factors that can be unpre-

dictable and affect the consequences of a specific decision. As an example one can mention the eco-

nomic evolution between the time in which the analysis was performed and the time of the specific 

implementation of the decision taken. 

 

Source 3: The fuzzy and imprecise nature of the system of value used to evaluate actions un-

der a preference relational system. As an example one can mention the fuzzy character of a prefer-

ence of an alternative over the other. Instead of a strictly binary relation stating the preference over 

actions it seems natural to think in degrees of preference.  

 

 Once the sources are indentified it is indispensible to assume measures in order to mitigate 

the consequences. A real conclusive DA analysis must be followed by active analysis able to take into 

account for these different sources of imprecise knowledge. Within the scope of this work this meth-

odologies are only referred and not analysed. Future works may be done later to validate the method-

ologies applied concerning the ill posed data, scenario evolution. An extensive analysis on imperfect 

knowledge topic in the MCDA scope can be found in [14], [15]. 
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1.3.2 Current MCDA Techniques in the Aerospace Sector 

MCDA techniques have been applied to help Decision Making in the Aerospace Sector [16]. 

More than ever technical, operational, financial and environmental constraints limit the development of 

the Aerospace Industry [17]. Therefore aerospace companies‘ strategy definition and operation has 

become consecutively more complex to be managed. This industry advanced technological level, re-

quires a deep technical knowledge from companies‘ managers and deciders [18]. Consequently, De-

cision Support systems had become more and more needed in aerospace companies‘ management 

and operation day to day life. Recent works have been performed in this scope, which provide useful 

insights in applied methodologies and solved cases.  

 An MCDA approach was applied to an Aerospace parts and subassemblies Manufacturing 

Industry, focusing on the make or buy decision [19]. Several criteria as core competences, cost, tech-

nology, relative capability, risk, etc were considered in order to clarify if technology development was 

preferable or not to the outsourcing possibility. This work presented an MCDA analysis based in the 

Preference Ranking Organization Method for Enrichment Evaluations method PROMETHEE, see 

section 2.3.1. The work provided a structured approach to define which product parts should be out-

sourced and which parts should be developed by the Manufacture.  

 A performance evaluation study of ITA-SAT satellite system design was elaborated using an 

MCDA technique [20]. The objective was to identify in which subsystems the resources performances 

were less satisfactory in order to optimize to maximize the efficiency of expended resources. This 

study also used the PROMETHEE method implementation as an MCDA basis. This study concluded 

that management plans, reviews and meetings, learnt lessons and project members‘ performance 

feedback needed to be improved and updated for this specific case.  Some limitations were pointed 

out as for the qualitative criteria definition which consecutively introduced subjectivity in final results.   

 Other analysis was performed to investigate how MCDA techniques could be applied providing 

stakeholders with better information and decision support systems, in air transportation systems [17]. 

An MCDA approach was formulated to enable an effective and correct selection of the best MCDA 

technique for a given decision making problem.  An approach to assess uncertainties propagation was 

developed which consists in a four step procedure: Uncertainty Characterization, Uncertainty Analysis, 

Local sensitivity analysis and global sensitivity analysis. Finally an aircraft selection case study appli-

cation was considered where the method selected was ELECTRE, see section 2.3.2. The results 

demonstrated the robustness and effectiveness of the methodology followed to select the most appro-

priate MCDA method given a specific aircraft system decision making problem.  

A Different MCDA method was applied to aircraft selection [15]. Different parameters are as-

sessed identifying different types of criteria, namely aerodynamic efficiency, structural efficiency, fuel 

flow, max range, ground efficiency and climb capability. The evaluation was performed among a de-

fined set of 4 aircrafts. The Multi Attribute Utility theory (MAUT) method was followed, see section 
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2.3.3. This study concluded that airline management could use the methodology for aircraft selection 

assistance with given mission characteristics.                       

 A space systems design technique was also performed recurring to MAUT method in the work 

developed in [18]. The high level of subjectivity associated to early design phases of space systems is 

a cause of high number of iterations and costs associated with the project life cycle. This problem was 

addressed by defining a preference aggregation procedure to generate and evaluate a multitude of 

space systems designs. Interviews to different design participants were used to perform utility elicita-

tion of different criteria. Results indicated an appreciable improvement of the quality of communication 

throughout the design phase helping to solve different design problems. It was found that multi attrib-

ute utility theory provides a mechanism to overcome communication problems between specialists 

having different backgrounds and needs.       

A work was performed to select an aircraft for an airline company when large uncertainties are 

considered [14]. This problem was faced by an airline operator investing in charter flights. The deci-

sion problem was provided with eight different alternatives respecting eleven distinct criteria. Criteria 

performances were allowed to have different natures such as exact, stochastic, or fuzzy. The method 

used was based in pairwise comparisons, see section 2.1.5, of uncertain performances. Criteria impor-

tance definition ,see section 3.5 , was not necessary for the method to be computed. Consistent re-

sults were found for the aircraft selection problem, despite the overall high level of complexity associ-

ated with handling uncertainties.  

MCDA analysis has also been applied to evaluate a set of maintenance plan alternatives for 

airline operators using four distinct criteria, namely cost, remaining useful life, operational risk and 

flight delay [21]. Decision problems related with airport operations have also been addressed using 

MAUT fuzzy methods [22]. Northeast Asian International airports service quality was evaluated, using 

customer surveys. Results showed that the method was effectively applied even under fuzzy environ-

ment.   

We observed different applications of MCDA in different decision making situations using dif-

ferent types of methods. As a starting point, we use in our study methods that were already used in 

similar decision contexts and purposes. Nonetheless it is important to review and evaluate which 

method is more suitable for the specific case of this work. As a result a revision of the methods is per-

formed and concluded by a comparative evaluation of each method‘s quality concerning the final ap-

plication. 
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2 MCDA Methods  
 

 MCDA is a discipline usually considered in the scope of Operational Research [1]. The first 

contribution to develop this discipline was given by Pareto with the introduction of the dominance 

concept [23], see section 2.1. In the 1940s, Von Neumann and Morgenstern had developed Utility 

theory [24], which is the basis of one major pillar of MCDA techniques: Multi Attribute Utility Theory 

(MAUT), see section 2.3.3. Later B. Roy further developed the outranking relation concept [5], see 

section 2.1, which is recognized as being the second pillar of MCDA [2]. Nowadays MAUT is 

associated with the American school of decision analysis while outranking relation based methods are 

associated with the European school of decision analysis [25].  

2.1 Concepts and Terminologies of MCDA 
 

 To perform numerical evaluations using MCDA methods it is necessary to translate verbal 

considerations into objective notation. This enables a more objective decision process and turns 

easier the comparison process [2]. Therefore in this section, basic notation is presented referring to 

some concepts already introduced.  

2.1.1 Alternatives 
 

Alternative is a key ingredient of MCDA methods. An alternative is denoted as 𝑎 and the 

ensemble of potential alternatives is represented by a mathematical set and denoted as 𝐴.The number 

of potential alternatives should be well defined and represented as follows,  𝐴 = 𝑛, where  .   is the 

cardinality of a set. 𝐴 will be represented as the finite set of alternatives 𝑎𝑖 , with 𝑖 ranging from 1 to 𝑛:  

 𝐴 =  𝑎1 , … , 𝑎𝑛  𝑎𝑛𝑑  𝐴 = 𝑛. (2.1.1) 

 It is possible to associate to an alternative 𝑎 an ensemble of attributes (ex: costs, volume, etc.) 

describing the differentiation between alternatives: 

 𝑎𝑖 = (𝑋1 , … , 𝑋𝑛 ). (2.1.2) 

 Nevertheless, describing an alternative by a finite number of attributes introduces a limit in our 

capacity of distinguish alternatives. It is possible to observe two different alternatives 𝑎 and 𝑏 with the 

same attributes. Consequently a and b are longer distinguishable. This is a limitation of the model. In 

order to avoid this, further investigation and analysis must be performed, until significant differences 

are found.  

2.1.2 Family of criteria 
 

A criterion 𝑔 is a mechanism to evaluate and compare alternatives according to a unique point of 

view [2]. A criterion should take into account attributes of alternatives which are pertinent to assess the 

performance concerning that point of view. An evaluation of an alternative a concerning the criterion g 

is represented by 𝑔(𝑎) and is named as performance or evaluation. The evaluation set 𝑋𝑔  of each 

criterion 𝑔 contains all the possible evaluations. In other words 𝑋𝑔 is the scale where the evaluation 
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takes place. The elements 𝑥𝑔 ∈  𝑋𝑔 are the values of the scale, in other words they are the result of the 

evaluation, 𝑔 𝑎 . The set 𝐺 is the set of criterion. The elements 𝑔𝑗  ∈  𝐺 are the criteria of the problem, 

with  𝐺 = 𝑚 . There are mainly two types of scales. Ordinal Scales and Cardinal Scales [25]. 

- Ordinal Scales:  These scales only express an order of the alternatives. When 

such scales are used, it has no meaning to define the difference between two pairs 

of evaluations [𝑔(𝑎), 𝑔(𝑏)] and [𝑔(𝑐), 𝑔(𝑑)]. Rating the difference  𝑔 𝑎 −  𝑔 𝑏  −

 [𝑔 𝑐 − 𝑔 𝑑 ] would mean nothing since there is not a notion of distance in the 

scale. Verbal scales, such as performances labelled with ―good‖, ―average‖ and 

―bad‖ are common examples of Ordinal Scales.  

- Cardinal Scales: Cardinal scales have a clear distance definition [25]. The 

difference between two evaluations  [𝑔(𝑎), 𝑔(𝑏)] and [𝑔(𝑐), 𝑔(𝑑)] has an objective 

meaning. We can define cardinal scales by using a cardinal performance 𝑔: 𝐴 → ℝ . 

This time, the difference  𝑔 𝑎 −  𝑔 𝑏  −  [𝑔 𝑐 − 𝑔 𝑑 ] has a meaning since there 

is a notion of distance in the scale. An example of a cardinal scale would be a 

performance measured within an interval between  0,1  

2.1.3 Preference Relations  

 
MCDA problems are usually ill posed in the mathematical sense. In most cases there are no 

alternative that optimizes all criteria at the same time [26]. This led us to define preferences rather 

than state that some action 𝑎 is optimal concerning the set of alternatives.  

 

There are two types of preferences: Local and global preferences. The local ones refer to 

preferences over one specific criterion. We state that that an action 𝑎 is locally preferable to another 

action 𝑏  if its performance on a criterion belonging to the set of criteria is better than b. Local 

preference are denoted  ≽𝑗 , where 𝑗 concerns the criterion  𝑔𝑗  being evaluated. As an example, 

suppose a selection of a car to buy among an ensemble of possible cars, then the local preference 

measures how much the car a is better than a car b regarding the price criterion. 

 

 On the other hand global preferences concern all criteria at the same time. Let us define 

global preference relation between two alternatives a and b, noted ≽ : 

 Strict preference, noted ≻: 𝑎 ≻ 𝑏 ↔ 𝑎 ≽

𝑏 ⋀ 𝑏 ≽ 𝑎 , 

(2.1.3) 

 Indifference, noted ~: 𝑎 ~ 𝑏 ↔ 𝑎 ≽ 𝑏 ⋀ 𝑏 ≽ 𝑎, (2.1.4) 

 
Incomparability, noted  

≍ : 𝑎 ≍ 𝑏 ↔ 𝑎 ≽ 𝑏 ⋀  𝑏 ≽ 𝑎, 
(2.1.5) 

The mechanisms which translate alternatives‘ performances, 𝑔 𝑎 , into preference relations 

between pairs of alternatives should obey to some generic properties to ensure coherence between 
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the concept of preference and its actual numerical implementation [27]. In the following paragraphs 

some properties for local and global preferences are presented. 

2.1.3.1 Local preferences properties: 

 
 To state a local preference 𝑎 ≽𝑗 𝑏 between two alternatives 𝑔𝑗  𝑎 ≥ 𝑔𝑗 (𝑏) should be verified. 

However it is common to introduce degrees of preference by means of some type of function. This 

function is commonly known as preference function and uses the performances of alternatives to 

attribute a level of preference. When such functions are used some properties, concerning local 

preferences, should hold:  

- Reflexivity: it must always hold in order to produce a coherent local preference. 

∀ 𝑎, 𝑎 ≽𝑗  𝑎 , it means that 𝑎 is always at least as good as 𝑎. The index 𝑗 indicates 

that the preference is local rather than global.  

- Completeness: A local preference relation must ensure that a criterion 𝑔𝑗  can always 

order two alternatives 𝑎 and 𝑏 belonging to 𝐴 ∀𝑎, 𝑏   𝑎 ≽𝑗 𝑏 ⋁𝑏 ≽𝑗 𝑎.  

When comparing two alternatives locally, i.e. concerning a unique criterion, the 

evaluation result must be unambiguous. 

- Quasi-Transitivity: 𝑖𝑓 𝑎 ≻𝑗 𝑏 ⋀ 𝑏 ≻𝑗 𝑐 →  𝑎 ≻𝑗 𝑐 quasi-transitivity must always hold in 

any defined local preference relation, in contrast Transitivity,  𝑎 ≽𝑗 𝑏 ⋀ 𝑏 ≽𝑗 𝑐 →

 𝑎 ≽𝑗 𝑐 , does not always hold.  This difference is due to criteria definition. If a 

criterion is defined in such a way that small differences are not sufficient to state a 

firm preference between alternatives, transitivity is not verified. In these cases a 

threshold is created to assure the preference between two alternatives. The 

existence of a preference threshold breaks transitivity. 

2.1.3.2 Global preferences properties 
 

 In order to aggregate information about local preferences and produce a global preference, 

aggregation procedures are used [27]. These properties try to answer the question: ―How to construct 

global preference statement?‖ It is not mandatory that all aggregation procedures follow all listed 

properties, as the definition of what is or what is not a good decision is also in itself an ambiguous 

concept. 

- Reflexivity: The aggregation procedure should be at least reflexive. In other words an 

aggregation procedure should produce a preference relation that respects reflexivity. Where 

reflexivity has the same meaning as defined before.  

- Quasi-Transitivity: A global preference is not requested to be transitive due to the existence of 

preference thresholds or uncertainties. However it should be at least quasi-transitive. 

- Unanimity: An aggregation procedure should be able to consider that a is globally preferable 
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to b, if the performance of a is at least as good as the performance of b in all criteria.  

𝑖𝑓 ∀𝑖, 𝑎 ≽𝑖 𝑏 then 𝑎 ≽ 𝑏.   

- Pareto-optimality: An aggregation procedure should search for Pareto Optimal solutions.  

We define the concept of dominated alternative and Pareto Optimal solution:  

o An alternative 𝑏 is dominated by 𝑎 𝑖𝑓𝑓   ∀𝑖 𝑎 ≽𝑖 𝑏 and there is 𝑖 such that, 𝑎 ≻𝑖 𝑏.  

The Pareto optimal solution is an alternative that is not dominated by any other.  

  

2.1.4 Problematic  
 

 There are mainly three types of problematic in the MCDA sense as defined before. Each one 

is used concerning the objectives of the DM. These problematic are: 

  

- Choice Problematic: This type of problematic is about selecting the better option among 

alternatives. This process is usually iterative and ensures various comparisons between all 

actions. New subsets of remaining actions are produced until one can finally select the most 

preferable action. It is important to notice that no specific order is needed. This contrasts with 

what happens with the raking problematic. 

 

- Sorting Problematic: The second mentioned problematic concerns the division of the set of 

alternatives into predefined categories. The evaluation and comparison process will allow 

actions to be sorted according to categories creating a final mapping of the set of alternatives. 

 

- Ranking problematic: Finally we should address the problematic of ranking alternatives from 

the lowest score to the highest. Here the objective is to create an order on the set of 

alternatives by means of aggregation processes and comparisons between actions. It is true 

that the ranking problematic is a general case of the choice problematic. Using one or another 

will depend on the DM objectives. If the objective is to divide a fixed commission for the list of 

employees taking into account their performance, the ranking option could serve better in 

order to distribute the commissions proportionally.  

2.1.5 Aggregation Procedures  
 
MCDA methods are based on mathematically explicit aggregation procedures [2]. An 

aggregation procedure is a tool which, for any pair of alternatives, gives a clear answer concerning the 

global preference between those two alternatives. This tool can make use of mathematical operators, 

such as the average, weighting factors, scaling constants and others to produce a global preference 

statement that takes into account all the evaluations on the criteria family [28].    
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There are mainly two different types of aggregation procedures: Outranking relation 

procedures and Utility Function procedures.  

 

Outranking Relation Procedures: the concept of Outranking relation was firstly introduced by 

Benayoun [29]. This aggregation procedure is based in pairwise comparisons, taking into account the 

performances on all the criteria for a given pair of alternatives a and b. In this type of methods a sense 

of value is not attributed to each alternative, instead only the relative difference between two 

alternatives is considered. 

This aggregation procedure has an important drawback. Incomparability is usually the most 

appropriate conclusion when performing pairwise comparisons. This happens because procedure‘s 

objective is not to attribute a value to each alternative. Instead an evaluation of a pair of alternatives is 

performed and a conclusion of global preference may be invalid. As a consequence only dominated 

alternatives can be excluded, where valid global preferences can be stated between a dominated and 

a non dominated alternative. These types of procedures are usually easier to implement and closer to 

the way our brain structures the decision [30], however they are not always able to objectively 

recommend a unique alternative as being the best. 

    

Utility Function Procedures: This aggregation procedure is the most commonly used [2]. It can be 

characterized as follows. Each alternative is evaluated with a score for each criterion. In a further step 

some rule is defined to aggregate all the preference levels concerning each alternative. Finally this 

function attributes an overall score to each alternative.  In other words a sense of value is attributed to 

each alternative contrary to what happened when using an outranking relation procedure.  

Commonly the aggregation function is called utility function. Once all the alternatives are scored it is 

possible to select the most appropriate alternative or to rank all existent alternatives. This aggregation 

procedure is conceptually simpler. However the human brain is more able to decide the preference 

level between two options, rather than attribute an isolated utility value [30]. 

2.2 Methods Characteristics  

2.2.1 Types of Methods 
 

MCDA methods are available with different aggregation procedures. Each method can be 

categorized according to its aggregation procedure type [17].  

 

Compensation is one characteristic of the aggregation procedure. Compensatory methods 

permit trade-offs between criteria while non-compensatory methods do not [27]. In other words, in 

compensatory methods a bad evaluation in a criterion can be offset by a good evaluation in other 

criterion. However in non compensatory methods, a bad evaluation in a criterion cannot be offset by a 

good evaluation in other criterion. MCDA methods can therefore being categorized according to its 

compensatory or non compensatory aggregation procedure. 
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 The mechanism used to perform comparisons is other feature of the aggregation procedure. 

There are two basic procedures for aggregating preferences: Outranking relation procedures and 

Utility Function procedures [2], see section 2.1. MCDA methods can also be categorized according to 

the way comparisons are established.  

 

Nowadays there are near 70 different MCDA methods [17]. A full review of each one is out of 

the scope of this work. Therefore only a set of representative methods is presented. 

 

There are two main reasons for the selection of a specific set of methods. The first comes 

from the literature, from which it was possible to infer the most commonly used MCDA methods in 

similar problems and therefore probably the most adequate. A second reason is that each one of them 

has a different aggregation procedure type. Each one of them represents the available types of 

aggregation procedures. Therefore the presentation of these methods provides a global view of the 

MCDA methods. 

 Compensatory Procedures Non Compensatory Procedures 

Outranking Relation PROMETHEE ELECTRE 

Utility Function MAUT Not Available  

Table 2.2.1:Differentiation of methods according to the different procedures. 

 The methods available from the literature which represent different aggregation procedures 

are depicted in the Table 2.2.1. It was not possible to find, within the literature, methods which were at 

the same time based on a Utility Function and with a non compensatory procedure.   

  

The objective is to select the appropriate method to apply in the specific case of Santa Maria 

ground Segment. An evaluation of the methods present in Table 2.2.1 was performed to assess the 

method‘s quality taking into account different factors.  

2.2.2 Methods Quality     
 

 A discussion about the qualities of each of method should be performed in order to select the 

method to be applied in the case study. The assessment of the methods quality could be envisaged in 

two distinct ways. The first would be to solve the Santa Maria Ground Segment decision problem 

using every available method and then perform an evaluation of the results. This would have two main 

drawbacks.  

 

The first would be the time expensed. This work is not intended to apply every existent MCDA 

method. This would require a much longer study of available methods and is therefore out of the 

scope of this work.  

 

The second drawback comes from a characteristic of the decision action in itself. Even if it was 
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possible to compute a representative set of methods regarding the case study in question, some 

issues would remain. Contrary to physical theories that can be confronted with experimental results, 

Operational researchers cannot measure the result of a decision objectively. It can happen that even if 

we take the right decision the results may be different from those we were expecting, because the 

outcome of alternatives involve risk. Therefore the evaluation of a method must rely on the consistent 

comparison between prediction and real results. A deeper work regarding the method evaluation could 

be performed by aggregating a representative sample of the results and carry out statistical analysis. 

Once more this would be outside of the scope of this work.  

 

The second way to assess method quality could be to perform a brief overview of the most 

representative methods in similar problems. Once those methods were reviewed, taking into account 

the final application, a method would be selected and applied. In other words a brief MCDA approach 

would be driven to select the method to use. Method‘s quality assessment is commonly performed [31]. 

In what follows a similar approach is presented. 

2.2.3 Methods Criteria Assessment   
 

The available methods differ in many ways such as: Applicability, algorithm, input information, 

preference structure, etc. Therefore develop a list of criteria that is able to distinguish each proposed 

method is essential. This should help us selecting the most suitable method.  

2.2.3.1 Criteria concerning methods theoretical issues   
 

A first criterion to evaluate methods‘ quality is related to interdependence between criteria. In 

general when applying MCDA procedures one seeks for a precise description of the ―value‖ of each 

alternative. Due to complexity of problems, it is usual to have criteria interdependence. When the size 

of criteria set grows, the possibility to finding two criteria that are not completely independent is larger. 

As a result the method should incorporate in its algorithm a mechanism that takes interdependence 

into account. 

  

 

A second criterion concerns hypersensitivity regarding the lack of one criterion. It is possible to 

imagine that different set of criteria are defined if different DM‘s are involved. This problem is worst 

when dealing with fewer criteria. The method should be robust to this kind of problem.  

 

Other important criterion is the preference building process. There are methods [3], [5] that 

allow the definition of non linear preferences according to the specific characteristics of criteria. This 

gives to the DM the freedom to define a variable level of preference along the scale. The methods 

should be able to incorporate this.  

 

The possibility of integrating a weight concerning each criterion is also a fundamental tool to 

evaluate an alternative. The DM shall be responsible, through its experience and Know-how, to define 
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the different levels of importance within the set of criteria. That information should be aggregated 

within the method procedure in order to express the DM feeling about the decision. Therefore the 

possibility of defining weights for each criterion is a crucial criterion concerning method‘s quality.  

 

Finally it is important to refer that the aggregation procedure plays a key role in the results that 

are obtained. There are mainly two basic types finding procedures. The outranking relation procedures 

and the utility function based procedures, see section 2.1. What defines the quality of each method, 

concerning the aggregation procedure, is the objective of the decision. As we are dealing with a tool 

that wants to select an option for the Ground Station, it is possible to say that inexistence of 

incomparability would be preferred. This will allow us to define a scale and give a quotation to each 

alternative.   

2.2.3.2 Criteria Concerning Methods Logistic Context   
 

 In real world application the time is very often determinant. Therefore it is usual to admit that 

the ease of use and the time efficiency of the application of a specific method are important criterion to 

evaluate methods quality. However it is worth to notice that this will obviously depend on the time 

constraints related to the situation. In the scope of this work it is important that the method do not 

require a large amount of time to be implemented. Preference will be given to the methods that are 

easier to implement.  

  

Cost is also an important issue to take into account. In real situations one always wants to 

minimize it as much as possible. In the scope of this work there is not a specific relevance concerning 

this criterion. In fact despite of the cost in terms of time expensed (that was already concerned) there 

is not any specific cost relating to the application of any method. Therefore this criterion was not taken 

into account in our method evaluation.  

 

 Another criterion considered is the capacity of the method to be participated by more than one 

DM. Some methods are more adapted than other to take into account the opinions of a group of DMs. 

In the scope of this work and for sake of simplicity this will be avoided.  

 

 Also important is the model structure. In some cases the application of MCDA methods is also 

an exploratory study of the alternatives. By interactively adding and comparing alternatives, the DM is 

able to construct a bigger picture of the problem. Some methods are, through the use of visualization 

tools, able to provide a quick understanding of the evolution of the problem when some variable is 

changed. In this scope, sensitivity tools are usually used in order to understand the robustness of the 

recommendations performed by some methodology [32]. However sensitivity analysis is usually 

computed as a separated step, therefore this study is out of the scope of this work. 

2.2.3.3 Criteria Concerning the Problem Structure  
 

 Usually this type of criteria is related to applicability of the method to the problem. In general 
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this expresses the flexibility of the procedure to take into account different type of evaluations. One 

example would be a method which is able to compute at the same time criterion with ordinal and 

cardinal preferences.  

 

 An advantage concerning MCDA methods would be a method that is flexible enough to take 

into account criteria which are of completely different nature. As an example, one would want to take 

into the same evaluation at the same time both cultural and technical criteria. In the scope of this work 

this capacity is very important since the objective is to provide DM with a method which is able to 

evaluate completely different points of view. Therefore this criterion will be taken into account.  

 

 Another criterion is the possible combination of methods. It would be a positive characteristic 

that methods are flexible enough in order to be upgraded or combined with other methods [33], [34]. 

There are methods which are strong in some characteristics and weaker in others. Method 

combination can provide at the same time qualities of different methods. In the scope of this work high 

relevance will be given to this criterion in order to promote the aggregation of the possible advantages 

of each method.  

 

 Finally it is important to refer that the inputs of methods are not in real world applications one 

hundred per cent objective. Therefore it is important that methods are equipped with mechanisms able 

to achieve a decision even under uncertainty & lack of knowledge, see section 1.4. This topic was 

mentioned previously as it is permanent problem to deal with. In the scope of this study we assume 

that the DM‘s beliefs and the data provided are objective. Therefore a good approximation is expected 

to be achieved without considering uncertainty & lack of knowledge. However a robustness analysis of 

the results must be performed to ensure their validity.  

 

 In order to summarize the ideas presented above, a diagram representing the methods main 

criteria selected for the evaluation, dived by 3 groups, is presented:   

 

 

Figure  2.2.1:Criteria selected to assesses the quality of each MCDA method 
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2.3 Methods Overview 

2.3.1 PROMETHEE Method  
 

PROMTHEE was first developed by Jean-Pierre Brans and its main idea is to build an 

outranking relation [3]. This relation expresses the degree of validity of the statement: a is preferable 

to b taking into account all the set of criteria. In order to construct the outranking relation, outranking 

flows are defined. These flows inform the DM of the degree of validity of the statement: a is preferable 

to all other alternatives. To be implemented PROMETHEE requires the following input information to 

be computed: 

- Alternatives performances. 

- Information about criteria relative importance. 

- Information about local preference definition. 

