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INTRODUCTION 

MCDA techniques have been applied to help Decision Making in the Aerospace 

Sector [1]. More than ever technical, operational, financial and environmental 

constraints limit the development of the Aerospace Industry [2]. Consequently, 

Decision 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 Manufacturing Industry, 

focusing on make or buy decisions [3]. PROMETHEE method was selected and 

implemented. The work provided a structured approach to define which product 

parts should be outsourced and which parts should be developed by the 

Manufacture.  

A performance evaluation study used an MCDA technique in satellite system 

design process [4] to identify which subsystem had less satisfactory 

performances. This study used the PROMETHEE method. This study concluded 

that management plans, re-views, meetings, learnt lessons and project members‟ 

performance feedback needed to be improved.   

The problem of high level of subjectivity in early design phases was addressed by 

using recurring to MAUT [5]. Results indicated an improvement of 

communication throughout the design phase and between specialists having 

different backgrounds and needs. 

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 

configurations are considered for the development of Ground Segment Services. 

This work presents a structured approach based on an MCDA methodology to 

identify and reflect about the most favourable one.  

The approach depicted in this work starts to select the appropriate MCDA 

method. In a further step the method is implemented. Later on we implement the 

aggregation procedure taking into account for criteria interaction and we propose 

a weight elicitation technique. Finally the results obtained are presented and 

analysed.  

 

MCDA METHODS ANALYSIS AND SELECTION 

Nowadays there are near 70 different MCDA methods [6]. A full review of each 

one is out of the scope of this work. Hence only a set of representative methods is 

analysed. It was possible to infer from the literature the most commonly used 

MCDA methods in similar problems: PROMETHEE, ELECTRE and MAUT 

methods. In addition each one of them has a different aggregation procedure type. 

Hence the analysis of these methods provides a global view of the overall MCDA 

methodology. The objective is to select the appropriate method to apply in the 

specific case of Santa Maria ground Segment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

An evaluation of the methods referred is performed to assess the method‟s quality 

taking into account different factors. We considered the following criteria to 

evaluate the method‟s quality.   

 

Criteria concerning methods theoretical issues   

A first criterion is related to interdependence between criteria. Due to complexity 

of problems, it is usual to have criteria interdependence. As a result the method 

should incorporate a mechanism that takes interdependence into account. 

A second criterion concerns hypersensitivity regarding the lack of one criterion in 

the problem definition. The method should be robust to this kind of problem.  

Other criterion is related with the preference building process. There are methods  

which allow the definition of non linear preferences [7], [8] . The methods should 

be able to incorporate this.  

Another criterion is related with the possibility of defining weights for each 

criterion. The possibility of defining weights is crucial to ensure method‟s 

quality.  

Finally the aggregation procedure type is also a criterion used to evaluate 

method‟s quality. There are mainly two types of aggregation procedures: The 

outranking relation procedures and the utility function based procedures [9].  

 

Criteria Concerning Methods Logistic Context   

Time is often determinant. As a consequence the ease of use and the time 

efficiency a method application are important criterion to evaluate methods‟ 

quality.  

 

Criteria Concerning the Problem Structure  

Other criterion is related with possibility to integrate ordinal and cardinal 

preferences in the evaluation. 

The flexibility to take into account criteria which are of completely different 

nature is considered as a criterion to evaluate method‟s quality.  

Other criterion is method combination that can provide at the same time qualities 

of different methods.  

In sum criteria considered to evaluate the method‟s quality are: Criteria 

Interdependence; Criteria Completeness; Preference Building Process; Criteria 

Weighting; Finding Procedure; Time Constraint; Scale Flexibility; Criteria 

Nature adaptability; Method Integration Flexibility.  