2.3.1.1 Alternatives performances: 

The alternatives performances are a basic ingredient, since they define the problem and state 

the variables. It is an input needed in every method in which possible alternatives and criteria 

performances are presented. Usually the alternatives performances are presented under the form of a 

matrix 𝑔𝑖𝑗 , where i stands for the alternatives and j stands for the criteria: 

  

𝑔1(𝑎1) 𝑔2(𝑎1) … 𝑔𝑘(𝑎1)

𝑔1(𝑎2) 𝑔2(𝑎2) … 𝑔𝑘(𝑎2)
… . . . … …

𝑔1(𝑎𝑛 ) 𝑔2(𝑎𝑛 ) … 𝑔𝑘(𝑎𝑛)

 . (2.3.1) 

2.3.1.2 Criteria relative importance 
 

 In order to provide the DM with the possibility to express his knowledge or beliefs 

PROMETHEE also needs, as an input, the relative importance of each criterion. This information is 

expressed in the normalized weight vector 𝑤𝑗 .  

  𝑤𝑗
𝑚

𝑗 =1
= 1. (2.3.2) 

2.3.1.3 Local preference definition 
  

 The preference structure of PROMETHEE is based in comparisons of pairs of alternatives 

rather than to attribute scores to each alternative. Therefore the performances 𝑔𝑗 (𝑎𝑖) are not evaluated 

in PROMETHEE. Instead performances deviations (of pairs of alternatives) are evaluated. In general, 

larger deviations suppose larger local preference differences (supposing the comparison of two 

alternatives a and b). It is very important to notice that for PROMETHEE statements expressing the 

value of an alternative alone mean noting. Only preference values are attributed to pairs of 

alternatives. The performances‘ deviations are noted, 



 
18 
 

 𝑑𝑗  𝑎, 𝑏 =  𝑔𝑗 (𝑎) − 𝑔𝑗 (𝑏). (2.3.3) 

 Once the deviations are computed a local preference level is associated with that pair of 

alternatives. The meaning of this preference level must be emphasized. The local preference level 

evaluates by means of a score the following statement: a is preferable to b. Hence if this level is high 

this statement can be judged valid, on the other hand if the local preference level is low the validity of 

the statement is questionable.  

 

These local preference levels are real numbers varying from 0 to 1. Where 1 gives a sense of 

complete local preference and 0 the opposite. The mechanism that translates the deviations value into 

local preference level is called preference function.  

 𝑃𝑗  𝑎, 𝑏 =  𝑃𝑗  𝑑𝑗  𝑎, 𝑏   ∀ 𝑎, 𝑏 ∈ 𝐴 , (2.3.4) 

where the local preference levels are bounded,   

 0 ≤  𝑃 𝑎, 𝑏 𝑗 ≤ 1 . (2.3.5) 

 𝑃𝑗  𝑎, 𝑏  is the preference function that expresses the level of preference between alternative a 

and b. 𝑑𝑗  𝑎, 𝑏  is the performances deviation of a and b. Finally the function shape of 𝑃𝑗  𝑎, 𝑏  has to be 

selected according to criterion specific characteristics. PROMETHEE original development proposed 6 

different types of shape functions, see section 3.4, which can be used by the DM to differentiate 

criteria [3]. As an example, these functions enable the definition of thresholds and non linear 

preferences according to DM information.  

2.3.1.4 Global Preference and Outranking Flows     
 

Global Preference 

Now it is possible to construct a mechanism which expresses a global preference level 

between two distinguishable alternatives aggregating the local preference levels defined above, see 

section 2.3.1.3. Let 𝑎, 𝑏 ∈ 𝐴, the positive and the negative preference indexes are:  

 𝜋 𝑎, 𝑏 =   𝑃 𝑎, 𝑏 𝑗𝑤𝑗
𝑚

𝑗 =1
 𝑎𝑛𝑑  𝜋 𝑏, 𝑎 =   𝑃 𝑏, 𝑎 𝑗 𝑤𝑗

𝑚

𝑗 =1
. (2.3.6) 

 

 The function 𝜋(𝑎, 𝑏) defines the global preference level between the alternatives a and b and 

𝜋(𝑏, 𝑎) expresses the global preference level between 𝑏 and 𝑎. It is important to refer that 𝜋 𝑎, 𝑏  is not 

the symmetric of 𝜋 𝑏, 𝑎 . The preference indexes aggregate information coming from all the criteria. As 

a result we cannot assume that: 

 𝜋 𝑎, 𝑏 = 𝜋 𝑏, 𝑎 . (2.3.7) 

 

The preference index, 𝜋 𝑎, 𝑏 , consists in the weighted average operator applied to the local 

preferences levels already computed. The preference indexes indicate how much an alternative a is 

globally preferable or non globally preferable to an alternative b, associating the voting weight of each 

criterion. The meaning is therefore the same as for the local preference levels, but this time all 
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different perspectives coming from the criteria are considered. It is important to notice that the name of 

these indexes is not associated with the sign of the preference level that they are expressing (the 

negative preference index does not produce a negative value). The following properties hold for the 

preference indexes [35]: 

 

𝜋(𝑎, 𝑎)  =  0, 

0 ≤  𝜋 𝑎, 𝑏 ≤ 1, 

0 ≤ 𝜋 𝑏, 𝑎 ≤ 1, 

0 ≤ 𝜋 𝑏, 𝑎 + 𝜋 𝑏, 𝑎 ≤ 1, 

𝜋(𝑎, 𝑏)~0 𝑚𝑒𝑎𝑛𝑠 𝑎 𝑝𝑜𝑜𝑟 𝑔𝑙𝑜𝑏𝑎𝑙 𝑝𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑜𝑓 𝑎 𝑜𝑣𝑒𝑟 𝑏, 

𝜋(𝑎, 𝑏)~1 𝑚𝑒𝑎𝑛𝑠 𝑎 𝑠𝑡𝑟𝑜𝑛𝑔 𝑔𝑙𝑜𝑏𝑎𝑙 𝑝𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑜𝑓 𝑎 𝑜𝑣𝑒𝑟 𝑏. 

(2.3.8) 

 Outranking Flows 

The positive and the negative outranking flows are quantities that indicate how much an 

alternative a is preferable or non preferable to all other existent alternatives (the universe of 

alternatives). In other words we define two flows. The positive flow expresses the average preference 

value associated with the assertion: a is preferable to universe of alternatives. The negative flow 

expresses the average preference value associated with the assertion: The universe of alternatives is 

preferable to a. The positive and negative outranking flows of an alternative a are the sum of each 

negative and positive preference index for a given alternative concerning all others: 

 
𝜑+(𝑎)  =  

1

𝑛−1
 𝜋(𝑎, 𝑥)

𝑥∈𝐴
, 

 

𝜑−(𝑎)  =  
1

𝑛−1
 𝜋(𝑥, 𝑎)

𝑥∈𝐴
, 

(2.3.9) 

where 𝜑+(𝑎) (𝜑−(𝑎) ) is the positive (negative) outranking flow, The factor 
1

𝑛−1
 multiplying the flow is a 

normalizing factor since each alternative 𝑎  is compared with 𝑛 − 1  other alternatives and 

𝜋(𝑎, 𝑥)( 𝜋(𝑎, 𝑥)) is the positive (negative) preference index .  The Figure 2.3.1 depicts the idea behind 

the name flow:  

 

Figure  2.3.1: Outranking flows from alternative a to the universe of alternatives and vice-versa. 

 Each flow represents the sum of all preference levels calculated between an alternative a and 

all the others or vice versa, in other words each outranking flow is the sum of ―flows‖ coming from each 

alternative of the universe of alternatives. 

2.3.1.5 Outranking Relations 
 

 The outranking relations are expressed by means of the flows defined before. These relations 
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indicate the conditions for an alternative a to be considered preferable or not, indifferent or 

incomparable to an alternative b. With these relations a partial order of the set of alternatives is 

achieved:   

𝑎 ≥ 𝑏 →  𝜑+(𝑎) > 𝜑+ 𝑏  ⋀ 𝜑− 𝑎 < 𝜑− 𝑏   ⋁ 𝜑+ 𝑎 = 𝜑+ 𝑏  ⋀ 𝜑− 𝑎 < 𝜑− 𝑏  ⋁ 𝜑+ 𝑎 > 𝜑+ 𝑏  ⋀ 𝜑− 𝑎 =

𝜑−𝑏, 

 
𝑎~𝑏  𝑖𝑓𝑓  [𝜑+(𝑎)  =  𝜑+ 𝑏 ⋀ 𝜑−(𝑎) = 𝜑−(𝑏)⦌, 

(2.3.10) 

𝑎 ≍ 𝑏 𝑖𝑓𝑓   𝜑+ 𝑎 > 𝜑+ 𝑏 ⋀ 𝜑− 𝑎 > 𝜑− 𝑏   ⋁[ 𝜑+(𝑎) < 𝜑+ 𝑏 ⋀ 𝜑−(𝑎) < 𝜑−(𝑏)  ]. 

These outranking relations contain potential incomparability and it is not always possible to 

completely rank the alternatives. Incomparability is a drawback if the DM wants to select the best 

alternative or if he or she wants to define a ranking. However incomparability provides the DM with 

more information, since it indicates that the assertion of preference in that case may not be valid. In 

the case of incomparability only the dominated alternatives are able to be excluded, and all the 

remaining alternatives are considered incomparable. Therefore further analysis must be performed if a 

complete ranking is envisaged, namely to perform a new MCDA analysis but only taking into account 

the remaining alternatives, [36]. This can be efficient but a very time consuming task.  

 

 To overcome the problem of incomparability, a modification of the PROMETHEE method was 

introduced by J.P.Brans [3]. This upgrade consisted in defining a new flow. The positive and the 

negative flows are merged together to form the Overall Net Flow, 𝜑(𝑎): 

 𝜑(𝑎) = 𝜑+(𝑎) − 𝜑−(𝑎). (2.3.11) 

 The higher the Overall net flow the better the alternative. This definition confronts how much, 

in average, the alternative a is preferable to the universe of alternatives with how the universe of 

alternatives are preferable to a. Incomparability is not present anymore if the Overall net flow is used 

and a complete ranking is possible [3]. The possible outranking relations (global preference relations) 

are:    

 
𝑎 ≽ 𝑏 𝑖𝑓𝑓 𝜑(𝑎) > 𝜑(𝑏), 

𝑎~𝑏 𝑖𝑓𝑓 𝜑(𝑎) = 𝜑(𝑏). 
(2.3.12) 

2.3.1.6 Advantages and Limitations 

PROMETHEE method is usually known as being an easy method to implement and to understand by 

the DM [3]. There are no hidden variables to compute and the MCDA procedure is transparent. Also 

incomparability can be avoided by means of the overall net flow, see section 2.3.1.5. However PRO-

METHEE method presents some drawbacks in what concerns the local preference functions defini-

tion. In addition it is not yet possible to use the PROMETHEE taking into account for criteria interac-

tion. 
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2.3.2 ELECTRE Method 
 

 This method was first developed by B. Roy [36] and its main idea is to build an outranking 

relation. The application of ELECTRE method is divided in two parts. The construction of an 

outranking relation and the exploitation of the outranking relation obtained. Some input information is 

required to compute ELECTRE: 

- Alternatives performances. 

- Information about criteria relative importance. 

- Concordance and discordance indexes. 

 

Input information concerning alternatives performances and criteria relative importance should 

be available in the exact same format as for PROMETHEE method.  

2.3.2.1 Concordance and Discordance Indexes 
 

 The general preference relations defined in the ELECTRE method are essentially the same as 

for PROMETHEE. They both perform outranking relations. However, in ELECTRE instead of using 

preference indexes and outranking flows, two major concepts are used to extract the outranking 

relation [36]: 

- Concordance index: In order to validate the statement that 𝑎 preferable ≽ to 𝑏 it must exist a 

sufficient number of criteria in favour of the relation. The concordance index expresses the 

quantity of criteria in favour of 𝑎 ≽ 𝑏. Its expression is: 

 

𝐶𝑖𝑛𝑑𝑒𝑥  𝑎 ≽ 𝑏 =

  𝑤𝑗𝑗 :𝑔 𝑎 𝑗 >𝑔 𝑏 𝑗
, 

(2.3.13) 

𝐶 𝑎 ≽ 𝑏  is the concordance index related to the alternatives a and b. 𝑗: 𝑔 𝑎 𝑗 > 𝑔 𝑏 𝑗  

represents the ensemble of criteria which support the assertion 𝑎 ≽ 𝑏 and 𝑤𝑗  are the criteria 

weights. In other words the concordance index is the sum of each criterion weight which 

verifies 𝑔 𝑎 𝑗 > 𝑔 𝑏 𝑗 , which represents a level of preference. 

In order to verify if there is a sufficient quantity of criteria in favour of 𝑎 ≽ 𝑏 the concordance 

index must be validated. ELECTRE uses a concordance threshold to validate concordance 

indexes. If 𝐶 𝑎 ≽ 𝑏  is greater than  𝑠𝑐  the concordance index is validated. 𝑠𝑐  is the 

concordance threshold and is defined by the DM according to the characteristics of the 

decision.   

- Discordance index: The validation of the above condition is not sufficient to state 𝑎 ≽ 𝑏. In 

ELECTRE, preference can be stated only when the concordance index is validated and at the 

same time there is not a criteria performance that opposes to 𝑎 ≽ 𝑏 too strongly. To do that the 

discordance index is defined.  

𝐷 𝑎 ≽ 𝑏  is the Discordance index related to the alternatives a and b. 𝑗: 𝑔 𝑎 𝑗 < 𝑔 𝑏 𝑗  
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represents the  

 𝐷𝑖𝑛𝑑𝑒𝑥  𝑎 ≽ 𝑏 =  𝑚𝑎𝑥  𝑗: 𝑔 𝑎 𝑗 < 𝑔 𝑏 𝑗   𝑔 𝑏 𝑗 −

 𝑔 𝑎 𝑗 }, 
(2.3.14) 

ensemble of criteria which do not support the assertion 𝑎 ≽ 𝑏. In other words the Discordance 

index is the maximum performance deviation which do not support 𝑎 ≽ 𝑏.  

To verify that there is not a strong opposition to 𝑎 ≽ 𝑏 the Discordance index must be validated. 

ELECTRE uses a discordance threshold to validate Discordance indexes. If 𝐷 𝑎 ≽ 𝑏  is 

greater than 𝑠𝑑  the Discordance index is validated and the assertion 𝑎 ≽ 𝑏 is not valid. 𝑠𝑑  is the 

concordance threshold and is defined by the DM according to the characteristics of the 

decision.   

These are the basic concepts behind ELECTRE method. In what follows the method‘s main 

implementation steps are briefly presented. 

2.3.2.2 Concordance and Discordance Sets 

The first action is to divide the set of criteria G into a concordance set and a discordance set. 

This must be performed for each pair of alternatives 𝑎𝑖  and 𝑎𝑗 .The indexes i and j range from 1 to the 

existent number of alternatives, n. The concordance sets 𝐶𝑖𝑗 are composed of all criteria that 

support 𝑎𝑖  ≽ 𝑎𝑗 . The discordance sets 𝐷𝑖𝑗  are the complementary sets of each 𝐶𝑖𝑗 .   

 

𝐶𝑖𝑗 =  𝑙  𝑔(𝑎𝑖)𝑙 ≥  𝑔(𝑎𝑗 )𝑙} , (𝑖, 𝑗 = 1,2, …𝑛 𝑎𝑛𝑑 𝑖 ≠ 𝑗), 

𝐷𝑖𝑗 =  𝑙  𝑔(𝑎𝑖)𝑙 <  𝑔(𝑎𝑗 )𝑙}. 

(2.3.15) 

2.3.2.3 Concordance and Discordance Matrix 

With the concordance sets defined a further step is the construction of the concordance 

matrix 𝐶. Each component 𝑐𝑖𝑗  is calculated by the sum of every weight 𝑤𝑗  of each criterion contained in 

the concordance set  𝐶𝑖𝑗 . The elements of the concordance matrix are the concordance indexes 

referred above and can be calculated as follows:  

 𝐶 =  

− 𝑐12 … 𝑐1𝑛

𝑐21 − … 𝑐2𝑛

… … … …
𝑐𝑛1 𝑐𝑛2 … −

  𝑤𝑖𝑡 𝑐𝑖𝑗 =   𝑤𝑙

𝑙∈𝐶𝑖𝑗

 . (2.3.16) 

 The discordance matrix 𝐷 must also be calculated. This matrix reflects the degree to which 

alternative 𝑎𝑖  is worse than other 𝑎𝑗 . The discordance Matrix elements are the discordance indexes 

referred above and can be calculated as follows:  



 
23 
 

 

𝐷 =  

− 𝑑12 … 𝑑1𝑛

𝑑21 − … 𝑑2𝑛

… … … …
𝑑𝑛1 𝑑𝑛2 … −

  𝑤𝑖𝑡 𝑑𝑖𝑗 =  𝑚𝑎𝑥  𝑙: 𝑔 𝑎𝑖 𝑙 < 𝑔 𝑎𝑗  𝑙
  𝑔 𝑎𝑖 𝑙 −

 𝑔 𝑎𝑗  𝑙
} . 

(2.3.17) 

 These two matrixes are used to construct the concordance and discordance Dominance 

matrixes presented next.  

2.3.2.4 Concordance and Discordance Dominance Matrix 

The concordance dominance matrix 𝐶𝐷, is obtained after performing the validation tests on 

each element of the concordance matrix C. These validation tests were already mentioned, see 

section 2.3.2.1. These tests consist in comparing each element of C, 𝑐𝑖𝑗  with the concordance 

threshold, 𝑠𝑐 . If the test is passed (i.e. 𝑐𝑖𝑗 > 𝑠𝑐 ) the value 1 is attributed and 0 if the test is failed.  

 𝐶𝐷𝑖𝑗 =   
1     𝑖𝑓𝑓 𝑐𝑖𝑗 > 𝑠𝑐  

0     𝑖𝑓𝑓 𝑐𝑖𝑗 ≤ 𝑠𝑐

 . (2.3.18) 

Exactly the same must be performed to obtain the Discordance Dominance Matrix, 𝐷𝐷, but 

this time the threshold used to validate each component of D, 𝑑𝑖𝑗  is the discordance threshold 𝑠𝑑 . If the 

discordance test is passed 𝑑𝑖𝑗 <  𝑠𝑑  the value 1 is attributed and 0 otherwise 𝑑𝑖𝑗 > 𝑠𝑑 .  

 𝐷𝐷𝑖𝑗 =   
1     𝑖𝑓𝑓 𝑑𝑖𝑗 > 𝑠𝑑

0     𝑖𝑓𝑓 𝑑𝑖𝑗 ≤ 𝑠𝑑

 . (2.3.19) 

2.3.2.5 Aggregate the Dominance Matrix 

As stated before a preference statement is only valid when both discordance and concordance 

tests are passed. By simply multiplying element by element of both matrixes CD and DD the 

Aggregated Dominance matrix M, is obtained.  

 𝑀𝑖𝑗 = 𝐶𝐷𝑖𝑗 𝐷𝐷𝑖𝑗  . (2.3.20) 

If any value 1 is present in a row of M that means that the respective alternative (identified by 

the number of the row) dominates the other alternative (identified by the number of the row). If all 

alternatives which have values 1 in its respective columns are excluded the remaining alternatives are 

dominant alternatives.  

2.3.2.6 Advantages and Limitations 

ELECTRE is simple to be applied computationally and gives the possibility to quick search for 

dominant alternatives [17]. Also ELECTRE is a very good method to include non homogeneous criteria, 

or less objectively measurable criteria [36]. However a complete ranking is not possible with 

ELECTRE [36]. Also it is not possible to model criteria interaction with ELECTRE [33].  
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2.3.3 MAUT Method 
 

Now we describe a different method to produce recommendations in order to help DM on his 

task. Instead of creating an outranking relation, an aggregation procedure based on a utility function is 

used in this method.   

 

 As inputs for solving the problem alternatives performances are needed. We consider the set 

𝐴 of alternatives, with each alternative represented by its attributes vector, 𝑎: =  (𝑋1 , 𝑋2. . . . . 𝑋𝑚 ) and the 

set of criteria  𝐺 .  The MAUT method solves this decision situation problem defining a numerical 

representation of the relation 𝑎 ≽ 𝑏. For each alternative a global utility value is calculated using a 

Utility Function. Global utilities values are compared and a ranking of the alternatives is extracted. This 

can be stated as follows: 

 

 

𝑎 ≽ 𝑏 →  𝐹  𝑢1 𝑔1 𝑎  , . . . . . , 𝑢𝑚 𝑔𝑚  𝑎   ≥

 𝐹  𝑢1 𝑔1 𝑏  , . . . . . , 𝑢𝑚 𝑔𝑚  𝑏   . 
(2.3.21) 

 

 The function 𝐹: 𝐴 →  ℝ+ is called the Utility function and 𝑢𝑗 : 𝑔𝑗  →  ℝ+  (𝑗 = 1, . . . , 𝑚) is called 

the value function which attribute a local utility to an alternative a. There are different functions used to 

represent the utility function. The most common operator to use as aggregation procedure in MAUT is 

the weighted average operator [28]. Each value function receives a weight, 𝑤𝑗  expressing the criterion 

importance and a sum is performed of all existent utilities. In this case we have:  

 𝐹 𝑢1 𝑔 𝑎 1 , . . . . . , 𝑢𝑚  𝑔 𝑎 𝑚   =   𝑤𝑗 𝑔(𝑎)𝑗
𝑚
𝑗 =1 . (2.3.22) 

 It is not mandatory to use the average operator, as there are other operators possible to use 

[37]. The reasons to use other operators to represent the utility function are mainly due to modelling of 

interaction between criteria [38]. Operators such as Choquet Intergal are regularly used to take into 

account for interdependency between criteria [39], see section 3.4. As an example, when deciding 

which car to buy, it is possible to define two different criteria power and price. However usually price 

and power are not independent, usually powerful cars are also more expensive, therefore criteria im-

portance are in a sense overlapped. Operators such as Choquet Integral are used in MAUT methods 

to take these issues into account.     

2.3.3.1 Advantages and Limitations 

The MAUT method is flexible since the DM must model the utilities of each alternative concern-

ing each criterion and define the utility function as aggregation procedure. Non linear preferences and 

interaction between criteria are possible to be introduced [40]. However MAUT main drawback deals 

with the amount of modelling that must be performed and the consequent time expensed. Also it has 

been referred that DM are more able to attribute preference between pairs of alternatives rather than 

attributing a utility to an alternative, therefore this may be a disadvantage for MAUT [30].   
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2.4 Method Selection   

The methods reviewed before were evaluated according to criteria defined in the section 

methods quality. This evaluation permits the selection of the most appropriate method to use. The 

methods considered are: 

 

 -PROMETHEE 

 -ELECTRE  

 -MAUT 

 

 To determine which method is the most advantageous to our study, quality criteria 

performances must be defined for each method. The evaluation was performed in two steps. The first 

consisted in verbal considerations about each performance on each alternative (method). In a second 

step a conversion was made into a scale from 0 to 3, where 0 corresponds to bad, 1 corresponds to 

poor, 2 corresponds to fair and 3 corresponds to good. The scale‘s length is not crucial since it could 

be adopted any other, corresponding just to a renormalization of the scale.  

 

2.4.1 Criteria Evaluation Breakdown  
 

2.4.1.1 Criteria Interdependence  

 PROMETHEE: PROMETHEE methods are not adapted to describe interaction between 

criteria. As they only define a weight vector belonging to  ℝ𝑛 , the criteria are supposed to be 

independent from each other [34]. As a result PROMETHEE methods have a poor quality describing 

interaction between criteria. 

 

ELECTRE: The structure of this method in what concerns the weight definition is basically the 

same as for PROMETHEE method see section 2.3.2, therefore the same evaluation is provided to this 

criterion.  

   

MAUT: This approach is commonly applied to overcome this issue. There are operators to 

represent the Utility Function that describe interaction among criteria [41]. As a result we can attribute 

a good performance to this method under this criterion. 

2.4.1.2 Criteria Completeness   

 PROMETHEE: Even with different DMs able to define different set of criteria it is possible to 

assume that the most important criteria are always present. This assumption validity relies in the fact 

that DM is a specialist in the object of the decision being able to understand the main problem drivers. 

Therefore if the methods are provided with weighting mechanisms the effect of criteria completeness 

can be decreased. PROMETHEE defines weights and therefore a fair mark is attributed. 



 
26 
 

ELECTRE: the same can be stated for ELECTRE as for PROMETHEE 

MAUT: the same can be stated for MAUT as for PROMETHEE and ELECTRE. 

2.4.1.3 Preference Building Process  

 PROMETHEE: PROMETHEE methods are designed to provide the DM with a high degree of 

freedom concerning the preference level. The DM is able to define any function comprised between 0 

and 1 that expresses the degree of preference for a specific criterion. Some generic functions are 

proposed in order to express the DM beliefs and expectations concerning a specific criterion [3]. As a 

result we can state that the PROMETHEE is a good tool to build the local preferences.  

  

ELECTRE: The local preference relation is defined over pairs of actions. The preference 

statement is enabled if the discordance threshold is not passed. Therefore it is possible to model our 

preference relation when applying the ELECTRE method. However the freedom is not the same as we 

had for PROMETHEE in fact with the previous method the user was encouraged to model himself the 

preference relation through the implementation of a preference function. Therefore no assumptions 

were made about the type of preferences. Finally the assigned note is fair when concerning the 

preference building process.  

  

 MAUT: This method only defines the structure of the aggregation procedure and does not give 

any specific indication concerning preference definition. This enables the DM to construct himself a 

preference relation. On the other hand this method already needs a great amount of information from 

the DM side; therefore this gives too much information to the DM to deal with. As a result this method 

is a fair tool to build preferences.  

2.4.1.4 Criteria Weighting   

 PROMETHEE: As almost every method PROMETHEE enables the DM to give specific 

weights to each criterion. As a result it can be stated as a good tool to incorporate criteria weighting.  

ELECTRE: The same as stated for the PROMETHEE can be stated for ELECTRE 

MAUT: There are operators used within MAUT which widely explore the concept of criteria 

weighting and weighting interaction. As a result this procedure is a good tool to incorporate a 

structured criteria weighting procedure.  

2.4.1.5 Finding Procedure   

 PROMETHEE: The aim of this work is to select the most appropriate option. Therefore the 

most adapted methods to perform this work are methods that avoid incomparability. As a result 

PROMETHEE is a good choice regarding this issue, since an overall flow can be obtained which 

eliminates incomparability.   
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ELECTRE I: The most adapted methods concerning the objective of this work are methods 

that avoid incomparability. As a result ELECTRE is a poor choice regarding this, since it may create 

many incomparability relations.  

  

 MAUT: This method is based on the synthesis of a numerical value attributed to each 

alternative. This feature shows flexibility regarding the final objective since it attributes a meaningful 

value to each alternative and also creates at the same time an order and a consequent ranking of all 

the options.  Therefore an evaluation of good is assigned. 

2.4.1.6 Time Constraint  

 PROMETHEE: PROMETHEE methods were specially designed so that the DM would have no 

need to understand complex processes or define ―obscure‖ parameters. This method does not require 

from the DM a great amount of time in order to familiarize with the method. This is important since the 

final goal of these types of methods is to extract objective recommendations, and therefore if the DM 

understands the decision making process he will probably be more suitable to avoid effects such as 

―Black box‖ effect. Finally, the algorithm used by the method to calculate the flows is not 

computationally heavy [3]. The evaluation on this criterion is therefore good.  

 ELECTRE: the same can be referenced for ELECTRE method as for PROMETHEE method. 

 MAUT:  The time required to implement this method is its main drawback. In order to model 

aggregation procedure and values functions the quantity of information asked to the DM is 

considerably large. This requires a larger amount o time dedicated to implement the methodology. 

Therefore an evaluation of poor concerning Time constraint is assigned.   

2.4.1.7 Scale Flexibility   

 PROMETHEE I: Through the definition of the function  𝑃𝑗 [𝑑𝑗  𝑎, 𝑏 ] , see section 2.3.1, this 

method gives total freedom to the DM to express the evaluations under each criterion. It is therefore 

possible to define any type of scale, numerical or not. However the DM must be able to convert its 

evaluations into a preference that varies between 0 and 1. This is not always trivial and therefore the 

evaluation assigned to this criterion is fair. 

 ELECTRE: ELECTRE method is able to solve the problem of scale compatibility in a simple 

way. The contribution given by the evaluation is only present through the value of the weight. There is 

not an evaluated performance. There is only a contribution to concordance. If the discordance 

condition is not verified the criterion does not contribute to the results. This is a good way to deal with 

heterogeneous scales [5]. Therefore an evaluation of good is assigned. 

 

 MAUT: The same can be stated for MAUT as for PROMETHEE. 
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2.4.1.8 Criteria Nature Adaptability    

 PROMETHEE: PROMETHE does not suppose any type of preference or any predefined 

structure concerning criterion definition. This enables the DM to model each preference relation for 

each criterion independently. Therefore in what concerns this criterion PROMETHEE is assigned with 

fair.  

 

 ELECTRE: In this method the DM is limited to include or not to include the criterion into the 

evaluation. ELECTRE method defines crispy levels of preference by introducing or not the criterion 

weight. On the other hand other methods define a preference level which represents a smoother 

preference variation. This can be considered as a drawback for ELECTRE. For these reasons 

ELECTRE will be assigned with poor. 

  

MAUT: this methodology gives freedom to the DM in order to model the different preference 

relations for each criterion. On one hand, this is positive because it does not limit the DM, but on the 

other hand it is negative because it does not recommend a procedure to the DM in order to 

incorporate this in his evaluation. Therefore the mark assigned is poor.  

2.4.1.9 Method Integration Flexibility   
 

 PROMETHEE: The possibility of defining functions that expresses local preference gives rise 

to the possibility of integrate this method with others more suitable to do it. For that reason we value 

this method as being good concerning Method Integration Flexibility.  

 

ELECTRE: Method Integration within ELECTRE Method is more difficult [33]. For that reason 

an appreciation of fair is attributed to this method.      

  

MAUT:  Different aggregation procedures can be easily integrated in MAUT [33], [34]. 

Therefore it can be seen as tool which can bring other capabilities to existent methods. For that 

reason this method is considered to be good concerning Method Integration Flexibility.  

2.4.1.10 Evaluation results 

The evaluation table concerning the method elicitation is presented with the respective 

evaluation. To each criterion it was attributed a weight representing its importance in the scope of this 

work. We assumed only three types of importance: Low, Medium and High. 

              Methods 

Criteria 
Criteria Weight PROMETHEE ELECTRE MAUT 

Crit. 

Interdependence 
High (0,136) 1 1 3 

Crit. Completeness Medium (0,091)  2 2 2 

Preference Building High (0,136) 3 2 2 
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Process 

Crit. Weighting Medium (0,091) 3 3 3 

Finding Procedure High (0,136) 3 1 3 

Time Constraint High (0,136) 3 3 1 

Scale Flexibility Medium (0,091) 2 3 2 

Crit. Nature 

adaptability 
Low (0,046) 2 1 1 

Method Integration 

Flexibility 
High (0,136) 3 2 3 

Total 1 2,43 1,998 2,315 

Table 2.4.1: Evaluation table of different MCDA methods to be applied in this work. 

2.4.2 Method Selected   

 The selection of the method to use is in itself another MCDA problem to solve [31]. This would 

take us to a non ending problem of selecting the better method by successively applying a MCDA 

approach. Obviously this is not possible and the solution that used in the scope of this work is to apply 

the simplest analysis. In other words the suggested evaluation is to add up the individual score on 

each criterion multiplying it by its importance and select the method with the higher final score.  

 

 Several drawbacks can be pointed to this method, such as bias and uncertainties due to the 

subject evaluation. However this can be seen as a second order effect concerning the final application. 

We are only selecting the method to use and therefore we only want to evaluate if there is an evident 

difference in method quality concerning our final objective. Therefore major problems such as lack of 

knowledge, criteria interdependence, and preference modelling will not be evaluated.  

 

 Table 2.4.1 shows the method with the higher score, PROMETHEE. As far as we can see 

there is not a large difference between the methods in general. The lowest punctuation was attributed 

to ELECTRE. This evaluation took into account the nature of the problem and its applicability. In spite 

of bias and uncertainties it is possible to infer a general preference concerning PROMETHEE and also 

a general preference of all other methods over ELECTRE.   
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3 Methodology Implementation and Development  

The MCDA approach selected in chapter 2, PROMETHEE, is implemented and developed 

according to specific needs of the problem. A division of the decision situation in separated processes 

is performed providing thus a detailed implementation guide of the method.  

3.1 Problem Background and Definition 

3.1.1 Ground Segment communications: Key concepts 

The ground segment is an earth based terminal designed for telecommunication with satellites 

and spacecrafts, or to receive signals from astronomical sources. Earth stations communicate with 

satellites by transmitting and receiving electromagnetic waves in specific electromagnetic spectrum 

bands (as an example C-Band, Ka Band, Ku-Band, S-Band, X-Band and others) [42]. When a ground 

segment establishes signal transmission or reception with satellites or spacecrafts, it creates a tele-

communication link [42]. The main link infrastructure enabling the communication between the ground 

segment and the space is an antenna usually parabolic [43]. 

Specific earth stations are used to communicate with satellites. Other ground stations commu-

nicate with manned spacecrafts or unmanned space probes. There are also ground stations that 

mainly receive telemetry data, or that follow a specific satellite orbit, this type of stations are commonly 

called tracking stations [43]. 

When a satellite passes in the ground station's line of sight, the station has view of the satellite 

[42]. It is possible that a satellite communicates with different stations at the same time. Two stations 

have mutual view of the satellite if the satellite communicates with both of them at the same time [42]. 

3.1.1.1 Communication Link 

A communication link consists in the transmission of a signal from a transmitter and its recep-

tion by means of a receiver [42]. When the transmitter is mounted in a ground segment and the re-

ceiver in the satellite, the link is called ―uplink.‖ When the transmitter is mounted in the satellite and the 

receiver on the ground segment, the link is called ―downlink.‖ The two links must be evaluated sepa-

rately. 

Summarizing the quality of the communication link depends mainly on the signal strength and 

on the amount of thermal noise introduced in the system [42]. The process of accounting for the signal 

strength and to considerer noise level is called Link budget [42]. This budget is performed in the pro-

ject phase of the satellite and its ground segment, where the signal power, signal losses and noise 

level are calculated. A link margin is derived which gives an indication if the communications are going 

to have good performances or not. 
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Antenna gain  

Antenna gain is a measure of the focusing ability of a given antenna [42]. The maximum gain 

is dependent of the orientation of the antenna and strongly dependent of the diameter. Therefore large 

parabolic antennas used in satellite links can have high level gains dBs. However gain of an antenna 

is inversely proportional to the width of the antenna beam therefore high gain antennas have smaller 

beam width and accurate pointing is crucial.  

EIRP 

The overall performance of the transmitter depends on its power and antenna gain. The 

equivalent isotropic radiated power, (EIRP) of a transmitter is the product of the transmitted power and 

the antenna gain [42].  

Noise 

Noise is measured as an equivalent temperature that would be radiated by a black body pro-

ducing the same amount of noise in the same frequency range [42]. This is the noise temperature. 

There are different noise sources such as thermal noise, man-made noise, cosmic background noise 

and others. 

Figure of Merit 

At the receiver, when it is known the antenna gain and the system noise temperature a single 

parameter is calculated called figure of merit G/T db/k [42]. The G/T of a receiver is the gain of the 

antenna at the receiving frequency to the equivalent over the noise temperature of the ground seg-

ment in decibels per Kelvin. The figure of merit, G/T, depends on antenna pointing and also on the 

receiver electronics quality [42]. For example, a ground station‘s G/T may be from 20 to 40 dB/K [43]. 

In general the Figure of merit is the main parameter that characterizes the performance of the 

downlink budget for a ground segment [43].   

Losses 

The signal loss in the down or uplink can be due to different phenomena, the most important being 

[42]:  

- Free-space spreading loss  

- Atmospheric absorption loss  

- Transmitter/receiver feeder loss  

- Antenna misalignment (depointing) loss  

- Polarisation mismatch loss  
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Certain of these losses are caused due to ground segment limitations. Therefore it exist technology 

which is able to minimize those limitations. As an example, to minimize antenna misalignment or point-

ing error auto tracking mechanisms are available [42]. This mechanism consists of a feedback control 

loop installed in the antenna which is able to permanently correct the antenna pointing towards the 

satellite minimizing the associated pointing error [43]. Other example is feeder cooler which is able to 

decrease the receiving or transmitting feeder temperature which as a consequence decreases their 

noise temperature. 

3.1.2 Santa Maria Ground Segment: Missions, Infrastructures and Limitations  

3.1.2.1 Mission  

Santa Maria ground segment, hereafter Santa Maria Azores (SMA), operates two separate 

missions. The first concerns the exploitation by European Space Agency (ESA) of the infrastructure for 

launcher tracking, receiving telemetry data in S band. The second is a centre of Earth Observation 

imagery processing and acquisition.  

The European Space Agency operates a network of Tracking stations, the ESTRACK network, 

for support of ESA and third party missions. The SMA is one of those 12 stations located at 8 sites 

around the globe. 

 

The primary functions of the ESA SMA terminal is to track launches from Europe's Guiana 

Space Centre Centre Spatial Guyanais or (CSG) to the International Space Station (ISS), starting with 

Jules Verne mission: the first launch of ESA's Automated Transfer Vehicle (ATV) re-supply vehicle was 

successfully tracked in March 2008. 

A Portuguese Space company, responsible for the operation and maintenance of the station, 

also invested in expanding the Station‘s capacity, to receive Earth Observation (EO) Synthetic-

aperture radar (SAR) images from the satellite Radarsat-1/2. This capability allowed SMA to commer-

cialize services and applications in different imagery market segments with special focus on Ocean 

Monitoring. SMA accompanies daily (day and night) the trajectories of several remote observation 

satellites, collecting data for ship detection, oil spills‘ monitoring and other operational services. 

3.1.2.2 Infrastructure 
 

The SMA ground station site is located in Santa Maria island (south-eastern part of the Azores 

archipelago), Portugal. The Santa Maria of Azores site is situated in the northern part of the island, 6 

km northwards from the village of Vila do Porto. The location is noted as Monte das Flores in local 

maps (at 37° N, 25º W). 

 

The antenna installed in SMA is a 5.5 m diameter antenna, combining S band and X band 

reception capabilities, in Cassegrain configuration, with an XY mount. Azimuth and elevation rotation 

speed are both about 5 °/s pointing with an accuracy better than 0.15 º and is designed to withstand 
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bad weather conditions by automatically entering a so-called ―survival mode‖ if needed. X band 

antenna gain is about 50.63 dB, Low noise amplifier temperature is about 48 K and system nominal 

G/T is 26 dB/K. Frequency band ranges from 8025 to 8400 MHz for this multi-mission system. The 

system has both ―program track‖ and S band ―auto-track‖ capabilities. 

 

SMA antenna is planned, according to the daily generated acquisition schedule based on 

automatically received TLE‘s data from ESA/ESOC servers and controlled via its own station control 

computer. 

 

The antenna pointing is performed by the Antenna Control Unit (ACU), which affects both axes 

using drive amplifiers, motors and gearboxes. Optical position encoders deliver the X and Y positions 

to the ACU. 

 

3.1.2.3 Limitations  
 

The main Limitations in SMA ground segment are mainly operational and technical related. 

These limitations reduce the full exploitation capabilities of SMA ground station for commercial pur-

poses. 

 

Technical: In what concerns the earth observation SAR imagery acquisition, the existent system in 

Açores is not capable of deliver a Quality of Service (QoS) compatible with the international standards 

[44]. The signal to noise ratio (G/T) of the acquisition chain, which is the main QoS assurance indica-

tor, is at maximum 26 db/k. This value is far below from the 32db/k needed to deliver the service with 

sufficient quality.  

 

Operational: The existent antenna in SMA was installed by ESA. Therefore in what concerns the time 

sharing of the antenna capabilities, ESA has priority for its missions. This fact reduces the availability 

of the Earth Observation acquisition services, and has negative performance consequences. Also it 

reduces the commercial scope. As an example ESA infrastructures cannot serve military purposes.  

3.1.3 Santa Maria Ground Segment: Definition of the Decision making problem   

Given the SMA context different strategies were possible to promote commercial development 

of the ground segment. The company‘s main objective regarding the station was the overall 

improvement of the QoS provided by the station. Company‘s managers found that this was a key 

driver in order to access new customers and suppliers, as the market surveys reported a significantly 

growth in the number of new operational satellites and also an overall improvement in the demanded 

imagery resolution. The solution proposed by the company‘s ground segment specialists and 

Managers was to improve the technical infrastructure delivering EO imagery services. However a new 

solution should represent an affordable cost for the Company. 
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 Different infrastructure configurations or upgrades were proposed to be analysed. The 

decision making problem raised was the analysis of which of the configurations for SMA could be 

recommendable. This analysis should take into account the company‘s objectives. The PROMETHEE 

method was applied to various configurations regarding different criteria to solve the decision problem 

raised ensuring the fulfilment of the objectives.        

3.2 Alternatives Definition and Analysis 

3.2.1 Alternatives Definition: Ground Segment Attributes  

To define each alternative a set of attributes is proposed. In the scope of this work the 

definition of each alternative is achieved by setting specific values for each attribute, see section 2.1.1. 

This process is important as it transforms a real alternative into a set of parameters. We must be sure 

that the attributes defined are able to distinguish each alternative and to be representative of each 

configuration. It is also important to notice that in the scope of this work alternatives are different from 

criteria as attributes are only a description of alternatives.  Therefore there is no associated preference 

judgement with the step of defining the alternatives attributes. The criteria definition is performed later 

as it is based in the definition of attributes of each alternative, see section 3.3.   

The set of attributes selected is not exhaustive. A full description of each ground segment 

configuration is out of the scope of this work. The following attributes are thought to be sufficient to 

define each configuration.  

Maintenance & Operating Cost: This attribute concerns costs related to the operation and 

maintenance of the infrastructure. Examples can include electricity, water, employee‘s wage and 

others. This attribute is presented in KEuros/year  (K€/year).   

Acquisition Cost: This attribute concerns costs of acquiring all new components of a specific 

configuration. These costs take into account all installation, engineering, shipping costs, etc, related to 

the acquisition of new equipments. This parameter is presented in Euros (€). 

System’s Technical Characteristics: The system technical characteristics are resumed in 

the block diagram of each configuration. For each configuration a block diagram of the system main 

components is presented. This information enables the differentiation of technical performance of each 

infrastructure. This is considered to be an attribute as each block diagram is capable of differentiating 

alternatives.  

Availability: This attribute is related to service Operation. It reflects the percentage of the time 

dedicated to the mission. All the means available such as engineering team, support equipment and 

services are present in order to ensure a certain level of availability. It is important to notice that all the 

availability estimates were performed taking into account a pessimistic scenario. Although in some 

configurations backup equipment exist, it must not be assumed that this equipment could be used as 

backup for commercial purposes. As an example it is possible to imagine that if the imagery services 
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were provided for military use, ESA would never permit the use its infrastructure as backup. Therefore 

all availability calculations represent a pessimistic scenario. This parameter must be presented in 

percentage of availability of the system (%).    

3.2.2 Alternatives Analysis: Ground Segment Configurations  

Each alternative considered is a different configuration of a Ground Segment Infrastructure. 

Each configuration is described by its attributes. All technical specifications of each diagram block 

were identified by a Company‘s ground segment specialist.  

3.2.2.1 Configuration 1: Current Infrastructure 

The existent infrastructure is considered as configuration 1 (C1). The inclusion of the current 

infrastructure in this work is important since it serves as a reference concerning all other alternatives. 

The current infrastructure was already described. Nevertheless the attributes must be summarized.  

Operating Cost: The operation costs include all costs to run the equipment. Included in 

these costs are the power costs to run the infrastructure, engineering resources to operate and 

maintain the normal functions of the station. The operation cost is measured in k Euros/year. The 

operation cost of Configuration 1 is 600 K Euros.   

Acquisition cost: There is no acquisition cost related to the current infrastructure, since it is 

already purchased and installed.  

System’s Technical characteristics: The diagram block in Figure 3.2.1 represents the 

main components of the system currently present in SMA [43]. The existent infrastructure presents 

an antenna for the signal amplification. Two feeders are used one to X Band and other for S Band 

their function is to capture the signal. The quality of the antenna and of the feeder is responsible for 

most of the overall Station G/T=26 db/k [43]. Therefore these elements are important for the quality 

of the service provided by the Ground Segment. This infrastructure also presents auto tracking ca-

pabilities in S Band. This can be observed in the Figure 3.2.1. The Low Noise Amplifier (LNA/DC) 

also provides the signal to the Tracking Receiver component which is responsible to detect pointing 

deviations and provide them to the Antenna Control Unit. The ACU is further responsible to provide 

feedback to the Servo System which corrects the Antenna pointing direction.   
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Figure  3.2.1:Representation of the Block diagram concerning configuration 1 

 
 The block diagram of Figure 3.2.1 is used as reference for all the others possible configura-

tions. The new elements in each configuration block diagram are introduced in a different colour (blue). 

This enables a better understanding concerning what is re usable or not for each new configuration.   

 
Availability: The availability must be referred to a specific mission. The current infrastructure 

runs two parallel missions. However all the evaluations are performed taking into account the Earth 

Observation use, since is it is the only providing commercial exploitation for the company. The avail-

ability of the X Band Service, which is the one responsible for acquiring the Earth Observation imagery, 

is much affected by the ESA Services priority. ESA in general uses the SMA services for an average of 

3 launches per year. Knowing that each launch campaign has an average duration of one week and 

that in average the station needs a maintenance time of one week, while it is not providing services, it 

is possible to deduce the availability of the Earth Observation service.  

 3 𝑤𝑒𝑒𝑘𝑠 + 1 𝑤𝑒𝑒𝑘 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑐𝑒 = 4 ∗ 7 𝑑𝑎𝑦𝑠 = 28 → 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
365 − 28

365
≈ 92% (3.2.1) 

The calculated availability of the system is 92%. 

3.2.2.2 Configuration 2: Current Infrastructure plus X Band Feeder Cooling 

Other possible configuration consists in equipping the current infrastructure with a feed cooler 

system, configuration 2 (C2). The noise temperature (K) introduced in the signal by the Feeder com-

ponent is responsible for great part of the existent overall noise level [42]. The objective of this con-

figuration is to provide the X Band feeder with a cooling system. The feeder Cooler is able to reduce 

the noise temperature which could increase the service quality significantly.    

Operating Cost: The operation costs of this configuration are expected to be similar to those 

of configuration 1. Therefore the operation cost associated with the configuration 2 are expected to be 

600 K Euros/year 

Acquisition Cost: The acquisition cost for this configuration includes the engineering project, 

engineering installation service and equipment shipping and purchasing. The X Band feeder needs to 

be coupled with the feed cooler system. An expected budget for this upgrade to the current infrastruc-
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ture is presented. Engineering Project + Installation Cost + Shipping cost + Components Purchasing 

cost = Acquisition Cost 

The Acquisition cost is estimated to be 500 K Euros.   

 
System’s Technical characteristics: This configuration needs the introduction of an X Band 

Feeder Cooler. Cryogenic technology is used to cool the feeder to low temperatures and therefore 

reduce its noise temperature [42]. In average the Feeder Cooling is able to improve the overall system 

figure of merit in 2 db/k. Therefore the Figure of Merit G/T (db/K) which is expected to be obtained by 

this upgrade is 28 dB/K.   
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Figure  3.2.2:Representation of the Block diagram concerning configuration 2 

Availability: This configuration availability would be approximately the same as for the con-

figuration 1, as the commercial service framework would be the same. Therefore an availability of 92% 

is expected. 

3.2.2.3 Configuration 3: Current Infrastructure plus X Band Auto tracking Capabilities 

The second configuration possible consists in equipping the current infrastructure with auto 

tracking capabilities in X Band, configuration 3 (C3). Auto tracking capability is important since the 

antenna receiving gain is variable for different directions [42]. Therefore it is important to ensure a 

precise pointing to the emitting satellites to maximize the available gain G (db). The auto tracking ca-

pability ensures a constant and accurate pointing of the antenna to the satellite [42]. It consists of a 

feedback loop where the satellite position is measured and used to correct the antenna pointing. This 

system already exists but only for the S Band receiver, the objective is thus to equip the existing an-

tenna with auto-tracking capability in both S and X Band. 

Operating Cost: The operation costs of this configuration are expected to be similar to those 

of configuration 1, since the service framework remains the same. Therefore the operation cost asso-

ciated with the configuration 2 are expected to be 600 K Euros/year 

Acquisition Cost: the acquisition cost for this configuration enclose the same costs as de-

fined for configuration 2. The X Band Feeder Cooler needs to be designed, purchased, transported 

and installed. Thus we have. Engineering Project + Installation Cost + Shipping cost + Components 
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Purchasing cost = Acquisition Cost. The Acquisition cost is thus estimated to be 500 K Euros.  

System’s Technical characteristics: This configuration is able to perform in auto tracking 

mode. The pointing precision in X band is increased when compared with configuration 1. Therefore 

available antenna gain is larger. This increases in general the Quality of the service provided by the 

current ground Segment. Pointing deviations, using keplerian elements to track the satellite position, 

reduce the receiving Figure of merit in approximately 3 db/K [42] and the maximum available figure of 

merit possible for the current infrastructure is G/T = 26 db/K. Therefore the expected Figure of Merit 

G/T is 29 dB/K.    

Antenna

S Band 

Feeder

S Band 

Tracking 

Receiver

Receiver
Servo 

System

ACU

Mission 

Control 

Scheduler

Monitoring 

& Control

Receiver

EO Data 

Processor

X Band 

Feeder

Telemetry 

Processing

Archive

 

LNA/DC LNA/DC

X Band 

Tracking 

Receiver

 

Figure  3.2.3:Representation of the Block diagram concerning configuration 3 

Availability: This configuration availability would be also the same as for the first configuration. 

Therefore an availability of 92% is expected. 

3.2.2.4 Configuration 4: New S Band and X Band Rx Infrastructure 

 
This configuration consists in the acquisition of a new infrastructure that would provide a paral-

lel service in SMA, configuration 4 (C4). This infrastructure would be independent from ESA services. 

Others Spatial Agencies could profit from services provided in Açores.  

Operating Cost: The infrastructure would double therefore fixed costs also do. More special-

ized personnel would be necessary both for operation and processing and analysis of the Acquired 

data. After discussion with specialists we conclude that a team with at least more 3 engineers would 

be necessary. The cost (cost for the company) per hour of an engineer are 50 €/h. Fixed costs are 

assumed to be 100 K€. Therefore we have:  

 50 €/ ∗ 8 𝑜𝑢𝑟𝑠 ∗ 22 𝑑𝑎𝑦𝑠 ∗ 12 𝑚𝑜𝑛𝑡𝑠 ≅ 100 𝐾€/𝑦𝑒𝑎𝑟. (3.2.2) 

The operation costs are thus considered to be 

600 + 3 𝑒𝑛𝑔𝑖𝑛𝑒𝑒𝑟𝑠 ∗ 100 + 100 = 1000 𝐾 𝐸𝑢𝑟𝑜𝑠/𝑦𝑒𝑎𝑟.   

Acquisition Cost: the acquisition cost should take into account all the factors considered for 

other configurations. However all the costs referred would be much larger due to the overall complex-

ity improvement of this configuration. An estimation of the costs is. Engineering Project + Installation 
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Cost + Shipping cost + Components Purchasing cost = Acquisition Cost. The Acquisition cost is thus 

estimated to be 2500 K Euros. 

System’s Technical characteristics: This configuration would be purchased to have an 

overall figure of merit G/T (db/k) 32 db/k. This value is selected having as reference ESA standards for 

ground stations minimum reception capabilities [44]. This infrastructure would provide a service with 

an overall system Figure of merit G/T of 32 dB/K. This configuration would also have auto tracking 

capabilities in both S and X band. The block diagram is provided: 
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Figure  3.2.4:Representation of the Block diagram concerning configuration 4 

Availability: This configuration availability would not have to be interrupted by ESA operations. 

Therefore we estimate only one week per year of interruption for maintenance. The current infrastruc-

ture belongs to ESA. As a consequence the possibility of back up service of the current infrastructure 

during maintenance of new acquired infrastructure may not be possible. Therefore as pessimistic sce-

nario is considered where a full maintenance week is considered.   

 

1 𝑤𝑒𝑒𝑘 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑐𝑒 = 7 𝑑𝑎𝑦𝑠 → 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
365−7

365
≈

98%. 
(3.2.3) 

The system availability is estimated to be 98%.  

3.2.2.5 Configuration 5: New S Band and X Band Rx/Tx Infrastructure 

This configuration consists in the acquisition of a new infrastructure that would provide a paral-

lel service in SMA configuration 5 (C5). This infrastructure would be independent from ESA services. 

Others Spatial Agencies could profit from services provided in Açores. In addition to the configuration 

4 this configuration adds a transmitter possibility. This enables the satellite operation and remote con-

trol which opens new potential markets.  

Operating Cost: New specialized engineers would be needed therefore we must consider a 

new estimate for the operation cost adding the price per year of the required personnel. The operation 

costs are thus considered to increase 200 KEuros/year (including 2 engineers) comparing to 

configuration 4. We estimate the operation cost to be 1200 KEuros/year.   



 
40 
 

Acquisition Cost: The estimation of the acquisition cost would be based in the same 

considerations as for configuration 4, taking into account the purchased technology price. An 

estimation of the costs is given: Engineering Project + Installation Cost + Shipping cost + Components 

Purchasing cost = Acquisition Cost. The Acquisition cost is thus estimated to be 3000 K Euros.  

System’s Technical characteristics: This infrastructure would also be purchased to provide 

an overall figure of merit G/T (db/k) of 32 db/k. This value is based in the same assumptions as before. 

This configuration would also have auto tracking capabilities in both S and X band and providing 

transmission capabilities in S Band, for remote control capability. 
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Figure  3.2.5:Representation of the Block diagram concerning configuration 5 

Availability: This configuration availability is considered to be the same as for the configuration 

4. As the service framework would be the same. Therefore an availability of 98% is expected. 

3.2.2.6 Configuration 6: New ESA Infrastructure with Current Infrastructure as backup  

This configuration consists in installing a new Ground segment infrastructure, provided and co-

explored by ESA, configuration 6 (C6). ESA has intentions of installing a new Infrastructure in Açores 

[43]. This infrastructure would have both S Band and X Band transmitting and receiving capabilities. 

Also auto tracking capabilities are present in two bands and an Antenna with 15 m is provided. How-

ever the service priority would remain with ESA. The operation, shipping and installation costs would 

not be supported by ESA in exchange of authorization of exploitation for commercial uses. The exis-

tent Antenna would provide Backup for ESA services.  

Operating Cost: We assume the same operating costs as for the previous systems, as it has 

the same operation characteristics. The operation costs are thus considered to be 1200 k Euros. 