PROMETHEE Method  

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

build an outranking relation [7]. This relation expresses the degree of validity of 

the statement: a is preferable to b taking into account all the set of criteria.  
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Local preferences definition 

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

alternatives rather than to attribute scores to each alternative. In general, larger 

deviations suppose larger local preference differences: 

 𝑑𝑗  𝑎, 𝑏 =  𝑔𝑗 (𝑎) − 𝑔𝑗 (𝑏). 
(2.1) 

Where 𝑔𝑗 (𝑎)(𝑔𝑗 (𝑏)) is the performance of a (b) on the criterion 𝑔𝑗  and 𝑑𝑗  𝑎, 𝑏  

is the deviation. In a further step local preference level is associated with that pair 

of alternatives deviation. The local preference levels vary 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 , 
(2.2) 

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.  

Preference Indexes and Outranking Flows     

 

The mechanism which expresses the global preference level between two 

distinguishable alternatives is the preference index. Let 𝑎, 𝑏 ∈ 𝐴, the positive and 

the negative preference indexes are:  

 𝜋 𝑎, 𝑏 =   𝑃 𝑎, 𝑏 𝑗 𝑤𝑗
𝑚

𝑗=1
 𝑎𝑛𝑑  𝜋 𝑏, 𝑎 =   𝑃 𝑏, 𝑎 𝑗 𝑤𝑗

𝑚

𝑗 =1
. 

(2.3) 

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. 𝑤𝑗  are 

the importance of criteria. The meaning is the same as for the local preference 

levels, but this time all different perspectives coming from all the criteria are 

considered.  

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

much an alternative a is preferable or non preferable to the universe of 

alternatives. The positive and negative outranking flows are: 

 
𝜑+(𝑎)  =  

1

𝑛−1
 𝜋(𝑎, 𝑥)

𝑥∈𝐴
, 

 

𝜑−(𝑎)  =  
1

𝑛−1
 𝜋(𝑥, 𝑎)

𝑥∈𝐴
, 

(2.4) 

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 .   

Outranking Relations 

 

The positive and the negative flows are merged together to form the Overall Net 

Flow, 𝜑(𝑎): 

 𝜑(𝑎) = 𝜑+(𝑎) − 𝜑−(𝑎). (2.5) 

The higher the Overall net flow the better the alternative. The possible outranking 

relations are:    

 𝑎 ≽ 𝑏 𝑖𝑓𝑓 𝜑(𝑎) > 𝜑(𝑏), 

𝑎~𝑏 𝑖𝑓𝑓 𝜑(𝑎) = 𝜑(𝑏). 

(2.6) 

ELECTRE Method 

 

This method was first developed by B. Roy [8]  and its main idea is to build an 

outranking relation.  

Concordance and Discordance Indexes 

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 𝑎 ≽ 𝑏. Its 

expression is: 

 𝐶𝑖𝑛𝑑𝑒𝑥  𝑎 ≽ 𝑏 =   𝑤𝑗𝑗 :𝑔 𝑎 𝑗 >𝑔 𝑏 𝑗
, (2.7) 

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 order to verify if there is a sufficient quantity of 

criteria in favour of 𝑎 ≽ 𝑏 the concordance index must be validated. A 

concordance threshold exists 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.   

 

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 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  represents 

the ensemble of criteria which do not support the assertion 𝑎 ≽ 𝑏.  

𝐷𝑖𝑛𝑑𝑒𝑥  𝑎 ≽ 𝑏 =  𝑚𝑎𝑥  𝑗: 𝑔 𝑎 𝑗 < 𝑔 𝑏 𝑗   𝑔 𝑏 𝑗 −  𝑔 𝑎 𝑗 }, 
(2.8) 

To verify that there is not a strong opposition to 𝑎 ≽ 𝑏 the Discordance index 

must be validated. A discordance threshold exists 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 tests must be performed for every pair of alternatives. Finally it is possible 

to extract all the dominated alternatives using ELECTRE method.  

MAUT Method 

We consider the set 𝐴 of alternatives, with each alternative represented by its 

attributes vector, 𝑎: =  (𝑋1 , 𝑋2 . . . . . 𝑋𝑛 ) 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 𝑔 𝑎 1 , . . . . . , 𝑢𝑛 𝑔 𝑎 𝑚  ≥

 𝐹(𝑢1(𝑔(𝑏)1), . . . . . , 𝑢𝑛 (𝑔(𝑏)1)). 