Acquisition Cost: ESA would be responsible for purchasing the equipment. However to 

proceed with commercial exploitation the following costs would remain. Installation Cost + Shipping 

cost = Acquisition Cost. The Acquisition cost is thus estimated to be 1000 K Euros. 

System’s Technical Characteristics: This configuration would provide S Band and X Band Trans-

mission and Reception of data. Auto tracking would be possible in the two Bands. The system has an 
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angular data accuracy of 80 mdeg. The parabolic antenna has 15 meter of diameter. The overall sys-

tem Figure of Merit G/T concerning X Band reception is 37.5 dB/K. 
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Figure  3.2.6:Representation of the Block diagram concerning configuration 6 

Availability: As the system is able to perform several services, ESA will require a more fre-

quent use of the services provided by the station, namely remote control satellite missions. However 

the number of missions performed by ESA would not dramatically increase, since Açores are only able 

to track north oriented launches due to its geographic position.  Therefore we would consider that ESA 

would require 4 weeks instead of 3 weeks of operation. Also there is the current infrastructure as 

backup. Nevertheless the backup system would function only for ESA missions, therefore it would not 

perform as backup for commercial purposes. Once more we assume a pessimistic estimate.     

 
4 𝑤𝑒𝑒𝑘𝑠 + 1 𝑤𝑒𝑒𝑘 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑐𝑒 = 5 ∗ 7𝑑𝑎𝑦𝑠 = 35 → 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =

365−35

365
≈ 90%. 

(3.2.4) 

The availability is considered to be 90%.  

 

3.3 Criteria Selection  

The criteria family must be created according to the objectives defined [45]. The prime objec-

tives are to develop the existing infrastructure in order to deliver a better QoS while taking into account 

economical factors. It is important to refer that in this section no preference judgements over alterna-

tives or criteria are performed. Only a description of the different criteria used to evaluate configura-

tions are presented. Preference judgements are only introduced later, see section 3.4.  

Each criterion must be defined as a tool which aggregates a performance under a specific point 

of view, see section 2.1.2. In order to derive those criteria a hierarchical construction of the criteria 

family could be envisaged [46]. This process helps the DM since a complex problem is divided in 

smaller ones, providing objectiveness and coherence. For example the DM may want to construct a 

criterion "named Comfort", and deriving from that criterion low level criteria such as "Air temperature", 

"Seat quality", "Cabin space", etc. In other words various levels of criteria are constructed. The lower 
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level criteria must ensure coherence and lead to an objective evaluation of the respective higher level 

criterion. If this is performed for all the criteria the objective of the decision can be achieved. 

In this work a hierarchical construction of criteria family was performed. Usually this hierarchical 

structure of criteria is named as criteria tree [46]. It is important to notice that existing criteria at the 

bottom of criteria tree must be easily evaluable. These criteria are called the measurable criteria, 

which should be selected so that they can be easily and objectively evaluated. The evaluation of a 

criteria must be based in attributes or groups of attributes defined for each alternative [45]. The main 

advantage of using measurable criteria is that in principle they are evaluated with well defined units 

and scales. Therefore it is possible to minimize largely subjective criteria evaluations. The following is 

the criteria tree was derived after discussion with specialists and managers for this specific work: 

 

Figure  3.3.1:Criteria tree derived hierarchically to be applied in the business case. 

 

Knowing the main objective enabled to derive, in a logical way, all criteria levels. The main ob-

jective was synthesized as the Economical Quality of Service. This is a brief description of the com-

pany‘s main objective from the services that should be provided by the Ground Segment in Açores.  

Two high level criteria were considered: Economical and Service Quality Criteria. As the aggre-

gation of criteria performances produces a trade-off between Economical and Service Quality Criteria, 

the main objectives are supposed to be achieved. In a lower level, other four criteria were selected: 

Cost Criteria, Market Potential Criteria, Technical Criteria, Operational & Maintenance Criteria.  

Cost and Market Potential Criteria are naturally derived from the Economical Criteria. It is impor-

tant to make the balance between what is invested and what are associated commercial potentialities. 

In the cost criteria all the investments needed to be performed are presented.  

On the other hand, Service quality criteria are sub divided in two different low level criteria: Op-

erational & Maintenance and Technical Criteria. The first concerns an operational point of view of each 

configuration.  The second evaluates the performance of each configuration concerning technical ca-
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pabilities. 

The last level of the criteria tree is composed by measurable criteria. Each individual criterion 

can be associated with an alternative attribute, groups of attributes or function of the attributes. This 

association enables an objective evaluation of the performance of each configuration regarding each 

criterion, and therefore ensures that the global objective is achieved. The measurable criteria consid-

ered are presented.    

3.3.1 Maintenance & Operations Costs 

This criterion was selected to evaluate part of low level Cost criteria. Maintenance & Operation 

cost is a permanent cost. For that reason it is not directly comparable with the Acquisition cost. This 

criteria is directly measured by the quantity in KEuros/year (€/year) estimated to be the costs dedi-

cated to the operation and maintenance of the infrastructure. It is important to notice that this criterion 

must be minimized.    

3.3.2 Acquisition Costs  

Acquisition cost is an important criterion to consider because it represents the initial invest-

ment needed associated with each configuration. It is a criterion to be minimized and is directly meas-

ured by the sum of all costs needed deliver the infrastructure operational. Therefore the Acquisition 

cost must be measured through: 

 
𝐴𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡 = 𝑃𝑢𝑐𝑎𝑠𝑒 𝐶𝑜𝑠𝑡 + 𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡 + 𝐸𝑛𝑔𝑖𝑛𝑒𝑒𝑟𝑖𝑛𝑔 𝐶𝑜𝑠𝑡

+ 𝑆𝑖𝑝𝑝𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 
(3.3.1) 

Where the purchase cost reflects the price in Euros of the needed equipment. The installation 

cost reflects all the costs coming from the installation procedures. The engineering cost encloses all 

the costs related to the engineering project. Finally the Shipping cost is related with the price of insur-

ances and transportation of the equipment to the installation site.  

3.3.3 Market Potential  

The market potential is other measurable criterion. It is supposed to evaluate the potential 

market possibilities associated with each configuration. This criterion performance is measured by an 

index ranging from 0 to 1. Where 1 represents that the configuration is able to provide services in all 

available markets (concerning the ground segment value chain) and 0 represents the impossibility to 

provide any service in the market. In other words this index expresses the number of services that the 

configuration is able to perform over the existing services in the target market. Therefore it is an index 

without units. The evaluation of this criterion was determined by company ground segment specialists 

and managers. Taking into account the infrastructure attributes it was possible to synthesize an index 

for each configuration. It could be possible to evaluate in more detailed way this criterion. This could 

be done recurring to Market analysis and Market reports. However the time needed to have a more 
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accurate evaluation of the Market potential for each configuration is out of the scope of this work. 

Summarizing, this index represents the potential business opportunities associated with each different 

configuration.  

3.3.4 Reception Performance 

This criterion aims to evaluate the technical performance of each configuration. The evaluation 

of this criterion is based in the system technical characteristics alternative‘s attribute. The main per-

formance indicator of an acquisition chain is its figure of merit (G/T) [42]. Therefore the reception per-

formance criterion of each configuration is measured through the value of its Figure of Merit G/T in 

dB/K.  

3.3.5 Tracking Performance 

The existence of auto tracking capabilities is crucial in order to avoid pointing deviations and 

errors [42]. The tracking performance criterion is evaluated by a Boolean value and aims to evaluate 

the tracking capabilities and it is also based in the system technical characteristics alternative‘s attrib-

ute. If the infrastructure possesses auto tracking capabilities the performance is 1 and 0 if the contrary 

is true.   

3.3.6 Availability Performance 

The service availability is an important indicator to evaluate operational performance of each 

configuration. The availability performance criterion is measured directly by each configuration‘s avail-

ability attribute (%). The number of available days is calculated and divided by the number of days in 

the reference period (for example one year) and multiplied by 100. This gives the availability in per-

centage of the reference period. 

3.4 Local Preference Definition 

3.4.1 Local Preference function shapes 

Preference judgments are now considered. Defining the local preference functions is crucial to 

define local preference between alternatives. In the last section different criteria were proposed to be 

evaluated in different units. However in order to aggregate local preferences different criteria must be 

comparable. PROMETHEE method uses the definition of a preference function which translates 

physical units to preference levels. Once preferences levels are computed it is possible to compare 

different criteria, since were are not comparing results expressed in different units anymore. Hence it 

is part of this work to define the mechanism that translates criteria performances in physical units to 

preference levels. This mechanism is called local preference function.    

The definition of the local preference function is based in the selection of its shape, see 

section 2.3.1.3. In the PROMETHEE method the preference levels are associated with pairs of 

alternatives rather than specific alternatives, see section 2.3.1. Therefore the preference levels are not 
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based in the criterion performances but in the difference of alternatives performances on that criterion. 

Hence we attribute a positive level of preference to alternative a regarding alternative b, on a specific 

criterion, if the difference in the performances of a and b, 𝑔𝑗  𝑎 −  𝑔𝑗  𝑏 , is also positive. With this 

mechanism we always evaluate pairs of alternatives, instead of giving a specific score or value to 

each alternative. Statements like ―alternative a has a good performance on criteria g‖ do not have 

meaning in the context of PROMETHEE. Instead only statements like ―a performs twice as better than 

b” have a tangible meaning for PROMETHEE. In general to small deviations, small preference levels 

are allocated to that pair of alternatives and vice – versa. In general the DM must define the shape of 

the preference function 𝑃𝑗  𝑎, 𝑏 , see section 2.3.1.3, 

 
𝑃𝑗  𝑎, 𝑏 =  𝑃𝑗  𝑑𝑗  𝑎, 𝑏    ∀𝑎, 𝑏 ∈ 𝐴, 

(3.4.1) 

Where the difference in evaluations is given by 

 𝑑𝑗  𝑎, 𝑏 =  𝑔𝑗  𝑎 −  𝑔𝑗  𝑏 , (3.4.2) 

And the local preference function obeys to  

 0 ≤  𝑃𝑗  𝑑𝑗  𝑎, 𝑏  ≤ 1. (3.4.3) 

 The original PROMETHEE developments proposed several shapes for the function 𝑃𝑗  𝑎, 𝑏  in 

order to help DM to model local preferences functions [3]. Those functions are presented in the Table 

3.4.1:  

Type Shape Definition Parameters  

Usual 

Criterion 

 

𝑃 𝑑 =   
0  𝑖𝑓 𝑑 ≤ 0
1 𝑖𝑓 𝑑 ≥ 0

  None 

U – Shape 

Criterion 

 

𝑃 𝑑 =   
0  𝑖𝑓 𝑑 ≤ 𝑞
1 𝑖𝑓 𝑑 ≥ 𝑞

  𝑞 

V – Shape 

Criterion 
 

𝑃 𝑑 =  

 
 

 
0            𝑖𝑓 𝑑 ≤ 𝑞
𝑑

𝑝
  𝑖𝑓 0 ≤ 𝑑 ≤ 𝑝

1           𝑖𝑓 𝑑 ≤ 𝑝

  𝑝 

Level - 

Criterion 

 

𝑃 𝑑 =   

0            𝑖𝑓 𝑑 ≤ 𝑞
1

2
  𝑖𝑓 𝑞 ≤ 𝑑 ≤ 𝑝

1           𝑖𝑓 𝑑 ≤ 𝑝

  𝑝, 𝑞 

V – Shape 

with 

Indifference 

Criterion  

𝑃 𝑑 =  

 
 

 
0            𝑖𝑓 𝑑 ≤ 𝑞

𝑑 − 𝑞

𝑝 − 𝑞
  𝑖𝑓 𝑞 ≤ 𝑑 ≤ 𝑝

1           𝑖𝑓 𝑑 ≤ 𝑝

  𝑝, 𝑞 
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Gaussian 

Criterion 

 

𝑃 𝑑 =   
0                 𝑖𝑓 𝑑 ≤ 0

1 −  𝑒
−

𝑑2

𝑠2   𝑖𝑓 𝑑 > 0

  𝑠 

Table 3.4.1:Different shape functions to be selected in order to describe the preference function. 

For each criterion 𝑔𝑗  a function 𝑃𝑗  𝑎, 𝑏  must be selected. Different reasons may exist to select 

one defined shape. As an example if the performance 𝑔𝑗  𝑎  of an alternative a and 𝑔𝑗  𝑏  of an alterna-

tive b are provided with a certain degree of uncertainty. We cannot objectively evaluate the 

ence 𝑔𝑗  𝑎 −  𝑔𝑗  𝑏  if that difference is smaller than the associated error. In this case a function shape 

which presents a threshold could be used. This would ensure that evaluations errors would not pro-

duce effects on a local preference levels, as an example see Table 3.4.1, V – Shape with Indifference 

Criterion.      

3.4.2 Local Preference Functions implementation 

Each criterion defined in section 3.3, must be analysed and a shape must be selected to rep-

resent the local preference function. All the assumptions were listed and explained to justify the selec-

tion of each function for each criterion defined in section 3.3: 

3.4.2.1 Maintenance & Operations Cost:  

 The costs must be minimized (valid for both Maintenance and Operations and Acquisition Cost 

criteria). This is obtained by considering that the local preference associated with a criterion 𝑔𝑗  is 

maximized with the symmetric of the differences in cost criterion −𝑑𝑗  𝑎, 𝑏 , since minimizing a variable 

is the same as maximize its symmetric we have [3]: 

 
𝑃 𝑎, 𝑏 𝑗 =  𝑃𝑗  −𝑑𝑗  𝑎, 𝑏   ∀ 𝑎, 𝑏 

∈ 𝐴. 
(3.4.4) 

In what concerns criteria related with costs we assume that higher deviations in evaluations 

produce higher local preference levels. For example if we have three alternatives a, b ad c and we 

have −𝑑𝑗  𝑎, 𝑏 >  −𝑑𝑗  𝑎, 𝑐 , meaning that a has a better performance concerning b than the perform-

ance concerning c, the preference level 𝑃𝑗  𝑎, 𝑏  should be larger than 𝑃𝑗  𝑎, 𝑐 . This can be translated 

into:  ∀ 𝑎, 𝑏, 𝑐, 𝑑, − 𝑑 𝑎, 𝑏 > 0, −𝑑 𝑐, 𝑑 > 0,: −𝑑𝑗  𝑎, 𝑏 > −𝑑𝑗  𝑎, 𝑐  → 𝑃𝑗  𝑎, 𝑏 > 𝑃𝑗 (𝑎, 𝑐). In other words 

the function 𝑃𝑗  𝑎, 𝑏  must be strictly increasing. Considering the different function shapes provided, 

see Table 3.4.1, the only one that verifies this condition is the Gaussian shape function, as its deriva-

tive is always positive. As a consequence we use the Gaussian shape function to represent the local 

preference function concerning all types of criteria related with costs: Maintenance and Operations 

Cost and Acquisition Cost.  
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𝑃𝑀&𝑂 𝐶𝑜𝑠𝑡  𝑑 

=   
0                 𝑖𝑓 𝑑 ≤ 0

1 −  𝑒
−

𝑑2

𝑠2   𝑖𝑓 𝑑 > 0

  (3.4.5) 

To use the Gaussian shapes, it is necessary to define the parameter 𝑠. We compute the pa-

rameter s by expressing the performance difference, 𝑔𝑗  𝑎 −  𝑔𝑗  𝑏 , of Maintenance and Operations 

Cost criterion that produces a preference level of 0.5. In other words we must adapt the shape of the 

function to the values of deviations contained in our problem. To calculate 𝑠 we first compute the de-

viations −𝑑𝑗  𝑎, 𝑏  for any pair of alternatives belonging to 𝐴. In a further step we consider the maxi-

mum calculated deviation. Now we consider that the preference level 0.5 is obtained if half of the 

maximum deviation is considered. The idea is to adjust the Gaussian preference function parameter to 

an equivalent linear preference function. This idea is illustrated in Figure 3.4.1: 

 

Figure  3.4.1:Preference function derived compared with the linear preference function case. 

Hence an alternative a is considered to be 0.5 times preferable to alternative b if 𝑑𝑃=0.5 =

 
max {𝑑𝑀&𝑂  𝐶𝑜𝑠𝑡 (𝑎𝑖 ,𝑎𝑗 )}

2
. Where 𝑑𝑃=0.5 is the difference in performances that corresponds to a preference 

level of 0.5 and max{𝑑𝑀&𝑂 𝐶𝑜𝑠𝑡 (𝑎𝑖 , 𝑎𝑗 )} is the maximal difference between alternatives performances in 

the problem. The parameter s can thus be calculated:  

 𝑠 =  𝑑𝑃=0.5 
1

 𝑙𝑛  
1
2
  

 (3.4.6) 

3.4.2.2 Acquisition Cost:         

The acquisition cost local preference function definition follows the same reasoning as for 

Maintenance and Operations Cost.  

 
𝑃𝐴𝑐𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛  𝐶𝑜𝑠𝑡  𝑑 =   

0                 𝑖𝑓 𝑑 ≤ 0

1 −  𝑒
−

𝑑2

𝑠2   𝑖𝑓 𝑑 > 0

  
(3.4.7) 

 The parameter 𝑠 is selected in a similar way. 𝑑𝑃=0.5 =  
max {𝑑𝐴𝑐𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛  𝐶𝑜𝑠𝑡  (𝑎𝑖 ,𝑎𝑗 )}

2
 : The parameter 

s can thus be calculated: 
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𝑠 =  𝑑𝑃=0.5 

1

 𝑙𝑛  
1
2
  

 
(3.4.8) 

3.4.2.3 Market Potential: 

 The Market Potential criterion is an index attributed between 0 and 1. The preference level is 

obtained with a linear local preference function. Therefore larger deviations are directly proportional to 

larger preference levels. 

We take into account the definition of Market Potential, which indicates the number of possible 

services to provide over the available services in the market. Therefore we consider that the associ-

ated preference level is directly proportional to the difference of new available services in the market.  

 
𝑃𝑀𝑎𝑟𝑘𝑒𝑡  𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙  𝑑 =   

0            𝑖𝑓 𝑑 ≤ 0
𝑑  𝑖𝑓 0 ≤ 𝑑 ≤ 1

1           𝑖𝑓 𝑑 ≥ 1
    (3.4.9) 

 If the performances deviation between alternatives a and b is 0 the preference level 

of 𝑃𝑗  𝑎, 𝑏 = 0, meaning that if the available services are the same we cannot assume a preference 

between those alternatives. A deviation of 1 is considered to represent a preference level, 𝑃𝑗  𝑎, 𝑏 = 1, 

meaning that if the performances difference represents all the services available in the 

ket 𝑑𝑗  𝑎, 𝑏 = 1 we associate the highest possible preference level, 𝑃𝑗  𝑎, 𝑏 = 1. 

3.4.2.4 Reception Performance: 

 ESA standards require for Earth acquisition chains, a minimum Figure of merit G/T value of 32 

db/k [44]. This value is an important help to specify a preference level which would perform as a refer-

ence for all other alternatives. However PROMETHEE method does not take into consideration per-

formances absolute values to construct preference relations. Therefore we cannot use 32 dB/K as 

reference value for the existent configurations. In this case we must use a difference to serve as refer-

ence value for a preference. This difference should have a clear meaning in the scope of this criterion. 

In this case we assumed the difference 32 – 26 = 6 dB/K. This difference is the ESA standard Figure 

of merit G/T less the actual Figure of merit G/T of the current infrastructure or configuration 1. To this 

difference we attribute a preference level of 0.9. In other words we consider that a difference of 6 db/k 

in the Reception Performance is enough for providing any type of service, according to ESA Standards. 

hence we attribute to that difference a high level of preference. The reason to select this value is that if 

we had selected the value 1 (meaning completely preference) we would not be able to distinct differ-

ences larger than 6 dB/K, creating a problem of differentiation between alternatives.    

We use the Gaussian shape function for the same reason as referred for the Acquisition cost 

Criterion and Maintenance Cost criterion, as we want to differentiate all the alternatives. With the in-

formation of the shape function and the reference difference of 6 dB/K it is possible to compute the 

preference Function. 
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 𝑃𝑅𝑒𝑐𝑒𝑝𝑡𝑖𝑜𝑛  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒  𝑑 =   
0                 𝑖𝑓 𝑑 ≤ 0

1 −  𝑒
−

𝑑2

𝑠2   𝑖𝑓 𝑑 > 0

  (3.4.10) 

 The parameter 𝑠 must be calculated. We assume the difference of the lowest figure of merit 

G/T among alternatives, 26 dB/K to the standard value 32 db/k. In a further step we calculate 𝑠 so that 

the difference 32 − 26 𝑑𝐵/𝐾  represent a level of 0.9 preference level. With these arguments we have: 

 
1 −  𝑒

−
𝑑2

𝑠2 = 0,9 𝑓𝑜𝑟 𝑑 = 32 − 26 dB/k → 𝑠 =
6

  ln(0,1) 
  (3.4.11) 

 

3.4.2.5 Tracking Performance: 

 The tracking performance is measured by a Boolean value. Therefore the preference related 

with this criterion must also be Boolean. If the deviation is 1 the preference attributed is 1. In the case 

that the deviation is 0, the preference attributed is 0.  This gives us the following local preference func-

tion: 

 
𝑃𝑇𝑟𝑎𝑐𝑘𝑖𝑛𝑔  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒  𝑑 =   

0  𝑖𝑓 𝑑 = 0
1 𝑖𝑓 𝑑 = 1

  
(3.4.12) 

3.4.2.6 Availability Performance: 

 The availability performance is measured by the time percentage availability of the service. 

For this measurement a linear scale is used as we assume that the preference level associated to an 

availability difference of 2% is twice the preference level of a 1% availability difference. It is important 

to notice that we are not dealing with absolute values of availability. Instead we are using differences 

in availability values.  

Contrary to reception performance or Acquisition cost, deviations in availability are not arbi-

trary. The maximum possible difference is 100% meaning that one configuration is permanently non 

operational and the other is always operational. However systems usually require high levels of avail-

ability [47]. Therefore the differences in availabilities are usually contained in smaller intervals com-

pared with 0- 100 %. This lead us to define the linear preference scale according to availability differ-

ences present in this case. Therefore we consider the maximum difference in availability existent be-

tween alternatives and we attribute it a preference level of 1. This process automatically defines the 

slope of the linear preference function, 

 𝑑𝑃=1 =

 max{𝑑𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒  (𝑎𝑖 , 𝑎𝑗 )},  
(3.4.13) 

gives thus the following preference function, 
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𝑃𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒  𝑑 =

 
 

 
0            𝑖𝑓 𝑑 ≤ 0
𝑑

𝑝
  𝑖𝑓 0 ≤ 𝑑 ≤ 𝑝

1           𝑖𝑓 𝑑 ≤ 𝑝

   𝑤𝑖𝑡 𝑝

=  𝑚𝑎𝑥{𝑑𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒  (𝑎𝑖 , 𝑎𝑗 )} 

 

(3.4.14) 

3.5 Aggregation Procedure  
 

To proceed with the PROMETHEE method, the aggregation procedure must be implemented. 

This can be summarized as follows, see section 2.3.1: 

-       Definition of the Preference Indexes. 

-       Definition of the outranking Flows. 

-       Construction of the Outranking Relations and the Overall Net Flows  

 

 The concepts of preference indexes, outranking flows, outranking relations and Overall Net 

Flows were already presented. However it is necessary to implement PROMETHEE taking into 

account specific issues of this work.    

 

The definition of the problem objectives, description of alternatives, selection of criteria and 

preference functions definition was already performed. However to proceed it remains to define the 

criteria weights, see section 2.3.1.2. These weights describe the relative importance of each criterion 

and act as the voting power of each criterion to the final result. These weights consist of a normalized 

vector where each component represents the criterion voting power, 𝑤𝑗  on criterion 𝑔𝑗 . It is important 

to refer that defining a weight , 𝑤𝑗  for each component assumes complete independence between 

criterion [48]. The Outranking Flows for each alternative are, see section 2.3.1.4:    

 

𝜑+(𝑎)  =  
1

𝑛−1
 𝜋(𝑎, 𝑥)

𝑥∈𝐴
, 

 

𝜑−(𝑎)  =  
1

𝑛−1
 𝜋(𝑥, 𝑎)

𝑥∈𝐴
, 

(3.5.1) 

With  

 𝜋 𝑎, 𝑥 =   𝑃 𝑎, 𝑥 𝑗 𝑤𝑗
𝑚

𝑗 =1
, 

𝜋 𝑥, 𝑎 =   𝑃 𝑥, 𝑎 𝑗 𝑤𝑗
𝑚

𝑗 =1
, 

(3.5.2) 

 

In the above expressions it is possible to observe that 𝜋 𝑎, 𝑥  is the weighted average operator 

applied to all local preferences levels concerning a pair of alternatives a and b. However it is known 

that the weight average operator, used to aggregate local preferences, must be applied to 

independent criteria [25].Therefore it is possible to conclude that although not referred, PROMETHEE 

method implies independence between criteria. For this reason criteria family interdependence must 
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be investigated for the specific case of this work. The objective is thus to finish this section with a 

definition of the weights of each criterion in order to enable the aggregation process and comparison 

of alternatives.   

 

Let‘s use a specific example to illustrate that interdependence of criteria is a problem that we 

must not ignore in the scope of this work. Consider the pair of criteria Reception Performance and 

Acquisition cost defined in the section 3.3. The criterion Reception Performance is directly associated 

with the system Figure of Merit G/T value. However the Figure of Merit G/T is proportional to the gain 

of the system 𝐺𝑠𝑦𝑠𝑡𝑒𝑚  dB, [42]. And the gain 𝐺𝑠𝑦𝑠𝑡𝑒𝑚  is also proportional to the gain of the receiving 

antenna 𝐺𝑎𝑛𝑡𝑒𝑛𝑛𝑎  [42]. Therefore we have a relation between Reception Performance and antenna 

gain  𝐺𝑎𝑛𝑡𝑒𝑛𝑛𝑎 . Or, the larger the antenna diameter is, the larger the gain  𝐺𝑎𝑛𝑡𝑒𝑛𝑛𝑎  [42]. As a 

consequence we have a relation between the size of the antenna and the Criterion Reception 

Performance. This is important since the antenna cost is obviously proportional to a positive power of 

the antenna diameter. The Acquisition cost also depends on the antenna cost and therefore there is a 

relation between the two criteria defined: Reception Performance and Acquisition Cost. In this case 

criteria independence is not verified. Hence the use of the average operator to correctly aggregate 

local preferences is limited.  

 

There is a correlation between the alternatives performance on the criterion reception 

performance with the alternatives performance on the criterion Acquisition Cost. However the 

weighted average operator does not take the correlation phenomenon into account when it attributes a 

score to each alternative. It is easy to see that there are similar correlation problems with several 

criteria defined for this problem, see section 3.3. This is the reason which leads us to investigate 

further if there is a possibility to integrate in the PROMETHEE method a tool which is able to account 

for the correlations referred.     

 

The next example is useful to illustrate and understand the consequences of not taking into 

account strong criteria correlations. We briefly demonstrate that the average operator is not able to 

model all type of preference relations between alternatives because it does not take into account for 

correlation phenomenon. For sake of simplicity we use a basic example where numeric 

implementation is easier to motivate and understand later developments where the aim is to treat this 

problem for the specific case of this work.   

 

Consider the following alternatives performances, for a given MCDA problem where 

performances were given between 0 and 1: 

 

𝑔𝑖𝑗 =  

𝑔1(𝑎) 𝑔2(𝑎)
𝑔1(𝑏) 𝑔2(𝑏)

𝑔1(𝑐) 𝑔2(𝑐)
 =  

0.4 0.4
0 1
1 0

  (3.5.3) 

We are interested in the problem of finding the proper set of weights that would produce a 

preference relation between the alternatives which was given a priori. In other words imagine that the 

DM stated the preference relation between alternatives: a is strictly preferable to b and b is indifferent 
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from c, 

 

𝑎 ≻ 𝑏 ~ 𝑐  
(3.5.4) 

 Now we try to obtain the relation 3.5.4, with the help of the weighted average operator applied 

to the alternatives performances. Therefore we assume that the score attributed to each alternative is 

given by   𝑤𝑗 𝑔𝑗 (𝑎𝑖)
𝑚
𝑗 =1 , where  𝑤𝑗  is the weight of each criterion and  𝑔𝑗 (𝑎𝑖)  is the performance of 

alternative 𝑎𝑖  on the criterion 𝑔𝑗 . We apply this to the preference relations stated, eq 3.5.4:   

 𝑎 ≻ 𝑏 ~ 𝑐 →  𝑤𝑖𝑔(𝑎)𝑖

𝑚

𝑖=1

>   𝑤𝑖𝑔(𝑏)𝑖

𝑚

𝑖=1

=   𝑤𝑖𝑔(𝑐)𝑖

𝑚

𝑖=1

 (3.5.5) 

𝑤𝑖  are the weights of each criterion and 𝑔(𝑎)𝑖 , 𝑔(𝑏)𝑖 , 𝑔(𝑐)𝑖  are the criteria performances of the 

problem. We perform now ―reverse engineering‖ to find out which weights were attributed that, once 

applied to each criterion, the preference 𝑎 ≻ 𝑏 ~ 𝑐  is obtained. Having two criteria implies the 

existence of two importance weights 𝑤1and 𝑤2. Rewriting and applying the numerical values of 𝑔𝑖𝑗 we 

have:  

 
The indifference condition, 𝑏 ~ 𝑐 →  𝑤1𝑔 𝑏 1 + 𝑤2𝑔 𝑏 2 = 𝑤1𝑔 𝑐 1 + 𝑤2𝑔 𝑐 2 →  𝑤1 = 𝑤2, 

(3.5.6) 

and 

 The strict preference condition, 𝑎 ≻ 𝑏 →  𝑤1𝑔 𝑎 1 + 𝑤2𝑔 𝑎 2 > 𝑤1𝑔 𝑏 1 + 𝑤2𝑔 𝑏 2 →

0.4 𝑤2 > 0.6𝑤1 . 
(3.5.7) 

 There is no solution that satisfies both conditions at the same time. This means that if we use 

the weighted average operator to solve the MCDA problem eq. 3.5.3 it is not possible to obtain the 

preferences stated by the DM, eq. 3.5.4. To understand the failure of the method one must observe 

that the weighted average operator does not take into account for the fact that alternative a can be 

preferable to b and c due to the fact that it has a more balanced score on both criteria, or in other 

words ―it does not follow the typical correlation‖.  

 

If criteria are correlated the performances of alternatives on those criteria also present 

correlation. The weighted average operator does not give special preference to alternatives which do 

not follow that usual correlation. As an example, assume that in general the power of a car is 

correlated with its price. Now, imagine a car having very good performance considering the power 

criterion (high power car) and also a very good performance in the price criterion (not too much 

expensive car). This alternative is not specially preferred when using the weighted average operator 

which can represent a serious failure considering a much more complex problem. In general we would 

want a tool which would be able to attribute a score to the performance of an alternative concerning 

those correlations. Hereafter those correlations are referred as criteria interaction.    

  

  To solve this difficulty, it is possible to apply an alternative procedure. Consider the previous 

problem with the same performances on each alternative and the same two criteria. If it was possible 

to define weights not only for isolated criteria but also for groups of criteria, the preference 𝑎 ≻ 𝑏 ~ 𝑐 
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would be possible to be obtained.  

Let us begin by assuming that the criteria family has an associated weight family given 

by  𝑤1 , 𝑤2 , 𝑤12 , where 𝑤1  is the intrinsic weight of criterion 𝑔1, 𝑤2  is the intrinsic weight of criterion 𝑔2 

and 𝑤12 is the intrinsic weight of the group of criteria 𝑔1and 𝑔2 . The weights normalization constraint 

should remain valid and therefore we would have 𝑤1 + 𝑤2 + 𝑤12 = 1. Let us compute the equivalent 

conditions 3.5.6 and 3.5.7 but this time we add a term associated with the interaction between criteria.  

 𝑏 ~ 𝑐 →  𝑤1𝑔 𝑏 1 + 𝑤2𝑔 𝑏 2 +  𝑤12𝑓 𝑔 𝑏 1, 𝑔 𝑏 2 =

𝑤1𝑔 𝑐 1 + 𝑤2𝑔 𝑐 2 + 𝑤12𝑓(𝑔 𝑐 1, 𝑔 𝑐 2), 
(3.5.8) 

 𝑎 ≻ 𝑏 →  𝑤1𝑔 𝑎 1 + 𝑤2𝑔 𝑎 2 + 𝑤12𝑓 𝑔 𝑎 1 , 𝑔 𝑎 2 >

𝑤1𝑔 𝑏 1 + 𝑤2𝑔 𝑏 2 +  𝑤12𝑓 𝑔 𝑏 1 , 𝑔 𝑏 2 , 
(3.5.9) 

and 

 𝑤1 + 𝑤2 + 𝑤12 = 1. (3.5.10) 

Before continuing, some considerations must be done concerning the terms 

added, 𝑤12𝑓 𝑔 𝑎𝑖 1, 𝑔 𝑎𝑖 2 . These terms are related to how good is the performance of alternative 𝑎𝑖  

concerning both criteria at the same time. 𝑤12  is the weight associated with the importance of the 

interaction between the two criteria. 𝑓 𝑔 𝑎𝑖 1, 𝑔 𝑎𝑖 2  is a function that expresses the score of an 

alternative 𝑎𝑖  concerning that interaction between criteria.  

 

Now the equation above is solved under the conditions, using the alternatives performances:  

 

𝑏 ~ 𝑐 →  𝑤2 +  𝑤12𝑓 𝑔 𝑏 1, 𝑔 𝑏 2 = 𝑤1 + 𝑤12𝑓(𝑔 𝑐 1 , 𝑔 𝑐 2) 

𝑎 ≻ 𝑏 →  0.4𝑤1 + 0.4𝑤2 + 𝑤12𝑓 𝑔 𝑎 1 , 𝑔 𝑎 2 > 𝑤2 + 𝑤12𝑓 𝑔 𝑏 1, 𝑔 𝑏 2 , 

(3.5.11) 

 

We assume the function f to be symmetric, which is the same as saying that the order does not 

influence the strength of the interaction. This implies, 

 𝑓 𝑔 𝑏 1 , 𝑔 𝑏 2 =  𝑓 𝑔 𝑏 2, 𝑔 𝑏 1 = 𝑓(𝑔 𝑐 1 , 𝑔 𝑐 2). (3.5.12) 

We have therefore 

 𝑤1 = 𝑤2  

0.8 𝑤1 +  𝑤12𝑓 𝑔 𝑎 1 , 𝑔 𝑎 2 >  𝑤2 + 𝑤12𝑓 𝑔 𝑏 1 , 𝑔 𝑏 2   

𝑤1 =
1−𝑤12

2
, 

(3.5.13) 

by substitution it is possible to obtain, 

 𝑤12 >  
0.1

𝛿+0.1
 with 𝛿 =  𝑓 𝑔 𝑎 1, 𝑔 𝑎 2 − 𝑓 𝑔 𝑏 1 , 𝑔 𝑏 2  (3.5.14) 

 The meaning of the above condition is important. In the case that the performances of a are 
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better than those of b considering the criteria interaction, i.e. 𝑓 𝑔 𝑎 1 , 𝑔 𝑎 2 − 𝑓 𝑔 𝑏 1, 𝑔 𝑏 2 = 𝛿 > 0, 

then it is possible to find a 𝑤12  which validates the DM‘s initial preference statement, 𝑎 ≻ 𝑏 ~ 𝑐. As an 

example let us select 𝑓 𝑔 𝑎 1 , 𝑔 𝑎 2 = 0.4, which is the worst performance of alternative a, and 

𝑓 𝑔 𝑏 1 , 𝑔 𝑏 2 = 0  which is the worst performance of alternative b. The selection of the worst 

evaluations corresponds to defining the function 𝑓  𝑔 𝑎𝑖 1, 𝑔 𝑎𝑗  2
  as being the minimum function, 

𝑚𝑖𝑛  𝑔 𝑎𝑖 1 , 𝑔 𝑎𝑗  2
 . Different functions could be selected, for detailed explanation see examples [37]. 

Selecting these values gives the following condition for 𝑤12 : 

 𝑤12 >  0.2 (3.5.15) 

 As an example if we select 𝑤12 = 0.3, which is larger than 0.2, we have 𝑤1 = 𝑤2 = 0.35. Now 

we apply the average operator to each alternative, taking into account interaction between criteria, we 

have: 

 𝑤1𝑔 𝑎 1 + 𝑤2𝑔 𝑎 2 +  𝑤12𝑓 𝑔 𝑎 1 , 𝑔 𝑎 2 = 0.4 ∗ 0.35 + 0.4 ∗ 0.35 + 0.4 ∗ 0.3 = 0.4 

𝑤1𝑔 𝑏 1 + 𝑤2𝑔 𝑏 2 +  𝑤12𝑓 𝑔 𝑏 1 , 𝑔 𝑏 2 = 0 ∗ 0.35 + 1 ∗ 0.35 + 0 ∗ 0.3 = 0.35 

𝑤1𝑔 𝑐 1 + 𝑤2𝑔 𝑐 2 +  𝑤12𝑓 𝑔 𝑐 1, 𝑔 𝑐 2 = 1 ∗ 0.35 + 0 ∗ 0.35 + 0 ∗ 0.3 = 0.35 

(3.5.16) 

 These results imply a preference relation 𝑎 ≻ 𝑏 ~ 𝑐 between the alternatives. This shows that 

the initial preference relation stated by the DM is possible to be obtained. The conclusion is that the 

average operator alone cannot model all kinds of preferences between alternatives [41]. By giving 

weights to groups of criteria, all type of preferences can be modelled no matter what values the 

performances have [41]. This provides total freedom to model the DM decisions and is useful to this 

work to model strong criteria interactions.  

  A structured approach to the problem of Criteria interaction is provided recurring to the 

Choquet Integral operator, which has been used to model criteria interaction and is based in a 

technique which attributes weights to group of criteria similarly to the example presented above [41].   

 
We use this operator as a tool which is able to model the weights of each criterion but also 

takes into account the correlation between different criteria. It was selected because it has shown 

good aggregation properties and is commonly applied technique [49]. In this work we modify the 

PROMETHEE method by means of introducing the Choquet Integral as the basic aggregating opera-

tor instead of the weighted average operator, to be able to model interaction between criteria.  

3.5.1 Choquet Integral and Fuzzy Measures 
 

The Choquet Integral is a different tool to attribute scores when compared to the weighted 

average operator. It also uses the performances of alternatives on different criteria but it also takes 

into account the importance and the performance of an alternative into groups of criteria. To do so a 

new type of weight must be defined to account for the importance of all criteria and groups of criteria. 



 
55 
 

Therefore two main concepts are introduced: The Choquet Integral as an aggregating operator and 

the fuzzy measure as being a weight vector which also attributes importance to groups of criteria.  

 

Before the introduction of the Choquet Integral the most widely used operator to model 

aggregation procedures was the weighted average operator [41]. As referred before the main 

drawback is the impossibility of modelling interaction between criteria. The Choquet Integral is 

introduced to solve this issue. However it is important to present a definition before. Mainly it is 

indispensable to define the concept of fuzzy measure. A fuzzy measure is a new type of weigh that 

attributes importance to groups of criteria. In other words, these weights specify an importance to each 

possible combination of criteria in the initial set of criteria. The importance given to a group of criteria 

adds up the intrinsic importance of each criterion to the importance of the interaction between the 

criteria. The most significant consequence is that the importance of two criteria taken together is not 

the same as the sum of each intrinsic criteria importance. There is a remaining factor dealing with the 

interaction. The fuzzy measure expresses the importance value of the group of criteria taking into 

consideration the interaction and the intrinsic importance of each criterion. It is important to notice that 

the fuzzy measure is not mathematically derived. The attribution of values to the fuzzy measure must 

be performed according to DM beliefs and knowledge. In section 3.5.3.3 we present an elicitation 

technique of the parameters of the fuzzy measure. Hence the definition of fuzzy measure follows:   

 

Definition 1: A fuzzy measure or a capacity 𝜇 𝑜𝑛 𝐺  , where G  is a set of criteria, is a 

function 𝜇: 𝑃 𝐺 → [0,1], satisfying the following axioms [28]: 

1.  𝜇(∅)  = 0  (3.5.17) 

2.  𝐴 ⊆  𝐵 ⊆  𝐺 𝑖𝑚𝑝𝑙𝑖𝑒𝑠 𝜇 𝐴 ≤  𝜇 (𝐵).  (3.5.18) 

3.  𝜇(𝐺)  = 1   (3.5.19) 

 
Where 𝐺 is the set of criteria, 𝑃(𝐺), with a cardinality of 2𝑚 , is the set of all subsets of 𝐺, 𝜇 is 

the fuzzy measure, 𝐴 and 𝐵 are any ensemble (Group of criteria) of criteria which belong to the set of 

criteria 𝐺. 𝜇(∅) is the value of 𝜇 when the empty set is considered and 𝜇(𝐺) is the value of 𝜇 when the 

set of all criteria is considered.  

 

The fuzzy measure is a set function which attributes a value to each possible ensemble of 

criteria in the set 𝐺. Consequently it attributes a value to each criterion independently. However it also 

attributes a value to all possible pairs of criteria and to all triplets of criteria and so forth. A fuzzy 

measure is thus a generalized weight vector representing the importance of criteria and of groups of 

criteria. Imagine an MCDA problem which is defined with three different criteria, 𝑔1, 𝑔2 and 𝑔3 . The 

fuzzy measure in its most general form would attribute values to all possible combination of criteria, 

namely we would have the following values associated with the fuzzy measure, 

 � ∅ ; 𝜇 𝑔1 ;  𝜇 𝑔2 ; 𝜇 𝑔3 ; 𝜇 𝑔1; 𝑔2 ; 𝜇 𝑔1; 𝑔3 ; 𝜇 𝑔2; 𝑔3 ; 𝜇 𝑔1; 𝑔2; 𝑔3 , (3.5.20) 

These values represent eight different coefficients, 2𝑚  with 𝑛 = 3 →  23 = 8. Each coefficient defined in 

eq. 3.5.20 can be interpreted as the importance of that specific group of criteria. The analogy that can 
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be made, refers to the weights defined before, 𝑤𝑗  which attribute an importance to criteria alone. It is 

possible to observe that defining a fuzzy measure is a more general form of attributing importance 

weights to each criterion, as it is possible to define intrinsic weights 𝜇 𝑔𝑗   but it is also possible to 

define an importance to ensembles of criteria, 𝜇 𝑔𝑖 , … , 𝑔𝑛 . It is that property which enables to 

modelling criteria interaction.    

    

It is important to notice that the strength of an ensemble of criteria can differ from the sum of 

each individual criteria weight. There are mainly three different possibilities to associate  𝜇(𝐴 ∪

𝐵) with 𝜇(𝐴)  +  𝜇(𝐵).     

 

If a fuzzy measure 𝜇 is additive, we have for all disjoint sets 𝐴, 𝐵 ⊆  𝐺, 𝜇(𝐴 ∪ 𝐵)  =  𝜇(𝐴)  +

 𝜇(𝐵). If the fuzzy measure is non additive there are two possibilities, for all disjoint sets 𝐴, 𝐵 ⊆  𝐺, 

𝜇 𝐴 ∪ 𝐵 >  𝜇(𝐴)  +  𝜇(𝐵) or 𝜇 𝐴 ∪ 𝐵 <  𝜇(𝐴)  +  𝜇(𝐵).  

 

As an example, if we have two co-existing criteria in the same problem, their behaviour can be 

summarized in three different ways. First, If those two criteria are completely independent and do not 

present any type of correlation, we can directly add their importance. In this case we would have an 

additive fuzzy measure to represent criteria importance, which would be the same as defining a weight 

vector 𝑤𝑗 . To illustrate this we can think of two independent criteria which could be the length and width 

of a table that we wanted to buy.  

 

Other possibility is that two co-existent criteria are positively correlated. If this happens, a good 

performance on the first criterion usually implies a good performance on the second criterion. 

Therefore, if we would simply add the importance of both criteria we would exaggerate the importance 

of that performance, since the first criterion performance already expresses the performance of the 

second. When this happens we must model this phenomenon by a non additive fuzzy measure, where 

the sum of the intrinsic criteria importance is larger than the importance of the co-existence of both 

criteria,  𝜇 𝐴 ∪ 𝐵 <  𝜇(𝐴)  +  𝜇(𝐵). An illustration of this could be the students‘ marks in Physics and 

Mathematics. Usually good students in mathematics are also good in physics. When positive 

correlation exists we must speak of negative interaction, since two joined criteria worth less than the 

two observed separately.  

 

The third possibility is to have two negatively correlated criteria. When this happens a good 

performance on the first criterion usually implies a negative performance on the second. Therefore the 

importance of having at the same time a good performance on both criteria must be larger compared 

with a non correlated case. This phenomenon is modelled using a non additive fuzzy measure which 

attributes, a larger value to the importance of two criteria taken together when comparing to their sum. 

𝜇 𝐴 ∪ 𝐵 >  𝜇(𝐴)  +  𝜇(𝐵) . An example of this could be represented by the students‘ marks in 

mathematics and literature. Usually students which are good in mathematics are not so good in 

literature. Therefore it would be much important to have student whith good marks on both disciplines.    
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 Now that the concept of fuzzy measure was explored, it is necessary to aggregate the fuzzy 

measure coefficients to be able to attribute scores to alternatives. As an analogy the weight vector 𝑤𝑗  

stands for the fuzzy measure 𝜇 in the same way that the weighted average operator stands for the 

Choquet Integral Operator. Let us now formally define the Choquet integral [50].  

 

Definition 2: Let 𝜇 be a fuzzy measure on 𝐺, The elements of 𝐺 are noted 𝑔1 , … , 𝑔𝑛 . The discrete 

Choquet Integral𝐶𝜇  𝑓  of a function 𝑓: 𝐺 → ℝ with respect to 𝜇 is defined by [50]: 

 𝐶𝜇  𝑓 = 𝐶∫ 𝑓𝑑𝜇 =  [𝑓 𝑔𝑗  − 𝑓(𝑔𝑗−1)
𝑚

𝑗 =1
]𝜇(𝐴𝑗 ), (3.5.21) 

where (𝑗) denotes that the indices have been permuted so that,  

 0 ≤  𝑓 𝑔1 ≤  … . ≤ 𝑓 𝑔𝑚  , 𝑎𝑛𝑑 𝑡𝑒 𝑠𝑒𝑡 𝑜𝑓 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑎   𝐴𝑗 ∶=  {𝑔𝑗 , … . , 𝑔𝑚 }, 𝑎𝑛𝑑 𝑓(𝑔0)  = 0 . (3.5.22) 

The function 𝑓 𝑔𝑗   represents the function translating the performances on the criterion  𝑔𝑗 to 

preference levels. Usually this function is known as the value function, see section 2.3.3. In the case 

of this work the elements 𝑔𝑗  are the individual criterion and 𝐺 is the set of criteria. 𝜇(𝐴𝑗 ) is the value of 

the fuzzy measure when the group of criteria, 𝐴𝑗 ∶=  {𝑔𝑗 , … . , 𝑔𝑚 } is considered. It is easy to prove that if 

the fuzzy measure used is additive then the Choquet integral operator becomes simply the weighted 

average operator (WAO): 

 𝐶𝜇  𝑓 =  𝑓 𝑔𝑗  
𝑚

𝑗 =1
𝜇 𝑔𝑗   ↔  WAO =  𝑓 𝑔𝑗  

𝑚

𝑗 =1
𝑤𝑗 . (3.5.23) 

 In order to fully understand the concept of the Choquet Integral and how it aggregates the 

fuzzy measure it is important to introduce another definition. Once introduced, it should be possible to 

give a more intuitive meaning to the Choquet Integral. This important concept is the Mobius Transform 

of a fuzzy measure, which is an ensemble of coefficients describing the fuzzy measure itself. Instead 

of the fuzzy measure that measures the importance of a group of criteria by attributing a value to the 

importance of the interaction and the intrinsic importance of criteria, the Mobius transform is a way to 

divide the independent contributions of the importance attributed to a group of criteria. In other words 

the Mobius transform defines the intrinsic importance of the interaction and the intrinsic importance of 

criteria.   

 

Definition 3 Let 𝜇 be a set function (not necessarily a fuzzy measure) on 𝐺. 

 

1. The Mobius transform of 𝜇 , noted as 𝑎, is defined as being the unique solution of the equation 

3.5.24, [28]: 

   𝜇 𝐴 =    𝑎 𝐵 𝐵⊆𝐴 , ∀ 𝐴 ⊆ 𝐺  (3.5.24) 

2. The Mobius transform is defined (the solution of eq. 3.5.24) [28]:  
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 𝑎(𝐴)  =   (−1)|𝐴\𝐵| ∗ 𝜇(𝐵)

𝐵⊆𝐴

 (3.5.25) 

Where | . | denotes the cardinality of a set, 𝐴 is any ensemble of criteria belonging to 𝐺, 𝐵 is 

any ensemble of criteria belonging to 𝐴, 𝐴\𝐵 is the set 𝐴 excluding the set 𝐵 and 𝜇 𝐵  is the value of 

the set function when the set 𝐵 is considered. 

 

When applied to a fuzzy measure and in special to the MCDA scope, the Mobius transform of 

a fuzzy measure is a helpful way of defining the importance of criteria and their interaction.  

 

Perhaps the easier way to understand the concept of Mobius transform is through equation 

3.5.24. Consider a set of criteria, the fuzzy measure of that set is obtained when all the possible 

subsets of criteria of that initial set are considered. To each set we attribute an intrinsic value (intrinsic 

importance of that set of criteria). Each intrinsic value attributed is the Mobius transform of the fuzzy 

measure representing that subset considered. The sum of each intrinsic subset gives us the value of 

the fuzzy measure for that set.  

 

Let us use a specific example to clarify the concept, imagine a set of two criteria, 𝑔1 , 𝑔2. The 

fuzzy measure associated to that set would be 𝜇 𝑔1 , 𝑔2 , meaning the importance of each criterion 

added with the importance of the interaction between them. To understand what the Mobius Transform 

is, we first indentify all the subsets of the initial set of criteria, 𝑔1and 𝑔2: 

  𝑔1 ;  𝑔2 ;  𝑔1 , 𝑔2 , (3.5.26) 

in a second step we attribute an intrinsic value to each subset (meaning the intrinsic importance of that 

subset),   

 𝑎(𝑔1); 𝑎(𝑔2); 𝑎(𝑔1, 𝑔2), (3.5.27) 

and we compute the fuzzy measure according to 𝜇 𝐴 =    𝑎 𝐵 𝐵⊆𝐴 , →  𝜇 𝑔1 , 𝑔2 =  𝑎 𝑔1 + 𝑎 𝑔2 +

𝑎(𝑔1 , 𝑔2). Each coefficient added represents a Mobius transform. More specifically 𝑎 𝑔1  is the Mobius 

transform of the fuzzy measure representing the importance of  𝑔1 , 𝑎 𝑔2  is the Mobius transform of 

the fuzzy measure representing the importance of  𝑔2  and 𝑎(𝑔1 , 𝑔2) is the Mobius transform of the 

fuzzy measure representing the importance of  𝑔1, 𝑔2 . The Mobius transform is a way of attributing a 

value to each different contribution to the overall importance of the group of criteria considered. 

Therefore when the importance of a group of criteria is considered, there are different intrinsic 

contributions coming from the different criteria and the different combinations of criteria present in that 

group of criteria.          

Summarizing, in the specific case of MCDA, the Mobius transform  𝑎(𝐴)  of the fuzzy 

measure 𝜇 𝐴  ,representing the importance of the group of criteria 𝐴, is the added value of the co-

existence of that group of criteria without taking into consideration the intrinsic value of each criterion 

belonging to that group of criteria 𝐴.  
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For the Mobius Transform to represent a fuzzy measure it is necessary that the transform 

coefficients respect the fuzzy measure axioms in eq. 3.5.17, 3.5.18 and 3.5.19. This can be proved [48] 

and is presented: 

 𝑎 ∅ =  0,  𝑎 𝑇 𝑇⊆𝑋 = 1  𝑎𝑛𝑑   𝑎 𝑇 ≥ 0𝑇:𝐼 ∈𝑇⊆𝑆 . (3.5.28) 

It is also important to notice that the Mobius transform of an isolated criterion is equal to its fuzzy 

measure value 𝑎 𝑔𝑗  = 𝜇(𝑔𝑗 ), as there is not subset contained in a countable element. In other words 

when a single criterion is considered there is no possible interaction to observe.  

 

Now we introduce the Choquet Integral written in terms of the Mobius Transform instead of 

using the fuzzy measure. This helps us to understand the meaning of the Choquet Integral, [41]. 

 𝐶𝜇  𝑎𝑖 =   𝑎 𝑇 𝑚𝑖𝑛 𝑔𝑗 ∈𝑇 𝑔𝑗 (𝑎𝑖)
𝑇⊆𝐺

, (3.5.29) 

𝐶𝜇  𝑎𝑖  is the Choquet Integral applied to an alternative 𝑎𝑖 , 𝑇 is any subset of criteria belonging to 𝐺. 𝐺 is 

the set of all criteria, 𝑔𝑗 (𝑎𝑖) is the performance of 𝑎𝑖  in the criterion 𝑔𝑗 , 𝑚𝑖𝑛 𝑔𝑗 ∈𝑇 𝑔𝑗 (𝑎𝑖) is the minimum 

performance of alternative a in all the criteria belonging to 𝑇. Finally 𝑎 𝑇  is the intrinsic value of the 

ensemble of criteria 𝑇, or simply the Mobius transform.           

 

It is now possible to interpret the Choquet integral in terms of the Mobius transform. The 

Choquet integral is a mean to attribute a score to an alternative 𝑎𝑖 . This score is a weighted sum of 

each contribution of each criterion or group of criteria. If there are 𝑚 criteria, the Choquet integral in 

terms of the Mobius transform is represented by a sum of 2𝑚  terms. Each possible element of the 

criteria set gives its intrinsic contribution multiplied by a performance indicator which favours more 

equilibrated performances 𝑚𝑖𝑛 𝑔𝑗 ∈𝑇 𝑔𝑗 (𝑎𝑖) [41].   

 

 Some concluding remarks about the complexity of computing the Choquet Integral, namely the 

definition of the fuzzy measure, are needed. If a fuzzy measure 𝜇 is additive the number of coefficients 

needed to define it is equal to the cardinality of the set 𝐺. In contrast if one has to deal with a non 

additive fuzzy measure 𝜇𝑁𝑜𝑛  𝐴𝑑𝑑𝑖𝑡𝑖𝑣𝑒  the number of coefficients required is equal to the cardinality 

of 𝑃(𝐺) 𝑜𝑟 2𝑚 . This raises a problem of the application of fuzzy measure in optimization calculations. 