(2.9) 

 

The function 𝐹: 𝐴 →  ℝ+ is called the Utility function and 𝑢𝑖: 𝑎𝑖  →  ℝ+  (𝑖 =

1, . . . , 𝑛) 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 [10].       

Method Selection 

The evaluation of methods‟ quality permits the selection of the most appropriate 

method to use. To determine which method is the most advantageous, quality 

criteria performances must be attributed for each method. The evaluation was 

performed 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..  

Evaluation results 

The evaluation of methods is presented. To each criterion it was attributed a 

weight representing its importance. We assumed three degrees 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 

Process 
High (0,136) 3 2 

2 

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

Finding Procedure High (0,136) 3 1 
3 
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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 1:Evaluation Table of MCDA methods. 

 

PROMETHEE method shows the highest score. Hence we implement this 

method for the case of this work.   

 

METHODOLOGY IMPLEMENTATION AND DEVELOPMENT  

Alternatives Definition: Ground Segment Attributes  

To define each alternative a set of attributes is proposed. This process is 

important as it transforms a real alternative into a set of parameters. 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. This attribute is presented in 

KEuros/year  (K€/year).   

Acquisition Cost: This concerns all costs of acquiring and installing all new 

components of a specific configuration. This parameter is presented in Euros (€). 

System Technical Characteristics: The system technical characteristics are 

resumed for each configuration. This information enables the differentiation of 

technical performance of each infrastructure.  

Availability: This attribute is related to service Operation. It reflects the 

percentage of the time dedicated to the mission. It is important to notice that all 

the availability estimates were performed taking into account a pessimistic 

scenario. This parameter must be presented in percentage of availability of the 

system (%).    

Configuration 1: Current Infrastructure 

Operating Cost: The operation costs include all costs to run the equipment. 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 Technical characteristics: 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 [11]. 

This infrastructure also presents auto tracking capabilities in S Band. This 

configuration also provides auto tracking capabilities. 

Availability: The availability 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% 

(3.1) 

The calculated availability of the system is 92%. 

Configuration 2: Current Infrastructure plus X Band Feeder Cooling 

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 infrastructure is presented. 

Engineering Project + Installation Cost + Shipping cost + Components 

Purchasing cost = Acquisition Cost. The Acquisition cost is estimated to be 500 

K Euros.   

System 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 [11]. 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.   

Availability: This configuration availability would be approximately the same as 

for the configuration 1, as the commercial service framework would be the same. 

Therefore an availability of 92% is expected. 

Configuration 3: Current Infrastructure plus X Band Auto tracking Capabilities 

Operating Cost: The operation costs of this configuration are expected to be 

similar to those of configuration 1Therefore the operation cost associated 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 defined 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 Purchasing cost = 

Acquisition Cost. The Acquisition cost is thus estimated to be 500 K Euros.  

System 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. The expected 

Figure of Merit G/T is 29 dB/K.    

Availability: This configuration availability would be also the same as for the 

first configuration. Therefore an availability of 92% is expected. 

Configuration 4: New S Band and X Band Rx Infrastructure 

 

Operating Cost: The infrastructure would double therefore fixed costs also do. 

More specialized 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) 

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. An estimation of the costs is. Engineering 

Project + Installation Cost + Shipping cost + Components Purchasing cost = 

Acquisition Cost. The Acquisition cost is thus estimated to be 2500 K Euros. 

System 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 

[12]. This configuration would also have auto tracking capabilities in both S and 

X band.  

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. 

 
1 𝑤𝑒𝑒𝑘 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑐𝑒 = 7 𝑑𝑎𝑦𝑠 →

𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
365−7

365
≈ 98%. 

(3.3) 

The system availability is estimated to be 98%.  

Configuration 5: New S Band and X Band Rx/Tx Infrastructure 

 

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.   
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Acquisition Cost: The estimation of the acquisition cost would be based in the 

same considerations as for configuration 4. The Acquisition cost is thus estimated 

to be 3000 K Euros.  

System 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. 

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. 

Configuration 6: New ESA Infrastructure with Current Infrastructure as backup  

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 Technical Characteristics: This configuration would provide S Band 

and X Band Transmission and Reception of data. Auto tracking would be 

possible in the two Bands. The system has an angular data accuracy of 80 mdeg. 