The number of parameters needed to be specified grows exponentially and it becomes hard to ask the 

DM for such an enormous quantity of information. These problems are traced out latter and a solution 

is presented.  

 

3.5.2 Modelling Interaction among Criteria family 

The concept of interaction between the criteria is the main reason for introducing fuzzy 

integrals in MCDA aggregation procedures [28]. Interaction between criteria is based in two major 

concepts: Criteria importance coefficients and Interaction indexes, which are presented next.  
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The importance of a criterion 𝑔𝑗 ∈ 𝐺  is not only expressed by 𝜇 𝑔𝑗  = 𝑎(𝑔𝑗 ) (its intrinsic 

importance, when no other criterion is considered) but it is also expressed by the effect of 𝑔𝑖  when 

used among the remaining criteria belonging to the set of criteria 𝐺.  According to Shapley an 

importance coefficient can be defined, taking into account the effect of criterion 𝑔𝑗  in the remaining 

criteria [41]. This coefficient is important since it is the coefficient that must be directly compared with 

the classical weights attributed when a weighted average operator based approach is used. The 

Shapley importance coefficient, 𝜑𝑆𝑔𝑗
 is, 

 

𝜑𝑆 𝑔𝑗
: =   

 𝑚−𝑡−1 !

𝑚 !{𝑇⊆𝐺\𝑔𝑗 }
[𝜇 𝑇 ∪ 𝑔𝑗  −  𝜇 𝑇 ], (3.5.30) 

where 𝑇 is any subset of criteria belonging to the set of criteria 𝐺 excluding 𝑔𝑗 . 𝜇 𝑇 ∪ 𝑔𝑗  −  𝜇 𝑇  is the 

weighting power difference of 𝑇 when 𝑔𝑗 is considered or not. Finally 
 𝑚−𝑡−1 !

𝑚 !
 is a normalizing factor 

where m is the number o criteria and t is the number o criteria belonging to the coalition  𝑇. This 

coefficient can be interpreted as the average contribution of criterion 𝑔𝑖  in all subsets of criteria 

belonging to G. A basic property of the power index is its normalization property. 

 
 𝜑𝑆 𝑔𝑖

𝑚

𝑗 =1
= 𝜇 𝐺 = 1. (3.5.31) 

 Now an interaction index can also be defined. It is important to refer that to evaluate the 

interaction between two criteria, the following difference 𝑎 𝑔𝑖 ∪ 𝑔𝑗  =  𝜇 𝑔𝑖 ∪ 𝑔𝑗  –  𝑎 𝑔𝑖 –  𝑎 𝑔𝑗   ↔

𝑎 𝑔𝑖 ∪ 𝑔𝑗  = 𝜇 𝑔𝑖 ∪ 𝑔𝑗  –  𝜇 𝑔𝑖 –  𝜇 𝑔𝑗   should be evaluated, i.e. we want to evaluate what is the 

importance of the interaction without taking into consideration the intrinsic importance of individual 

criteria belonging to that combination of criteria.  If this difference is null that shows criteria 

independence since the fuzzy measure associated is additive. The interaction index is based in this 

difference but it also takes into consideration that group of criteria {𝑔𝑖 , 𝑔𝑗 }  also has a shared 

importance within the set  𝐺 . Therefore, following exactly the same idea as for the importance 

coefficient, the proper definition of interaction index must evaluate the difference, which takes into 

consideration the shared importance of {𝑔𝑖 , 𝑔𝑗 } in all other subsets of G: 

 

𝜇 𝑇 ∪ {𝑔𝑖 , 𝑔𝑗 }  − 𝜇 𝑇 ∪ 𝑔𝑖 − 𝜇 𝑇 ∪ 𝑔𝑗  + 𝜇(𝑇). (3.5.32) 

Murofushi and Soneda [41] proposed the following definition which is a very close one to the 

importance coefficient, defined before, but this time applied to the interaction between two criteria:  

 

𝐼(𝑔𝑖𝑔𝑗 ): =   
 𝑚−𝑡−2 !𝑡!

(𝑚−2+1)!{𝑇⊆𝐺\{𝑔𝑖 ,𝑔𝑗 }}
[𝜇 𝑇 ∪ {𝑔𝑖 , 𝑔𝑗 } −  𝜇 𝑇 ∪ 𝑔𝑖 − 𝜇 𝑇 ∪ 𝑔𝑗  +

𝜇 𝑇 ], 

(3.5.33) 

𝐼(𝑔𝑖𝑔𝑗 ) , is the interaction index of the pair of criteria  {𝑔𝑖 , 𝑔𝑗 }, 𝑇 is any subset of  𝐺  excluding {𝑔𝑖 , 𝑔𝑗 }, 

𝜇 𝑇 ∪ {𝑔𝑖 , 𝑔𝑗 }  is the fuzzy measure value (or importance value) of any subset 𝑇 conjointly with {𝑔𝑖 , 𝑔𝑗 }, 
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𝜇 𝑇 ∪ 𝑔𝑖 ( 𝜇 𝑇 ∪ 𝑔𝑗   ) is the fuzzy measure value (or importance value) of any subset  𝑇 conjointly 

with 𝑔𝑖( 𝑔𝑗 )and 𝜇 𝑇  is the importance the subset 𝑇. Finally 
 𝑚−𝑡−2 !𝑡!

(𝑚−2+1)!
 is a normalization constant.         

 

This definition can be interpreted as the average value of the added value produced by the 

pair of criteria {𝑔𝑖 , 𝑔𝑗 }, when used among all other criteria belonging to 𝐺. The interaction index has 

thus a similar interpretation to the Shapley value, but this time the value reflects the importance the 

interaction between two criteria.  

3.5.3 Modifying PROMETHEE to Account for Interaction among Criteria 

3.5.3.1 Overall net Flow 
 

As mentioned before PROMETHEE method supposes independence between criteria to be 

applied, see section 3.5. Therefore we modified the method to introduce the possibility of modelling 

interaction between criteria, introducing the Choquet Integral as the basic aggregating operator in-

stead of the weighted average operator.  We start to remember the basic ingredients of PROMETHEE. 

As defined before, see section 2.3.1, the overall net flow is,   

 

 𝜑(𝑎) = 𝜑+(𝑎) − 𝜑−(𝑎),  (3.5.34) 

with   

 𝜑+ 𝑎  =  
1

𝑛−1
 𝜋 𝑎, 𝑥 𝑥∈𝐴 , (3.5.35) 

and   

 𝜑− 𝑎 =  
1

𝑛−1
 𝜋(𝑥, 𝑎)

𝑥∈𝐴
 , 

(3.5.36) 

where 𝜑+(𝑎)( 𝜑−(𝑎)) is the positive (negative) outranking flow, expressing the level of validity of the 

assertion: a is preferable to the universe of alternatives (the universe of alternatives is preferable to a). 

𝜋 𝑎, 𝑥 (𝜋 𝑥, 𝑎 ) expresses the level of validity of the assertion: a is preferable to alternatives x (x is 

preferable to a). Finally 
1

𝑛−1
 is a normalizing factor since each alternative faces 𝑛 − 1 other alternatives.     

We continue remembering the expression of 𝜋 𝑥, 𝑎 =  𝑃 𝑎, 𝑏 𝑗 𝑤𝑗
𝑚

𝑗 =1
. 𝑤𝑗 is the importance of 

criterion 𝑔𝑗  and 𝑃 𝑎, 𝑏 𝑗  the local preference level concerning the preference between a and b. Now it 

is possible to rewrite the overall flow of an alternative 𝑎 as, 

 𝜑 𝑎 =  
1

𝑛−1
   𝑃 𝑎, 𝑥 𝑗 𝑤𝑗

𝑚

𝑗 =1𝑥∈𝐴 −
1

𝑛−1
  𝑃 𝑥, 𝑎 𝑗 𝑤𝑗

𝑚

𝑗 =1𝑥∈𝐴 , (3.5.37) 

with 𝑚 being the number of criteria in the problem. The overall flow can be once more rewritten,  

 

𝜑 𝑎 =   𝑤𝑗   
𝑃 𝑎 ,𝑥 𝑗 − 𝑃 𝑥 ,𝑎 𝑗

𝑛−1
 𝑥∈𝐴

𝑚
𝑗 =1  . (3.5.38) 

Now we can interpret the term   
𝑃 𝑎 ,𝑥 𝑗 − 𝑃 𝑥 ,𝑎 𝑗

𝑛−1
 𝑥∈𝐴  as being a value function defined for each criterion, 
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like referred for MAUT method, see section 2.3.3. We represent   
𝑃 𝑎 ,𝑥 𝑗− 𝑃 𝑥 ,𝑎 𝑗

𝑛−1
 𝑥∈𝐴  as 𝑢𝑗 (𝑎). 

Therefore it is possible to write the overall net flow:  

 𝜑 𝑎 =   𝑢𝑗 (𝑎)𝑤𝑗
𝑚
𝑗 =1 , (3.5.39) 

 The interpretation is simple. The overall net flow of an alternative defined 𝑎 by PROMETHEE 

can also be regarded as a Utility function. However this utility function is not constructed based on 

direct evaluations on a, but using comparisons to all other existent alternatives on A. Therefore in 

order to model interaction between criteria the obvious procedure to follow is to replace the weighted 

average operator by the Choquet Integral operator to account for the interaction of the different criteria, 

hence: 

 𝜑𝑐 𝑎 = 𝐶𝜇  𝑢𝑗 (𝑎) = 𝐶∫ 𝑢𝑗 (𝑎)𝑑𝜇 =  [𝑢 𝑎 𝑗 − 𝑢(𝑎)𝑗−1
𝑚

𝑗 =1
]𝜇(𝐴𝑗 ), (3.5.40) 

where (𝑗) denotes that the indices have been permuted so that  

 0 ≤  𝑢 𝑎 1 ≤  … . ≤ 𝑢 𝑎 𝑚 ,  (3.5.41) 

and the group of criteria, 

  𝐴𝑖 ∶=  {𝑔𝑖 , … . , 𝑔𝑚 }, 𝑎𝑛𝑑 𝑢 𝑎 0  

= 0 . 
(3.5.42) 

𝜇(𝐴𝑗 ) is the value of the fuzzy measure associated with 𝐴𝑗 . Finally 𝜑𝑐 𝑎  is a re-definition of the over-

all net flow, taking into account for criteria interaction. The interpretation of the of the overall flow re-

mains the same as before but now the actual value of the flow is corrected by the performances on a 

concerning interaction between criteria.    

3.5.3.2 Second Order Model 
 

 After re-defining the overall net flow we must continue this section by referring to the model 

complexity and what can be done to avoid it.  

 

 In order to define a fuzzy measure it is necessary in its most general form to specify 2𝑚  

coefficients, see section 3.5.1. Each of the coefficients reflects the importance of each subset defined 

within the criteria family. However specifying the importance of an interaction among a group of more 

than two criteria is usually difficult for the DM [41]. Besides that, specifying 2𝑚  coefficients could be a 

time consuming task [41].   

 

This is the main reason to tailor this implementation to a second order model, where only 

interactions between pairs of criteria are supposed. Therefore the main aim of this section is to modify 

the fuzzy measure in way that it only expresses importance of single criterion and pairs of criteria.    

 

 The approach followed reduces the complexity of the problem from an exponential growth to a 

quadratic one. This method was first proposed by Grabisch [41]. He introduced the concept of K-order 
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fuzzy measure:  

Definition 4: Let 𝑘 ∈  1, … , 𝑚 − 1 .  a fuzzy measure is said to be K-additive if 𝑎 𝐴 = 0, whenever 

there is some   𝐴 > 𝑘, and 𝐴 ⊂ 𝐺, with  𝐴 = 𝑘 such that 𝑎 𝐴 ≠ 0. where A is any group of criteria [41].

  

 

 𝑘 is any integer number between 1 and 𝑚 − 1, which indicates the order of the k-order fuzzy 

measure. 𝑎 𝐴  is the Mobius transform of the fuzzy measure representing the group of criteria 𝐴 and 𝐺 

is the set of all criteria. The concept of k-order fuzzy measure coincides with the definition of an 

additive measure whenever  𝑘 = 1 [41]. However with additive measure (k=1) it is not possible to 

define interaction between criteria, see section 3.5. Therefore to include interaction, while avoiding the 

use of complex fuzzy measures, the first corrective term to the additive measure is considered. In 

other words this is the same as considering a 2-additive fuzzy measure, where 𝑘 = 2.With a 2-order 

fuzzy measure we only consider single criterion importance and pairs of criteria importance. This time 

the complexity only increases to 
𝑚 (𝑚+1)

2
− 1 parameters to define [41].  

 

In addition to define the 2 – order fuzzy measure the DM must only attribute values to two 

types of coefficients: Intrinsic criteria weights and Interaction coefficients on pairs of criteria. All the 

needed parameters can be summarized in a symmetric matrix [41]:  

 
𝜑(𝑔1) 𝐼𝑔1𝑔2

… 𝐼𝑔1𝑔𝑚

𝐼𝑔2𝑔1
… … …

… … … …
𝐼𝑔𝑚 𝑔1

… … 𝜑(𝑔𝑚 )

 (3.5.43) 

 Where 𝜑(𝑔𝑖) is the importance coefficient and 𝐼𝑔𝑖𝑔𝑗
is the interaction coefficient between two 

criteria 𝑔𝑖  and 𝑔𝑗 .  𝐼𝑔𝑖𝑔𝑗
 is equal to 𝐼𝑔𝑗 𝑔𝑖

, consequently there is only 
𝑚(𝑚+1)

2
− 1 parameters to specify, 

where  
𝑚 (𝑚+1)

2
 coefficients come from the matrix 3.5.43 and we subtract one which can be obtained 

through the normalization condition 3.5.31.    

 

It is now possible to rewrite the Choquet Integral in terms of a 2-order fuzzy measure [25]:   

 𝐶𝜇2𝑜𝑟𝑑𝑒𝑟
 𝑢𝑗 (𝑎) =  𝑢𝑗 (𝑎)𝑚

𝑗 =1 𝜑𝑆 𝑔𝑗
+  

𝐼𝑔𝑖𝑔𝑗

2 𝑔𝑖 ,𝑔𝑗  ⊆𝐺
 𝑢𝑖 𝑎 − 𝑢𝑗 (𝑎) , (3.5.44) 

𝐶𝜇2𝑜𝑟𝑑𝑒𝑟
 𝑢𝑗 (𝑎) , is the choquet integral of a 2-order fuzzy measure 𝜇2𝑜𝑟𝑑𝑒𝑟 , 𝑢𝑗 (𝑎) is the value function 

defining the score of an alternative a concerning a specific criterion 𝑔𝑗 . 𝜑𝑆 𝑔𝑗
is the Shapley importance 

coefficient for the criterion 𝑔𝑗 , see section 3.5.2, 𝐼𝑔𝑖𝑔𝑗 is the interaction index between the criteria  𝑔𝑖 , 𝑔𝑗   

and 𝐺 is the set of criteria. Finally 𝑢𝑖 𝑎 − 𝑢𝑗 (𝑎) is difference in scores of the alternative a on the pair 

of criteria  𝑔𝑖 , 𝑔𝑗  .       
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The expression 3.5.44, is remarkable, since it is clear that it is a sum of a 

term  𝑢𝑖(𝑎)𝑛
𝑖=1 𝜑𝑆𝑔𝑖

similar to the weighted average operator but adding a term which is proportional 

to the deviations on pairs criteria, and the importance of those pairs,  
𝐼𝑔𝑖𝑔𝑗

2 𝑔𝑖 ,𝑔𝑗  ⊆𝐺
 𝑢𝑖 𝑎 − 𝑢𝑗 (𝑎) . It 

is possible to see that if 𝐼𝑔𝑖𝑔𝑗 > 0, the more 𝑢𝑖 𝑎  is different from 𝑢𝑗  𝑎 , the more interaction penalizes 

the overall score of a.     

 

It is also possible to express the Choquet integral in terms of the Mobius transform of a 2 – 

order fuzzy measure [41],   

 𝐶𝜇2𝑜𝑟𝑑𝑒𝑟
 𝑢𝑗 (𝑎) =   𝑎 𝑔𝑗  𝑢𝑗 (𝑎)

𝑔𝑗 ∈𝐺
+  𝑎 𝑔𝑖 , 𝑔𝑗  𝑚𝑖𝑛(𝑢𝑖(𝑎), 𝑢𝑗 (𝑎))

{𝑔𝑖 ,𝑔𝑗 }⊆𝐺
, (3.5.45) 

where 𝑎 𝑔𝑗   represents the Mobius transform of the 2 - order fuzzy measure 𝜇2𝑜𝑟𝑑𝑒𝑟 . This expression 

is interpreted in the same way as eq. 3.5.44. The first term represents the usual weighted average. 

The second one represents the added value of interactions between pairs of criteria. 

 

Finally we present the modified overall net flow when a second order fuzzy measure is used. 

 𝜑𝑐  𝑎 =  𝑎 𝑔𝑗  𝑢𝑗 (𝑎)
𝑔𝑗 ∈𝐺

+

  𝑎 𝑔𝑖 , 𝑔𝑗  𝑚𝑖𝑛(𝑢𝑖(𝑎), 𝑢𝑗 (𝑎))
{𝑔𝑖 ,𝑔𝑗 }⊆𝐺

, 
(3.5.46) 

where 𝑢𝑗  𝑎 =   
𝑃 𝑎 ,𝑥 𝑗 − 𝑃 𝑥 ,𝑎 𝑗

𝑛−1
 𝑥∈𝐴 , as defined before see section 3.5.2.1. 

3.5.3.3 Weights elicitation method  
 

In a usual PROMETHEE implementation the DM is asked to give the weight vector 𝑤𝑗  as input, 

which describes the importance of criteria. However after the modification applied to PROMETHEE, 

we will not ask the DM to provide all the coefficients needed, namely  𝜑(𝑔𝑖) and  𝐼𝑔𝑖𝑔𝑗
. Instead we 

provide the DM with an elicitation method asking to the DM simple questions which he is able to give a 

clear answer. In a further step a linear optimization program is used to find a solution within the 

constraints given by the DM‘s opinions. Once all the coefficients are known it will be possible to 

aggregate them using the Choquet Integral and use it to compute the overall net flows for each 

configuration of this work.  

 

 The identification process of the fuzzy measure is based in the compilation of a series of 

phrasal considerations provided by the DM or a Decision expert. This elicitation technique is based in 

the method described by Roubens, Marichal, [41]. The necessary information that the DM should give 

in order to solve the problem could be provided:  

- Criteria Importance: Easier than attributing a value to each weight is to ask for the DM for the 

order of importance of criteria. Therefore the DM must provide an order criteria family. An 

example of that would be the DM stating that the criterion Price is more important than the 

criteria power if the problem was the selection of what car to purchase.     
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- Interaction between Criteria: As we have already referred, see section 3.5.1, there may exist 

correlations between different criteria. Therefore we also ask the DM for the specific sign of 

that correlation. If a correlation is positive the interaction is negative and vice versa. An 

example could be the DM telling that there is a positive correlation between the price and the 

power of a car.  

 

Other important information to provide is the relative strength of each interaction or correlation. 

Therefore the DM is also asked to provide information about the order of the correlations con-

cerning their strength. An example of that could be the DM telling that the correlation of the 

price with power is stronger than the correlation of price and dimensions of the car.  

The DM is also free to introduce and to provide as much information as he can. The more 

coherent the provided information is the narrower the solution space, and consequently less error 

affects the solution.  

 

 All information can be computed into linear inequalities which are solved as linear constraint 

satisfaction problem [41]. One should notice that the poorer the information provided the larger the 

error. Indeed if contradictory information is given the solution may not exist [41]. 

 

 As all the linear constraint satisfaction problems, the proposed method to identify the fuzzy 

measure consists in two main steps. Defining the constraints and Defining the cost Function.  

 

In order to define the constraints all the information provided by the DM is written in term of 

inequalities using Mobius transform coefficients (which represent the intrinsic importance of criteria 

and pairs of criteria, see section 3.5.1). This facilitates the process of identifying the fuzzy measure 

[41]. We express three different information types for the scope of this work: DM‘s information about 

criteria relative importance; DM‘s information of interaction relative strength; DM‘s information about 

the sign of each interaction. These three types of information can be provided recurring to inequalities 

where the Mobius transform coefficients are present [41]. In addition a new variable 휀 is added. This 

variable mean is associated with the average distance between Mobius coefficients in the interval 

scale 0 and 1. In other words this value 휀 represents a slack variable of the problem [41]. Summarizing, 

the variables 𝑥 of this linear constraint satisfaction problem are the Mobius transform coefficients and 

the slack variable 휀,  

 
𝑥 = (𝑎 1 , … , 𝑎 𝑚 , 𝑎 1,2 , … 𝑎 𝑚, 𝑛 , 휀) (3.5.47) 

 We present the different constraints types which translate the different types of information that 

the DM is able to provide, written in terms of the variables of the problem, 𝑥: 

𝑎 𝑔𝑖 − 𝑎 𝑔𝑗  ≥ 휀     𝑖𝑓 𝑔𝑖  𝑖𝑠 𝑚𝑜𝑟𝑒 𝑖𝑚𝑝𝑜𝑟𝑡𝑎𝑛𝑡 𝑡𝑎𝑛 𝑔𝑗  - DM‘s information (3.5.48) 
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𝑎 𝑔𝑖 = 𝑎 𝑔𝑖              𝑖𝑓 𝑖 𝑔𝑖  𝑖𝑠 𝑒𝑞𝑢𝑎𝑙𝑙𝑦 𝑖𝑚𝑝𝑜𝑟𝑡𝑎𝑛𝑡 𝑡𝑜 𝑔𝑗  about criteria 

relative importance 

of criteria 𝑔𝑖and 𝑔𝑗 . 

𝑎 𝑔𝑖 , 𝑔𝑗  −  𝑎 𝑔𝑘 , 𝑔𝑙 ≥  휀   𝑖𝑓  𝑔𝑖 , 𝑔𝑗   𝑖𝑠 𝑠𝑡𝑟𝑜𝑛𝑔𝑒𝑟 𝑡𝑎𝑛  𝑔𝑘 , 𝑔𝑙  

𝑎 𝑔𝑖 , 𝑔𝑗  

= 𝑎 𝑔𝑘 , 𝑔𝑙   𝑖𝑓  𝑔𝑖 , 𝑔𝑗   𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑖𝑠 𝑒𝑞𝑢𝑎𝑙𝑙 𝑡𝑜 𝑔𝑘 , 𝑔𝑙  

-DM‘s information 

about interaction 

relative strength. 
(3.5.49) 

𝑎 𝑔𝑖 , 𝑔𝑗  ≥  휀     𝑖𝑓 𝑡𝑒 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑖𝑠 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒, 𝑎 𝑔𝑖 , 𝑔𝑗  > 0 -DM‘s information 

about the sign of 

interaction. 

(3.5.50) 

𝑎 𝑔𝑖 , 𝑔𝑗  ≤ −휀   𝑖𝑓 𝑡𝑒 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑖𝑠 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒, 𝑎 𝑔𝑖 , 𝑔𝑗  < 0 
 

𝑎 𝑔𝑖 , 𝑔𝑗  = 0 𝑖𝑓 𝑡𝑒 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑖𝑠 𝑛𝑢𝑙𝑙, 𝑎 𝑔𝑖 , 𝑔𝑗  = 0  

 𝑎(𝑔𝑖)𝑔𝑖∈𝐺
+   𝑎 𝑔𝑖 , 𝑔𝑗  = 1

{𝑔𝑖 ,𝑔𝑗 }⊆𝐺
  -Normalization 

conditions of the 

fuzzy measure 

applied to the 

Mobius transform, 

see section 3.5.1. 

(3.5.51) 

𝑎 𝑔𝑖 ≥ 0  ∀𝑔𝑖  ∈ 𝐺  

𝑎 𝑔𝑖 +   𝑎(𝑔𝑖 , 𝑔𝑗 )
𝑔𝑗 ∈𝑇

≥ 0  ∀𝑔𝑖 ∈ 𝐺, ∀ 𝑇 ⊆  𝐺\𝑔𝑖   

 

 

Now that all the constraints are defined, we must present the cost function to be maximized. 

According to Roubens and Marichal, a possible cost function is [41],    

 𝑓(𝑥) = 휀 (3.5.52) 

The main idea of this approach is to maximize the slack variable 휀 [41]. In other words we spread 

all the coefficients between the values 0 and 1. It is easy to imagine that if no interaction exited, 

meaning  𝑎 𝑔𝑖 , 𝑔𝑗  = 0, then all the intrinsic weights would be evenly separated between 0 and 1 

according to the order defined by the DM. The main advantage of this approach is the low level of 

complexity. Nevertheless, this method does not always have a unique solution. Furthermore, 

sometimes the solution may seem too extreme, because it is a maximized difference between relative 

strength of criteria. For that reason, once the results are obtained a sensitivity analysis is performed to 

avoid the impact of errors and to evaluate the robustness of the importance coefficients derived, see 

section 4.2.1.  

3.5.3.4 Weights elicitation implementation  

 
The specific case of this work must be analysed. The information to define the different type of 

constraints was given by specialists in the field, both managers and technical experts. A final list of 

information on the importance and interaction between criteria was possible to extract: 

- Criteria Importance: After discussion, it was possible to finally arrive to the following order 

concerning the criteria relative importance. The following nomenclature was used for sake the 

of simplicity: Acquisition cost (AC); Reception Performance (RP); Market Potential (MP); 
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Availability Performance (AP); Tracking Performance (TP); Maintenance and Operations Cost 

(M&O C). The inequalities 3.5.52 express the acquired information: 

 𝑎 𝐴𝐶 = 𝑎 𝑅𝑃 > 𝑎 𝑀𝑃 > 𝑎 𝐴𝑃 = 𝑎 𝑇𝑃 > 𝑎(𝑀&𝑂 𝐶) (3.5.53) 

Where 𝑎 𝐴𝐶  stands for the Mobius transform of the intrinsic weight for criterion AC and equally 

for all other criteria. The relations 3.5.52, express an order of the importance of each criterion which is 

the first input information needed to solve the linear constraint satisfaction problem.  

- Interaction between Criteria: In what concerns the interaction between pairs of criteria two 

factors are considered: The strength and the sign of interactions. The sign of interaction is 

associated with the existent type of correlation. If the performances on a pair of criteria are 

positively correlated then the interaction sign must be negative, however if other two pairs of 

criteria are usually negatively correlated the sign of interaction must be positive [28], see 

section 3.5.1. The correlations between each possible pair of criteria were discussed and 

attributed:  

 𝑎 𝐴𝐶, 𝑅𝑃 > 0 →  𝑎 𝐴𝐶, 𝑅𝑃 >  휀 

𝑎 𝐴𝐶, 𝑀𝑃 > 0 →  𝑎 𝐴𝐶, 𝑀𝑃 >  휀 

𝑎 𝑅𝑃, 𝑀𝑃 < 0 →  𝑎 𝑅𝑃, 𝑀𝑃 <  −휀 

𝑎 𝐴𝐶, 𝐴𝑃 > 0 →  𝑎 𝐴𝐶, 𝐴𝑃 >  휀 

𝑎 𝑅𝑃, 𝐴𝑃 = 0 

𝑎 𝑀𝑃, 𝐴𝑃 = 0 

𝑎 𝐴𝐶, 𝑇𝑃 > 0 →  𝑎 𝐴𝐶, 𝑇𝑃 >  휀 

𝑎 𝑅𝑃, 𝑇𝑃 = 0 

𝑎 𝑀𝑃, 𝑇𝑃 > 0 →  𝑎 𝑀𝑃, 𝑇𝑃 >  휀 

𝑎 𝐴𝑃, 𝑇𝑃 = 0 

𝑎 𝐴𝐶, 𝑀&𝑂 𝐶 < 0 →  𝑎 𝐴𝐶, 𝑀&𝑂 𝐶 < − 휀 

𝑎 𝑅𝑃, 𝑀&𝑂 𝐶 > 0 →  𝑎 𝑅𝑃, 𝑀&𝑂 𝐶 >  휀 

𝑎 𝑀𝑃, 𝑀&𝑂 𝐶 > 0 →  𝑎 𝑀𝑃, 𝑀&𝑂 𝐶 >  휀 

𝑎 𝐴𝑃, 𝑀&𝑂 𝐶 > 0 →  𝑎 𝐴𝑃, 𝑀&𝑂 𝐶 >  휀 

𝑎 𝑇𝑃, 𝑀&𝑂 𝐶 = 0, 

(3.5.54) 

Where 𝑎 𝐴𝐶, 𝑀&𝑂 𝐶 < 0 refers to the sign of the Mobius transform of the weight of the criteria pair, 

AC and M&O C, for the other inequalities the same argument is valid. In what concerns criteria 

interaction strength it was assumed that all the existent interactions had the same strength: 𝑎 𝑔𝑖 , 𝑔𝑗  =

𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 →  𝑎 𝑔𝑖 , 𝑔𝑗  = 휀. 

 

The boundary conditions respecting the fuzzy measure were used, see section 3.5.3.3, and 

the linear constraint satisfaction problem was solved under the form,  

 𝐶𝑥 = 𝑓 𝑥 → 𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑎𝑡𝑖𝑜𝑛, 

𝐴∗𝑥 = 𝑎, 
(3.5.55) 
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𝐵𝑥 ≤ 𝑏, 

where 𝑥 are the variables of the problem, namely the Mobius transform coefficients and the slack 

variable 휀, 𝑥 = (𝑎 𝑔1 , … , 휀), 𝐶 is a column vector which in this case is given 𝐶 = (0,0, … , 휀), 𝐴∗ is the 

equality matrix which expresses the equalities of the problem, eqs. 3.5.51, 3.5.50, 3.5.49, 3.5.48, 𝑎 is 

the costant part of the equalities of the problem, 𝐵  is the inequality matrix which express all the 

inequalities of the problem, eqs. 3.5.51, 3.5.50, 3.5.49, 3.5.48, and 𝑏  is the constant part of the 

inequalities of the problem. A solution was found and the results are presented in the next chapter: 

Case Study Results: Santa Maria Ground Segment MCDA Analysis.  
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4 Case Study Results: Santa Maria Ground Segment 
MCDA Analysis 

 

4.1 Obtained Results   

During this work the PROMETHEE method was implemented and tailored to the decision prob-

lem defined, see section 3.1.3. All numerical input information, as well as the results obtained, is pre-

sented. In a further step a discussion about the validity of the approach is elaborated and results are 

analysed.  

4.1.1 Alternatives Performances  

The basic ingredients to compute any MCDA method are the performances evaluations. To 

each configuration the performance on each criterion was attributed according to the different attrib-

utes of alternatives, see section 3.2.2. We present them here for the specific case of this work by 

means of the Table 4.1.1: 

 Criteria Performances 

 AC (€) RP (dB)   MP (0-1) AP (0-1) TP (0;1) M&O C (€) 

Configuration 1 
0 26 0,1 0,92 0 600 

Configuration 2 
500 28 0,5 0,92 0 600 

Configuration 3 500 29 0,5 0,92 1 600 

Configuration 4 2500 32 0,9 0,98 1 1000 

Configuration 5 
3000 32 1 0,98 1 1200 

Configuration 6 
1000 37,5 0,75 0,90 1 1200 

Table 4.1.1:Evaluation table for the existent configurations in the problem. 

In the Table 4.1.1 the rows represent different configurations while columns represent different 

criteria performances. PROMETHEE method uses the differences between each alternative on each 

criterion, see section 2.3.1.3. This represents a number of matrices equal to the number of criteria 

where each matrix contains all the pairs of alternatives. These 6 matrices are defined: 𝑑𝑘 𝑎𝑖 , 𝑎𝑗  =

 𝑔𝑘 𝑎𝑖 − 𝑔𝑘(𝑎𝑗 ). These deviation matrixes are derived from table 4.1.1. and used to construct the local 

preferences.   

4.1.2 Local Preferences 

Local preferences are established over pairs of alternatives. As seen in section 2.3.1.3, local 

preferences are calculated by applying a shape function to the performances deviations 𝑑𝑘 𝑎𝑖 , 𝑎𝑗  . 

These functions were already defined in section 3.4.2. The tables 4.1.2, 4.1.3, 4.1.4, 4.1.5, 4.1.6 and 
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4.1.7 present the local preference level for all pairs of alternatives and for each criterion of the prob-

lem. All preference levels are presented between the values 0 and 1. 

4.1.2.1 Preference Relations for the Acquisition Cost Criterion: 

 
The preference function, 𝑃𝐴𝑐𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛  𝐶𝑜𝑠𝑡  𝑑  derived in section 3.4.2, was computed and is pre-

sented:  

 

𝑠 =  𝑑𝑃=0.5 
1

 𝑙𝑛 
1

2
  

≈ 1801 𝐾€ and 

 𝑃𝐴𝑐𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛  𝐶𝑜𝑠𝑡  𝑑 =   
0                 𝑖𝑓 𝑑 ≤ 0

1 −  𝑒
−

𝑑2

(1801 )2   𝑖𝑓 𝑑 > 0

  

(4.1.1) 

Using the deviations matrix, 𝑑𝐴𝑐𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛  𝐶𝑜𝑠𝑡  𝑎𝑖 , 𝑎𝑗  , the local preference levels were calculated. 

The Table 4.1.2 presents the local preference level regarding each combination of alternatives on the 

Acquisition Cost criterion.  

 
C1 C2 C3 C4 C5 C6 

C1 0,00 0,07 0,07 0,85 0,94 0,27 

C2 0,00 0,00 0,00 0,71 0,85 0,07 

C3 0,00 0,00 0,00 0,71 0,85 0,07 

C4 0,00 0,00 0,00 0,00 0,07 0,00 

C5 0,00 0,00 0,00 0,00 0,00 0,00 

C6 0,00 0,00 0,00 0,50 0,71 0,00 

Table 4.1.2:Preference levels for pair of configurations in the criterion Acquisition Cost 

4.1.2.2 Preference Relations for the Reception Performance Criterion: 

The preference function, 𝑃𝑅𝑒𝑐𝑒𝑝𝑡𝑖𝑜𝑛  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒  𝑑  derived in section 3.4.2, was computed and 

is presented:  

 𝑠 =
32−6

  ln(0,1) 
 ≈ 3,95 𝑑𝐵/𝐾 and 

 𝑃𝑅𝑒𝑐𝑒𝑝𝑡𝑖𝑜𝑛  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒  𝑑 =   
0                 𝑖𝑓 𝑑 ≤ 0

1 −  𝑒
−

𝑑2

(3,95)2   𝑖𝑓 𝑑 > 0

  

(4.1.2) 

Using the deviations matrix, 𝑑𝑅𝑒𝑐𝑒𝑝𝑡𝑖𝑜𝑛  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒  𝑎𝑖 , 𝑎𝑗  , the local preference levels were cal-

culated. The Table 4.1.3 presents the preference level regarding each combination of alternatives on 

the Reception Performance criterion. 
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C1 C2 C3 C4 C5 C6 

C1 0,00 0,00 0,00 0,00 0,00 0,00 

C2 0,23 0,00 0,00 0,00 0,00 0,00 

C3 0,44 0,06 0,00 0,00 0,00 0,00 

C4 0,90 0,64 0,44 0,00 0,00 0,00 

C5 0,90 0,64 0,44 0,00 0,00 0,00 

C6 1,00 1,00 0,99 0,86 0,86 0,00 

Table 4.1.3:Preference levels for pair of configurations in the criterion Reception Performance 

4.1.2.3 Preference Relations for the Market Potential Criterion: 

The preference function, 𝑃𝑀𝑎𝑟𝑘𝑒𝑡  𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙  𝑑  derived in section 3.4.2, was computed and is 

presented:  

 

𝑃𝑀𝑎𝑟𝑘𝑒𝑡  𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙  𝑑 =   

0            𝑖𝑓 𝑑 ≤ 0
𝑑    𝑖𝑓 0 ≤ 𝑑 ≤ 1

1           𝑖𝑓 𝑑 > 1
   (4.1.3) 

Using the deviations matrix, 𝑑𝑀𝑎𝑟𝑘𝑒𝑡  𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙   𝑎𝑖 , 𝑎𝑗  , the local preference levels were calcu-

lated. The Table 4.1.4 presents the preference level regarding each combination of alternatives on the 

Market Potential criterion.  

 
C1 C2 C3 C4 C5 C6 

C1 0 0 0 0 0 0 

C2 0,4 0 0 0 0 0 

C3 0,4 0 0 0 0 0 

C4 0,8 0,4 0,4 0 0 0,15 

C5 0,9 0,5 0,5 0,1 0 0,25 

C6 0,65 0,25 0,25 0 0 0 

Table 4.1.4:Preference levels for pair of configurations in the criterion Market Potential 

4.1.2.4 Preference Relations for the Availability Performance Criterion: 

The preference function, 𝑃𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒  𝑑  derived in section 3.4.2, was computed and 

is presented:  

 𝑝 =  𝑚𝑎𝑥 𝑑𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒   𝑎𝑖 , 𝑎𝑗   = 0,08 

 

𝑃𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒  𝑑 =

 
 

 
0            𝑖𝑓 𝑑 ≤ 0

𝑑

0,08
  𝑖𝑓 0 ≤ 𝑑 ≤ 0,08

1           𝑖𝑓 𝑑 ≤ 𝑝

  

(4.1.4) 
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Using the deviations matrix, 𝑑𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒  𝑎𝑖 , 𝑎𝑗  , the local preference levels were 

calculated. The Table 4.1.5 presents the preference level regarding each combination of alternatives 

on the Availability Performance. 

 
C1 C2 C3 C4 C5 C6 

C1 0 0 0 0 0 0,25 

C2 0 0 0 0 0 0,25 

C3 0 0 0 0 0 0,25 

C4 0,75 0,75 0,75 0 0 1 

C5 0,75 0,75 0,75 0 0 1 

C6 0 0 0 0 0 0 

Table 4.1.5:Preference levels for pair of configurations in the criterion Availability Performance 

4.1.2.5 Preference Relations for the Tracking Performance Criterion: 

The preference function, 𝑃𝑇𝑟𝑎𝑐𝑘𝑖𝑛𝑔  𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒  𝑑  derived in section 3.4.2, was computed and is 

presented:  

 
𝑃𝑇𝑟𝑎𝑐𝑘𝑖𝑛𝑔  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒  𝑑 =   

0  𝑖𝑓 𝑑 = 0
1 𝑖𝑓 𝑑 = 1

  (4.1.5) 

Using the deviations matrix, 𝑑𝑇𝑟𝑎𝑐𝑘𝑖𝑛𝑔  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒  𝑎𝑖 , 𝑎𝑗  , the local preference levels were calculated. 

The Table 4.1.6 presents the preference level regarding each combination of alternatives on the 

Tracking Performance. 

 
C1 C2 C3 C4 C5 C6 

C1 0 0 0 0 0 0 

C2 0 0 0 0 0 0 

C3 1 1 0 0 0 0 

C4 1 1 0 0 0 0 

C5 1 1 0 0 0 0 

C6 1 1 0 0 0 0 

Table 4.1.6:Preference levels for pair of configurations in the criterion Tracking Performance 

4.1.2.6 Preference Relations for the Maintenance and Operations Cost Criterion: 

The preference function, 𝑃𝑀&𝑂 𝐶𝑜𝑠𝑡  𝑑  derived in section 3.4.2, was computed and is pre-

sented:  

 

𝑠 =  𝑑𝑃=0.5 
1

 𝑙𝑛  
1
2
  

≈ 360 𝐾€ (4.1.6) 
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 𝑃𝑀&𝑂 𝐶𝑜𝑠𝑡  𝑑 =   
0                 𝑖𝑓 𝑑 ≤ 0

1 −  𝑒
−

𝑑2

(360)2   𝑖𝑓 𝑑 > 0

  

Using the deviations matrix, 𝑑𝑀&𝑂 𝐶𝑜𝑠𝑡  𝑎𝑖 , 𝑎𝑗  , the local preference levels were calculated. The 

Table 4.1.7 presents the preference level regarding each combination of alternatives on the Mainte-

nance and Operations Cost criterion.  

 
 

C1 C2 C3 C4 C5 C6 

C1 0,00 0,00 0,00 0,71 0,94 0,94 

C2 0,00 0,00 0,00 0,71 0,94 0,94 

C3 0,00 0,00 0,00 0,71 0,94 0,94 

C4 0,00 0,00 0,00 0,00 0,27 0,27 

C5 0,00 0,00 0,00 0,00 0,00 0,00 

C6 0,00 0,00 0,00 0,00 0,00 0,00 

Table 4.1.7:Preference levels for pair of configurations in the criterion Maintenance and Operations 
Cost 

4.1.3 Weights Elicitation  

The linear program referred in section 3.5.3.4, was solved using Matlab
©
 linear program 

solver. The results for the second order fuzzy measure are presented in the Table 4.1.8.  

 
 

AC RP MP AP TP M&O C 

AC 0,1818 0,0455 0,0455 0,0455 0,0455 -0,0455 

RP  0,1818 -0,0455 0 0 0,0455 

MP   0,1364 0 0,0455 0,0455 

AP    0,0909 0 0,0455 

TP     0,0909 0 

M&O C      0,0455 

Table 4.1.8: Intrinsic weights and interaction weights defined for each criterion and each pair of criteria 

Each element of the Table 4.1.8 represents the Mobius transform coefficients of the 2- order 

fuzzy measure 𝜇2𝑜𝑟𝑑𝑒𝑟  defined in this work.  These values represent the weights of each criterion and 

interaction strength between pairs of criteria. The elements in the diagonal represent the intrinsic 

weights of each criterion while the off diagonal elements represent the intrinsic interaction strength of 

pairs of criteria.  
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4.1.4 Overall Net Flows 

The score of alternatives are presented. In other words the vales of 

𝑢𝑗  𝑎𝑖 =   
𝑃 𝑎𝑖 ,𝑥 𝑗 − 𝑃 𝑥 ,𝑎𝑖 𝑗

𝑛−1
 𝑥∈𝐴  for each alternative are presented. This enables a better visualization of 

the scores of each alternative on each criterion. The values obtained for 𝑢𝑗  𝑎𝑖  are as follows: 

4.1.4.1 Alternatives Profile of Configuration 1 

 

Figure  4.1.1:Value function of configuration 1 evaluated for each different criterion. 

4.1.4.2 Alternatives Profile of Configuration 2 

 

Figure  4.1.2:Value function of configuration 2 evaluated for each different criterion. 

4.1.4.3 Alternatives Profile of Configuration 3 

  

Figure  4.1.3:Value function of configuration 3 evaluated for each different criterion. 
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4.1.4.4 Alternatives Profile of Configuration 4 

 

Figure  4.1.4:Value function of configuration 4 evaluated for each different criterion. 

4.1.4.5 Alternatives Profile of Configuration 5 

 

Figure  4.1.5:Value function of configuration 5 evaluated for each different criterion. 

4.1.4.6 Alternatives Profile of Configuration 6 

  

Figure  4.1.6:Value function of configuration 6 evaluated for each different criterion. 

Now, we present the results of the overall net flows for each alternative after applying the Cho-

quet Integral operator. Each alternative overall net flow was calculated,    

𝜑𝑐 𝐶𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 1 =   𝑎 𝑔𝑗  𝑢𝑗𝑔𝑗 ∈𝐺
+  𝑎 𝑔𝑖 , 𝑔𝑖 min(𝑢𝑖(𝐶𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 1), 𝑢𝑗 (𝐶𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 1)) 

 𝑔𝑖 ,𝑔𝑗  ⊆𝐺
↔, 

 𝜑𝑐 𝐶𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 1 =  −0.20 − 0.21 =  −0.41 (4.1.7) 

The same calculations were performed for all the alternatives. The results obtained are ex-

pressed in Table 4.1.9: 

 
𝜑𝑐 - Overall Net flow 

Configuration 1 -0.41 
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Configuration 2 -0.26 

Configuration 3 -0.03 

Configuration 4 -0.04 

Configuration 5 -0.13 

Configuration 6 0.12 

Table 4.1.9:Reslults obtained for the overall net flows for each different configuration. 

These results imply the following preference relations among alternatives:  

𝐶𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 6 ≻ 𝐶𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 3 ≻ 𝐶𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 4 ≻ 𝐶𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 5 ≻ 𝐶𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 2 ≻ 𝐶𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 1 (4.1.8) 

From these results it is possible to extract a final recommendation on the configuration which is 

the most favourable one, which is configuration 6. The next section discusses validity of the approach 

followed and the results obtained.  

4.2 Results Analysis   

The main objective of applying DSS to decision situations like SMA is to be provided with a final 

recommendation for a decision. However it is important to discuss and analyse the results obtained to 

ensure their validity.  

In what concerns the output of PROMETHEE, the configuration 6 exhibits the highest overall net 

flow, 𝜑𝑐  𝐶6 = 0,12. On the other hand, configuration 1 obtains the worst result, 𝜑𝑐 𝐶1 = − 0.41.  

We observe that the current configuration 1 must not be considered as a future option for the ser-

vices delivered in SMA, besides its great performance on a Cost perspective, see Table 4.1.9. There 

are too many operational and technical limitations to the commercial viability of this station. Configura-

tion 1 was compared with the universe of alternatives and the results in Table 4.1.9 show that this 

option is the worst by an appreciable difference.  

On the other hand it is possible to recommend one specific configuration. Based on the results 

we can recommend Configuration 6 as it received the highest overall net flow, see Table 4.1.9, and it 

is actually the only one presenting a positive overall net flow, which means that it is the only for which 

the assertion ―Configuration 6 is preferable to the universe of alternatives‖ makes sense, see section 

2.3.1.5 for the meaning of the outranking flow.  

Based on the results we can recommend configuration 6 and discourage configuration 1. The 

strength of these recommendations is associated with the level of the overall net flow obtained, which 

could vary between -1 and 1. Therefore we discourage configuration 1 (𝜑𝑐 𝐶1 = −0.41)) more than 

we recommend configuration 6 (𝜑𝑐 𝐶6 = 0.12)).    
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 It is important to validate the results obtained to ensure their robustness. In strategic Decision 

Making a small mistake can have significant consequences. Therefore it is important to know how 

solid this result is and how confident in the results we can be.  

To ensure method‘s robustness we must ask what could be the main phenomena that can affect 

the results. As referred in the section lack of knowledge and Uncertainties, see section 1.3.1, there are 

three main error sources that can affect the results: The fuzzy and imprecise nature of the system of 

value used or Error Source one (ES1); The imprecise and uncertain nature of the problem specific 

features or Error Source two (ES2); The time evolution of the decision context and external factors 

that can be unpredictable and affect the consequences of a specific decision or Error Source three 

(ES3);   

For studying the validity and robustness of the results we only observed ES1 and ES2. We ex-

plain the main reason that leaded us to neglect ES3. During the period of this analysis it was not pos-

sible to identify any significant change to the decision context. Therefore we consider that the outcome 

of this decision was not perturbed by any dynamical variable during the period of implementation. As a 

consequence we neglect ES3 as a possible error source to our study.  

Now we provide a more specific view into nature of uncertainties associated with ES2 and 

ES1, that affect this work. Usually we can associate with ES2, uncertainties related to the problem 

input information [2]. As an example, alternatives attributes or scores can be provided with a certain 

degree of uncertainty or lack of objectivity. If so, criteria performances could present an associated 

error. We selected criteria so that lack of objectivity could be minimized, see section 4.2.4. However it 

remains the uncertain character of the estimates performed for attributes which directly associate an 

error to the performances of each configuration.  

Continuing we refer ES1 typical associated uncertainties. The type of errors introduced (re-

lated with ES1) is usually associated with the method intrinsic characteristics. We refer the following 

elements which are possible error sources in the specific case of this work: The selection of criteria; 

The modelling of local preference functions; The attribution of weights or importance to criteria or 

groups of criteria.  

All of these procedures are based in attributing some kind of value or preference judgement. 

Obviously it is not possible to mathematically derive preference judgements. Hence we must keep in 

mind that these procedures cab affect the final results.  

 Summarizing, we can indicate the following important error sources which are responsible for 

great part of uncertainties associated with the implementation: Estimates uncertainties; Selection of 

criteria; Modelling of local preference functions; Attribution of weights or importance to criteria or 

groups of criteria.       
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      A detailed analysis of each different error source is out of the scope of this work as already 

mentioned, see section 1.3.1.2. However we decided to evaluate the impacts of the error source that 

we considered to have a larger potential impact on the results. Therefore we conduct a sensitivity 

analysis for the weights attributed in section 3.5.3.4. The weights numerical values were not examined 

yet and the only information given by the DM was a simple order of their importance. We consider that 

this procedure needs to be verified since errors introduced in this step could have large impacts on the 

results.    

4.2.1 Weight Sensitivity Analysis  

Before performing the sensitivity analysis we must discus the results obtained for attribution of 

weights to selected criteria, see Table 4.1.8. It is possible to observe that the constraints imposed by 

the DM‘s are satisfied since the order of criteria intrinsic weights 𝑎(𝑔𝑗 ) are correct as well as interac-

tion coefficients, 𝑎(𝑔𝑗 , 𝑔𝑗 ), signs see Table 4.1.8 and section 3.5.3.4.  

 

𝑎 𝐴𝐶 = 𝑎 𝑅𝑃 = 0.018 > 𝑎 𝑀𝑃 = 0.1364 > 𝑎 𝐴𝑃 = 𝑎 𝑇𝑃 = 0.0909 > 𝑎 𝑀&𝑂 𝐶 =

0.0455. 
(4.2.1) 

The expression 4.2.1 shows the information given by the DM about the relative importance of cri-

teria and confronts it with the results obtained. It is important to remember that the intrinsic 

weights, 𝑎(𝑔𝑗 ), are not exactly the weights that one should compare with the weights used by a 

weighted average operator based approach [49]. Instead, the comparable weights, see section 3.5.2, 

are the importance coefficients 𝜑𝑆 𝑔𝑗
. Hence we present the Importance coefficients 𝜑𝑆 𝑔𝑗

, defined by 

Shapley and calculated for the specific case of this work.  

 AC RP MP AP TP M&OC 

Importance Coefficients  𝜑𝑆 𝑔𝑗
  

0,25005 0,20455 0,1819 0,1364 0,1364 0,091 

Table 4.2.1:Importance coefficients for each different criterion of the problem. 

These values are in general in accordance with the DM‘s information, see relation 4.2.1, except 

for the fact that the weight of Acquisition Cost criteria is different from the weight of reception Perform-

ance. This effect is due to the fact that the importance index takes into account the intrinsic weight of a 

criterion but also its impact when used among a set of criteria, see section 3.5.2. Therefore the impor-

tance coefficients 𝜑𝑆 𝑔𝑗
 are not exactly the same as the intrinsic weights 𝑎(𝑔𝑗 ).   

The information asked to the DM was separated in intrinsic weights information and Interaction 

between criteria information, see section 3.5.3.4. However it may be complex to the DM to separate in 

his/her mind what is an intrinsic weight and what is not. Therefore we must expect weights definition to 

be affected by the subjectivity of DM‘s evaluation.  
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Therefore sensitivity analysis was developed to ensure robustness of the results. The objective 

was to compute the minimum change in the intrinsic weights of criterion 𝑔𝑗 , 𝑎(𝑔𝑗 ) (Mobius transform, 

see section 3.5.1) that would imply a variation on the raking position of an alternative 𝑎. It is important 

to remember that the intrinsic weights of each criterion do not take into account any interaction be-

tween criteria and are represented by the Mobius transform of each coefficient, see section 3.5.1. 

For this sensitivity analysis a matrix ∆𝑎(𝑔𝑗 ) is needed where each row represents a different con-

figuration and each column is associated with the criteria intrinsic weight variation. Each element 

of ∆𝑎(𝑔𝑗 ) represents: 

 ∆𝑎 𝑔𝑗  →  ∆𝜙:  𝜙 𝑏𝑎𝑓𝑡𝑒𝑟  𝑤𝑒𝑖𝑔 𝑡  𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛  − 𝜙 𝑎𝑎𝑓𝑡𝑒𝑟  𝑤𝑒𝑖𝑔 𝑡  𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛  =

0, 
(4.2.2) 

Here ∆𝑎 𝑔𝑗  represents the minimum variation in the intrinsic weight of criterion  𝑔𝑗  which pro-

duces a difference in the overall net flow, 𝜙 𝑎𝑎𝑓𝑡𝑒𝑟  𝑤𝑒𝑖𝑔 𝑡  𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛  , of the alternative  𝑎𝑖  sufficient to 

equal a flow, 𝜙 𝑏𝑎𝑓𝑡𝑒𝑟  𝑤𝑒𝑖𝑔 𝑡  𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛  , of other alternative 𝑏 (after the variation was performed which 

also affects the overall net flow of b). In other words we want to calculate the minimum intrinsic crite-

rion weight variation that produces a different ranking of the alternatives. 

The overall net flow of an alternative 𝑎 is defined, see section 3.5.3: 

 𝜑𝑐 𝑎 =   𝑎 𝑔𝑖 𝑢𝑗 (𝑎)𝑚
𝑗 =1 +   𝑎(𝑔𝑖 , 𝑔𝑗 )𝑚𝑖𝑛(𝑢𝑖(𝑎), 𝑢𝑗 (𝑎)){𝑖 ,𝑗 }⊆𝐺 . (4.2.3) 

The derivative of the overall net flow with respect to the Mobius transform 𝑎(𝑔𝑘) is expressed:  

 𝜕𝜑𝑐  𝑎 

𝜕𝑎 (𝑔𝑘 )
=  

𝜕

𝜕𝑎 (𝑔𝑘 )
 𝑎 𝑔𝑖 𝑢𝑗 (𝑎)𝑚

𝑗 =1 +

 
𝜕

𝜕𝑎 (𝑔𝑘 )
 𝑎 𝑔𝑖 , 𝑔𝑗  min 𝑢𝑖(𝑎), 𝑢𝑗 (𝑎)  ↔ 𝑖 ,𝑗  ⊆𝐺 , 

(4.2.4) 

as the values of 𝑢𝑗 (𝑎) do not change with the variation of the importance of criteria we can write,  

 𝜕𝜑𝑐  𝑎 

𝜕𝑎 (𝑔𝑘 )
=   

𝜕𝑎  𝑔𝑗  

𝜕𝑎 (𝑔𝑘 )
𝑢𝑗 (𝑎)𝑚

𝑗 =1 +   
𝜕𝑎  𝑔𝑖 ,𝑔𝑗  

𝜕𝑎 (𝑔𝑘 )
min 𝑢𝑖 , 𝑢𝑗  𝑖 ,𝑗  ⊆𝐺 . (4.2.5) 

𝜕𝜑𝑐  𝑎 

𝜕𝑎 (𝑔𝑘 )
 is the derivative of the overall net flow of alternative a, 

𝜕𝑎  𝑔𝑗  

𝜕𝑎 (𝑔𝑘 )
 are the derivatives of the different 

criteria importance 𝑎 𝑔𝑗  , with respect to variation on criterion importance 𝑎 𝑔𝑘 . 
𝜕𝑎  𝑔𝑖 ,𝑔𝑗  

𝜕𝑎 (𝑔𝑘 )
 is the deriva-

tive of the intrinsic weight of interaction   𝑎 𝑔𝑖 , 𝑔𝑗   with respect to variation on criterion impor-

tance 𝑎 𝑔𝑘 . To further develop the overall net flow derivative we introduce the normalization condition 

of the coefficients of the fuzzy measure applied to the Mobius transform, see section 3.5.1:  

  𝑎 𝑔𝑗  𝑗 ∈𝐺
+  𝑎 𝑔𝑖 , 𝑔𝑗  = 1

{𝑖 ,𝑗 }⊆𝐺
. (4.2.6) 

We assume that the interaction coefficients do not change when intrinsic criterion weights varia-

tions are considered. This is possible since we are using the Mobius Transform of a fuzzy measure 

instead of using the specific value of the fuzzy measure. Therefore we can separate the influence of 

interaction between criteria and intrinsic criteria importance.  

  𝑎(𝑔𝑗 )
𝑗 ∈𝐺

+  𝑎 𝑔𝑖 , 𝑔𝑗  {𝑖 ,𝑗 }⊆𝐺
=   𝑎(𝑔𝑗 )

𝑗 ∈𝐺
+  𝐼 = 1, 𝑤𝑖𝑡 𝐼 = (4.2.7) 
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 𝑎 𝑔𝑖 , 𝑔𝑗  {𝑖 ,𝑗 }⊆𝐺
= cte, 

therefore, using 4.2.5 and 4.2.7 we can write: 

 

𝜕𝜑𝑐  𝑎 

𝜕𝑎 (𝑔𝑘 )
=   

𝜕𝑎  𝑔𝑗  

𝜕𝑎 (𝑔𝑘 )
𝑢𝑗  𝑎 𝑚

𝑗 =1 , (4.2.8) 

where 𝐼 denotes 𝑎 𝑔𝑖 , 𝑔𝑗  {𝑖 ,𝑗 }⊆𝐺
. To proceed we must evaluate the derivative of the intrinsic 

weights, 
𝜕𝑎  𝑔𝑗  

𝜕𝑎 (𝑔𝑘 )
. Let us derive the condition 4.2.6:   

 
 

𝜕𝑎  𝑔𝑗  

𝜕𝑎  𝑔𝑘  
𝑗 ∈𝐺

+ 
𝜕𝐼

𝜕𝑎  𝑔𝑘  
= 0 ↔  

𝜕𝑎  𝑔𝑗  

𝜕𝑎  𝑔𝑘  
𝑚
𝑗 =1 = 0 ↔  

𝜕𝑎  𝑔𝑘  

𝜕𝑎  𝑔𝑘  
+  

𝜕𝑎  𝑔𝑗  

𝜕𝑎  𝑔𝑘  
𝑚−1
𝑗 =1 =

0, 

(4.2.9) 

𝜕𝐼

𝜕𝑎  𝑔𝑘  
 is the derivative of the intrinsic criteria interaction which is zero since we separated the intrinsic 

importance from the interaction. We assume that when we vary the value of a criterion 𝑔𝑘 ,  ∆𝑎(𝑔𝑘) all 

the remaining criteria are evenly affected in their importance, in such a way that the normalization 

condition remains valid, i.e. 
𝜕𝑎  𝑔1 

𝜕𝑎  𝑔𝑘  
= ⋯ =

𝜕𝑎  𝑔𝑚 −1 

𝜕𝑎  𝑔𝑘  
≠

𝜕𝑎  𝑔𝑘  

𝜕𝑎  𝑔𝑘  
= 1. By doing so, we assure that criterion 𝑔𝑘  

is the only one which varies its relative importance towards the remaining criteria. With these assump-

tions, using equation 4.2.9, it is possible to write:  

 𝜕𝑎  𝑔𝑘  

𝜕𝑎  𝑔𝑘  
= −  

𝜕𝑎  𝑔𝑗  

𝜕𝑎  𝑔𝑘  
𝑚−1
𝑗 =1  ↔  

𝜕𝑎  𝑔𝑗  

𝜕𝑎  𝑔𝑘  
= −

1

𝑚−1
, (4.2.10) 

with the condition 4.2.10 it is possible to simplify the overall net flow derivative:  

 𝜕𝜑𝑐  𝑎 

𝜕𝑎 (𝑔𝑘 )
=  𝑢𝑘 𝑎 +  (−

1

𝑚−1
𝑢𝑗  𝑎 )𝑚−1

𝑗 =1  ↔    
𝜕𝜑𝑐  𝑎 

𝜕𝑎 (𝑔𝑘 )
=

1

𝑚−1
(𝑚𝑢𝑘 𝑎 −

 𝑢𝑗  𝑎 𝑚
𝑗 =1 ). 

(4.2.11) 

which also implies that we are able to express variations on the overall net flow ∆𝜑 𝑎  of an alternative 

a when varying  the intrinsic importance of one criterion ∆𝑎(𝑔𝑘):  

 ∆𝜑 𝑎 =
𝜕𝜑𝑐  𝑎 

𝜕𝑎 (𝑔𝑘 )
∆𝑎(𝑔𝑘) , (4.2.12) 

Now to compute a change in the raking of alternative a, we consider that before the weight varia-

tion, alternative a was in a different position of the ranking concerning other alternative b. In a further 

step we apply a change into a specific criterion importance which is sufficient to bring the overall net 

flow difference (between a and b) to zero, defining thus the limit of a ranking variation. This idea can 

be summarized as follows:  

 ∆𝜑𝑓 ≡  𝜑𝑓 𝑏 − 𝜑𝑓 𝑎  𝑎𝑛𝑑  ∆𝜑𝑖 ≡  𝜑𝑖 𝑏 − 𝜑𝑖 𝑎 , 

∆𝜑𝑓 =  ∆𝜑𝑖 +  ∆𝜑 𝑏 −  ∆𝜑 𝑎  , 

(4.2.13) 

where 𝜑𝑓 𝑏  (𝜑𝑓 𝑎 )is the overall net flow of b (a) after the weight variation, 𝜑𝑖 𝑏  (𝜑𝑖 𝑎 )is the overall 

net flow of b (a) before the weight variation. ∆𝜑𝑓(∆𝜑𝑖) is the difference in the flows after (before) varia-

tion. ∆𝜑 𝑏  (∆𝜑 𝑎 ) is the variation of the overall net flow of b (a) due to the variation of the importance 

of a criterion.  
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We want the final difference to be zero, i.e. ∆𝜑𝑓 = 0 in order to change the ranking of alternative 

a. Therefore it is possible to calculate the necessary weight variation which implies ∆𝜑𝑓 = 0. Using 

equations 4.2.12, 4.2.13 and 4.2.11 we get, 

 ∆𝑎 𝑔𝑘 = −
(𝑚−1)∆𝜑 𝑖

(𝑚∆𝑢𝑘  𝑏 ,𝑎 −∆ 𝑢𝑗  𝑏 ,𝑎 m
j=1 )

, (4.2.14) 

where 

  𝑚∆𝑢𝑘 𝑏, 𝑎 − ∆  𝑢𝑗  𝑏, 𝑎 m
j=1 =  𝑚𝑢𝑘 𝑏 −  𝑢𝑗  𝑏 𝑚

𝑗 =1  −  𝑚𝑢𝑘 𝑎 −

𝑗=1𝑚𝑢𝑗𝑎. 
(4.2.15) 

Now we want to know the minimum change, in modulus, which produces a change in the ranking for 

any alternative and criterion: 

 
∆𝑎 𝑔𝑘   𝑎𝑖 = min   

 𝑚−1 ∆𝜑 𝑖 𝑎𝑙 ,𝑎𝑖 

 𝑚∆𝑢𝑘 𝑎𝑙 ,𝑎𝑖 −∆  𝑢𝑗  𝑎𝑙 ,𝑎𝑖 
𝑚
𝑗=1  

  . (4.2.16) 

∆𝑎 𝑔𝑘   𝑎𝑖  is the minimum weight variation of criterion 𝑔𝑘 which produces a variation on the ranking 

position of alternative 𝑎𝑖 . ∆𝜑𝑖 𝑎𝑙 , 𝑎𝑖  is the overall net flow difference between two alternatives 𝑎𝑙and 𝑎𝑖  

before the weight variation.  

Finally this result represents the matrix ∆𝑎(𝑔𝑗 )  previously referred, which is able to indicate 

whether the overall net flows already calculated for the configurations are robust enough. Now we 

compute the values for the specific case of this work in order to consolidate the analysis of the results:  

 ∆𝒂 𝑨𝑪  ∆𝒂 𝑹𝑷  ∆𝒂 𝑴𝑷  ∆𝒂 𝑨𝑷  ∆𝒂 𝑻𝑷  ∆𝒂 𝑴&𝑶𝑪  

Configuration 1 0,1705 IMP IMP IMP IMP IMP 

Configuration 2 0,0944 IMP IMP 0,1627 IMP IMP 

Configuration 3 0,0061 0,0117 0,0121 0,0063 IMP 0,0063 

Configuration 4 0,0061 0,0117 0,0121 0,0063 IMP 0,0063 

Configuration 5 0,0756 0,1420 0,1186 0,0800 IMP IMP 

Configuration 6 0,1724 0,1000 IMP 0,1107 IMP IMP 

Table 4.2.2:Minimum variation needed for a criterion to produce a variation on the configurations 
ranking. 

In the Table 4.2.2 the positions where ―IMP‖ is attributed indicate that there is not possible varia-

tion of the criterion intrinsic weight that would produce a change in the ranking of that alternative. The 

main goal of this analysis is to test the robustness of the results. We assume that the results are ro-

bust if the necessary weight variation to produce a ranking change required is ―large‖. The meaning of 

―large‖ in this context is associated with the order of magnitude of that variation concerning the weight 

value. Therefore we only question the robustness of a result if the variation calculated is less than 

10% of the weight initial value.  

It is possible to observe from the values of Table 4.2.2 that Configuration 1 is practically fixed 

concerning the ranking obtained. The only possibility for Configuration 1 to change in the ranking 
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would be to assume that the intrinsic weight of criterion Acquisition Cost would vary from 0.1818 to 

0.3523 (0.1818 + 0.1705), which would represent a variation of 94% which is far from being a small 

variation of the weight. Therefore we state that the result obtained for Configuration 1 is robust from 

the weight sensitivity analysis perspective.  

In what Concerns Configuration 2, a change in the raking position would only be verifiable for a 

variation in criterion Acquisition Cost from 0.1818 to 0.2762 (0.1818 + 0.0944), which would represent 

a variation of 52 % which is also not a small variation for a weight. Also it would be possible to vary the 

ranking of configuration 2 if the criterion Availability Performance changed from 0.0909 to 0.2536 

(0.0909 + 0.1627), which would represent a variation of 179 % of the intrinsic weight. This variation is 

also far from being small as it would change completely the relative importance given to the criterion 

among all other. From these results we can confirm the robustness of the ranking position of Configu-

ration 2. 

We continue by analysing configuration 3. In this case the position on the ranking obtained is not 

robust at all. Besides the criterion Tracking Performance, a change in the ranking is possible varying 

any of the remaining criteria. For Acquisition Cost we observe that the ranking change occurs for a 

variation of 0.0061 in the weight importance, which corresponds to a variation of approximately 3%. 

Considering the argument referred above this is a very low value therefore a slightly different impor-

tance given to this criterion could result in a change of its position. Continuing with criterion Reception 

Performance the needed weight variation is 0.0117 which represents a variation of 6 % on the attribu-

tion of the importance to this criterion. Once more the robustness of this result is completely question-

able. For the remaining three criteria Market Potential, Availability performance and Maintenance and 

Operation Cost we observe the same phenomenon. The needed variations on those criteria are re-

spectively 0.0121, 0.0063 and 0.0063, which correspond to variations of 9 %, 7 % and 14 % compar-

ing to weights initial values. The only criterion that may be considered robust enough is the Mainte-

nance and Operations Cost with 14 % of variation associated. We can therefore infer that the position 

on the raking that we observe is largely volatile once any slight change in the importance of criteria is 

sufficient to change the position of configuration 3.  

We proceed to analyse configuration 4. It is directly perceptible that the minimum variations 

needed are the same as for configuration 3. This means that these two alternatives have alternant 

positions when weights variations are performed (these variations are given by Table 4.2.2). We al-

ready saw that configuration 1 and 2 are robust enough to stand variations of the magnitude of varia-

tions calculated for configuration 3. Therefore if small variations were considered Configuration 1 and 

2 would remain the same and configuration 3 and 4 would have alternant positions. Therefore to have 

the complete picture of the robustness of this ranking we must look at configuration 5 and 6.  

We continue with Configuration 5. For this configuration variations on criteria Tacking Perform-

ance and Maintenance and Operations Cost are not capable of producing a change in the ranking 

position of configuration 5. However variations on criteria Acquisition Cost, Reception performance, 
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Market Potential and Availability Performance are capable of producing ranking changes on configura-

tion 5. These variations are respectively 0.0756 (42 % of variation), 0.1420 (77 % of variation), 0.1186 

(87 % of variation) and 0.0800 (88 % of variation). We observe that the values of these minimum 

variations are comparable to the order of magnitude of each intrinsic weight importance. Therefore we 

observe that this configuration is robust regarding weight variation.  

Finally we analyse configuration 6. For this configuration the only criteria variation producing a 

change in its position are Acquisition Cost, reception Performance and Availability Performance. The 

variations values are respectively, 0.1724 (95 % of variation), 0.1000 (55 % of variation) and 0.1107 

(122 % of variation). All of the values obtained are considered large deviations relatively to each crite-

rion initial weight. Therefore we assume configuration 6 as being highly robust what concerns the 

weight sensitivity.  

The results of the sensitivity analysis show that all the configurations are robust except for con-

figuration 3 and 4. Also we observe that for small variations assumed at maximum 10 % of each 

weight, only configurations 3 and 4 were possibly affected. Indeed those two configurations would 

have alternant behaviour, therefore in what concerns the final results there are no major changes to 

the ranking obtained with PROMETHEE if we consider that weights are not completely objectively 

attributed. Therefore the main observations are maintained: Configuration 1 should not be selected in 

any way and the more recommendable option to substitute the current infrastructure is configuration 6. 

4.2.2 Interaction between Criteria Discussion  

Now we discuss the modification introduced in the aggregation procedure of PROMETHEE.  It 

is important to know to what degree this modification changed the results. Therefore we must compare 

this results to a similar analysis that would not take into account for criteria interaction and observe 

what changes would occur. To do so, it is necessary to find a comparable set of weights that would be 

used in the usual PROMETHEE implementation, see section 2.3.1. The weights needed should pro-

vide a similar importance of each criterion. However criteria interaction should not be taken into ac-

count for this comparative implementation. A close definition of these criteria already exists and was 

provided in section 3.5.2. The importance coefficients 𝜑𝑆 𝑔𝑗
 represent exactly the weights needed to 

perform this comparison. Also they are normalized weight vector which can be directly introduced in 

the classical PROMETHEE procedure. The Table 4.2.3 shows the results for the overall net 

flows 𝜑(𝑎𝑖) calculated in the classical way using the importance coefficients 𝜑𝑆𝑔𝑗
 as the weight vec-

tor. 

 
𝜑 - Overall Net flow 

Configuration 1 -0,242203112 

Configuration 2 -0,131842436 

Configuration 3 0,0624582 

Configuration 4 0,08528512 
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Configuration 5 0,0435406 

Configuration 6 0,182761627 

Table 4.2.3:Results obtained for the overall net flows for each different configuration when interaction 
between criteria is not considered. 

  For a better visualization, Figure 4.2.1 compares graphically the two results obtained for 

overall net flows with Interaction between criteria and for classical overall net flows.  

 

Figure  4.2.1:Comparison between the overall net flow obtained for each configuration when criteria 
interaction is considered (red bars) and when it is not (blue bars). 

 The Figure 4.2.1 presents the overall net flow calculated without Interaction (bars in blue) and 

the overall net flow calculated with interaction (bars in red) for each alternative. All configurations have 

a smaller overall net flow when interaction between criteria is taken into account.  

We observe that the overall effect of not taking into account for interaction phenomenon is, in 

this case, an overvaluation of each configuration overall net flow. Also we observe that configuration 3 

is placed in the second position of the ranking when interaction between criteria is considered, while it 

changes with configuration 4 when the classical method is applied. This reveals that configuration 3 

has a better performance than configuration 4 in the overall interaction effect. This implies that Cho-

quet Integral can have serious impacts on the results.  

This result can have serious consequences on the decision for the case of this work, since an 

eventual implementation of configuration 6 is in great part ESA responsibility. As a consequence it 

may be impossible to implement configuration 6. Therefore the DM may be forced to select the second 

most favourable option. We observe that the impacts of using the Choquet integral are very large, 

mainly in terms of initial investment if the DM is selecting the second most favourable option.  

 On the other hand we also observe that the overall net flow difference between the configura-

tion 6 and the second placed configuration is larger when interaction between criteria is considered,  

 𝜑𝑐 𝐶6 − 𝜑𝑐  𝐶3 = 0,15 >  𝜑 𝐶6 − 𝜑 𝐶4 = 0,09, (4.2.17) 

where 𝜑𝑐 ,(𝜑) is the overall net flow considering (not considering) interaction. This means that when 

criteria interaction is considered the validity of selecting configuration 6 is increased. As a conse-
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quence we observe that introducing this modification enabled a more objective selection of the most 

favourable configuration and helped to understand that configuration 6 is impossible to be imple-

mented, configuration 3 can actually perform better than configuration 4. Hence even in this case we 

are able to provide the DM with a strong recommendation.    

  It is however important to refer, that in general, the main observations are maintained: Con-

figuration 1 should not be selected in any way and the more recommendable option to substitute the 

current infrastructure is configuration 6. Therefore since the results are consistent, we did not explore 

errors eventually induced by the attribution of strengths to interaction. This can be performed and fully 

analysed in future works in order to test and fully validate the methodology presented.  

4.2.3 Alternatives Performances Results Discussion 

All the performances attributed to configurations on each different criterion have uncertainties 

associated. This is related to the fact alternatives performances are based in attributes which consist 

in estimates for each new configuration considered (except for configuration 1). We did not fully ex-

plore the propagation of uncertainties by the aggregation procedure, however we refer the perform-

ances that we think that could have larger impact.  

The performances attributed to the criterion Market Potential were given with support of man-

agers and specialists, see section 3.3.3. However more precise approaches could be envisaged. We 

briefly describe two different of them.  

A market study, if performed, could help in the identification of the Market Potential perform-

ances for each configuration presented in this work. This could be achieved by segmenting the 

Ground segment space market by available services provided and check for each configuration which 

were the possibilities of exploitation of those market segments. A second approach could also be en-

visaged. Similarly to what was done in this work, a query to an ensemble of specialists and managers 

could be performed. However the information obtained should be acquired from outside sources of the 

company. This would eventually decrease the possibilities of introducing bias in the attribution of a 

performance in this criterion, see section 1.3.1.1. Therefore we suggest as future work to explore the 

possibility of using external questionnaires to assess market information. 

Other group alternatives performances that can represent a source of error to this work are re-

lated with cost estimates. We refer that pessimistic evaluations were performed. The Maintenance & 

Operations Cost performances for the case where a new infrastructure was considered (Configura-

tions 4, 5 and 6) were performed considering that fixed costs (Electric Power supply, etc) would dou-

ble and that more engineering personnel would be necessary. A new infrastructure would also repre-

sent a larger quantity of acquired data which would also represent an increase of engineering to oper-

ate and treat infrastructure and products.   
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Finally in what concerns availability it was also considered a pessimistic scenario where the 

current infrastructure would only serve as backup for ESA missions if a new Infrastructure was in-

stalled. However we shown that the results are robust to this factor since the most favourable configu-

ration (configuration 6) actually presents the lowest performance on the availability criteria (availability 

of 90 %). We noticed that a more accurate estimate of the services‘ availability would only be possible 

if contractual details were already known from the exploitation contracts of the existent infrastructure 

between ESA and the company exploring imagery services in SMA. 

4.2.4 Selected Criteria Results Discussion 

Criteria selection is crucial in MCDA techniques. There is not a recipe that is able to tell us the 

number of criteria needed to express the objectives of the decision. Therefore the support of special-

ists and logical definition of criteria is essential. The criteria selection process was discussed in meet-

ings with both managers and specialists of the SMA department. Two main issues were addressed in 

this problem. Find a way to define objectively measurable criteria and ensure that once defined, crite-

ria would clearly address the objectives of the decision. As a consequence a hierarchical procedure 

was selected to find suitable criteria family.  

There is not a mean for directly evaluating the consequences of selecting a specific criteria 

family. Therefore it is complex to assess suitability of those criteria to describe the problem objectives. 

Selecting different criteria families and compare the results obtained could be a way of assessing cri-

teria performance. However this was out of the scope of this work. As a consequence we based our 

observations of criteria selection in the process used to select them.  

Some specific notes about selected criteria are important to be referred. There was no techni-

cal criterion assessing the transmitting capabilities of each configuration. Configuration 5 and 6 were 

the only configurations that could provide transmitting services. This was not accounted for the techni-

cal perspective. However this difference was not completely forgotten since the performance of con-

figuration 5 and 6 concerning the Market Potential criterion took its transmitting capabilities into ac-

count, as more services would be possible to be provided with transmitting capabilities.    

 Finally we must address a specific issue concerning the criterion Tracking Performance. As it 

is possible to observe in Table 4.2.2, see section 4.2.1, that there is no possible weight variation that 

would change the order of alternatives. Therefore we observe that Tracking Performance criterion did 

not play a fundamental role for defining the ranking of alternatives, since if it did not exist at all the 

results would be the same.  

4.2.5 Local Preference Functions Results Discussion  

The definition of the Local Preference Functions is the heart of the PROMETHEE method. This 

method is based in assessing the difference of alternatives‘ performances rather than attributing a 

value to each alternative. Therefore any type of judgment directly based on the performance of criteria 
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is meaningless for PROMETHEE, see section 2.3.1. As a consequence only deviations have a clear 

meaning of preference. However we observe that basing the preference judgements only in differ-

ences of alternatives performances has limitations. In the specific case of this work we can point out 

that Configuration 1 may have been negatively affected by the pairwise comparison method. The main 

reason is due to the fact that no special importance was given to the fact that this configuration did not 

need any investment as its performance on the Acquisition Cost criteria is zero, see Table 4.1.1.  

However this is an advantage by itself, but since only performances differences are considered the 

intrinsic value of performances is lost. In other words PROMETHEE produces preferences statements 

only considering the universe of alternatives provided. Therefore we observe that the preferences 

judgments for configuration 1 may have been not as good as they should, see Table 4.1.2.   

Finally we must refer that uncertainties are also associated with the definition of the shape func-

tions describing the preference functions and the parameters associated. Future work could be done 

by varying the shape and the values of parameters defining preference functions. This work was not 

addressed since the expected impact on the results is not of the same magnitude as possible errors 

introduced by other error sources, namely weight attribution, see section 4.2.1. Namely varying the 

shape of the preference function has a low order effect on the preference values and consequently on 

overall net flows when compared to direct weight variation which directly affects the overall net flow. 
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5 Conclusions and Future Work 

This work implemented and developed an MCDA method for selecting the most favourable con-

figuration for Santa Maria Ground Segment in Açores. A research and selection of the method to apply 

was necessary due to the large diversity of exiting MCDA methods. Recurring to an MCDA technique 

the methods‘ quality was analysed and the PROMETHEE method was selected and implemented as it 

showed to be the most suitable method to apply.  

Criteria family was derived hierarchically to ensure the fulfilment of the main objectives of the de-

cision. In the bottom of the criteria tree measurable criteria were created with defined units associated. 

This allowed evaluations to be performed on an objective basis avoiding associated uncertainties.      

Strong criteria correlation was present in the criteria family defined for this work. Hence criteria in-

teraction was analysed and modelled in this work. An improvement in the PROMETHEE method was 

developed and implemented to enable criteria interaction modelling. The Choquet Integral was used to 

aggregate a fuzzy measure defining criteria interaction. The redefinition of the overall net flow of 

PROMETHEE permitted to take into account for criteria interaction. Finally an elicitation procedure to 

identify the fuzzy measure was proposed, providing the DM with a tool to define criteria relative impor-

tance in a simple way.   

The results obtained showed that the installation of a new infrastructure is the most favourable 

scenario for the Ground Segment. On the other hand the results also showed that the maintenance of 

the current infrastructure is most disadvantageous scenario.   

The implementation of the fuzzy measure elicitation procedure ensured that initial constraints de-

fined by the DM were satisfied. However due to possible uncertainties a sensitivity analysis on the 

fuzzy measure values was performed from which it was possible to conclude that all the configurations 

scores were robust except for configuration 3 and 4 which alternate together for small values varia-

tions. No major changes to the final recommendation were observed. Hence the ranking obtained is 

robust and the initial recommendation is verified and reinforced.  

We observed that if criteria interaction was not taken into account an overvaluation of alternatives 

would occur. In addition we observed that the ranking order of configuration 3 and configuration 4 

changed when criteria interaction was taken into account. Configuration 3 shows more equilibrated 

performances. As a consequence it is favourable to configuration 4. This illustrated that the modifica-

tion introduced in PROMETHEE method can actually impact the final decision. In addition when the 

modified PRROMETHEE was implemented the most favourable alternative showed a larger difference 

for the second placed alternative in the global ranking. Hence the final recommendation was main-

tained and reinforced.   
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We noticed that more precise approaches could be envisaged to evaluate the Market Potential 

criterion, namely by means of external questionnaires or extended market research.  Cost estimates 

uncertainties also affected criterion performances and represented a source of error to final results. 

Availability performances were considered in a pessimistic scenario to avoid undefined or unfeasible 

configurations. Better estimates would only be possible if more detailed contractual information was 

available. 

We observed that the transmitting capabilities of the different alternatives were not directly evalu-

ated which could be pointed out as a disadvantage. Also we verified that the impact of the criterion 

Tracking Performance is limited since any variation on its importance value would not change the or-

der of alternatives.       

We also verified some limitations associated with the PROMETHEE implementation. As the pref-

erence judgements only consider differences among the alternatives defined in the Universe of alter-

natives, the actual value of each alternative performance is lost. Namely we observed that the acquisi-

tion cost related with the current infrastructure was underestimated, since PROMETHEE does not 

attribute any type of preference related with the fact that this alternative did not need any initial in-

vestment.   

As future work an enhancement of the weight elicitation technique can be envisaged, namely us-

ing different cost functions to optimize the procedure. Other interesting and important development is 

the construction of preference function elicitation technique. It should be possible to derive function 

shapes for preference functions by asking a group of questions that the DM was able to answer. This 

would require no modelling effort from the DM perspective and would provide an easier decision proc-

ess. Finally the development and application of tailored tool to analyse uncertainty propagation and 

results robustness must be envisaged. This would improve the reliability of the results obtained with 

the modified PROMETHEE.  
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