The parabolic antenna has 15 meter of diameter. The overall system Figure of 

Merit G/T concerning X Band reception is 37.5 dB/K. 

Availability: As the system is able to perform several services, ESA will require 

a more frequent use of the services provided by the station, namely remote 

control satellite missions.  Therefore we would consider that ESA would require 

4 weeks instead of 3 weeks of operation.     

 
4 𝑤𝑒𝑒𝑘𝑠 + 1 𝑤𝑒𝑒𝑘 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑐𝑒 = 5 ∗ 7𝑑𝑎𝑦𝑠 =

35 → 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
365−35

365
≈ 90%. 

(3.4) 

The availability is considered to be 90%.  

 

Criteria Selection  

 

The prime objectives are to develop the existing infrastructure in order to deliver 

a better QoS while taking into account economical factors. In order to derive 

criteria a hierarchical construction of the criteria family could be envisaged [13]. 

The lower level criteria must ensure coherence and lead to an objective 

evaluation of the respective higher level criterion. In this work a hierarchical 

construction of criteria family was performed. Usually this hierarchical structure 

of criteria is named as criteria tree [13]. It is important to notice that existing 

criteria at the bottom of criteria tree must be easily evaluable. These criteria are 

called measurable criteria. The evaluation of criteria must be based in attributes 

or groups of attributes defined for each alternative [14]. The criteria tree derived 

after discussion with specialists and managers is: 

 
Figure 1: Criteria Tree for this work. 

 

The main objective was synthesized as the Economical Quality of Service. This 

is a brief description of the company‟s main objective from the decision. Two 

high level criteria were considered: Economical and Service Quality Criteria. As 

the aggregation 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, four criteria were derived: Cost Criteria, Market 

Potential Criteria, Technical Criteria, Operational & Maintenance Criteria. 

The last level of the criteria tree is composed by measurable criteria. Each 

individual criterion evaluation is associated with the alternatives‟ attributes. The 

measurable criteria considered are presented.    

Maintenance & Operations Cost: 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).  

Acquisition cost: It is an important criterion to consider because it represents the 

initial investment needed associated with each configuration. It is a criterion to be 

minimized and is directly measured by the sum of all costs needed deliver the 

infrastructure operational.  

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. The evaluation of this 

criterion was determined by company ground segment specialists and managers.  

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 performance 

indicator of an acquisition chain is its figure of merit (G/T) [11]. Therefore the 

reception performance criterion of each configuration is measured through the 

value of its Figure of Merit G/T in dB/K.  

Tracking Performance: Tracking performance criterion evaluation is given by a 

Boolean value. If the infrastructure provides auto tracking capabilities the 

performance is 1 and 0 if the contrary is true.   

Availability Performance: The availability performance criterion is measured 

directly by each configuration‟s availability attribute (%).  

Local Preference Functions implementation 

Each criterion defined must be analysed and a shape must be selected to represent 

the local preference function.  

Maintenance & Operations Cost: The costs must be minimized. 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  [7]: 

 
𝑃 𝑎, 𝑏 𝑗 =  𝑃𝑗  −𝑑𝑗  𝑎, 𝑏   ∀ 𝑎, 𝑏 ∈ 𝐴. (3.5) 

In what concerns criteria related with costs we assume that higher deviations in 

evaluations produce higher local preference levels. Consequentially the function 

𝑃𝑗  𝑎, 𝑏  must be strictly increasing. We consider 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.  

 𝑃𝑀&𝑂 𝐶𝑜𝑠𝑡  𝑑 =   
0                 𝑖𝑓 𝑑 ≤ 0

1 −  𝑒
−

𝑑2

𝑠2   𝑖𝑓 𝑑 > 0

  (28) 

To use the Gaussian shape, it is necessary to define the parameter 𝑠. We compute 

the parameter s by expressing the performance difference, 𝑔𝑗  𝑎 −  𝑔𝑗  𝑏 , of 

Maintenance and Operations Cost criterion that produces a preference level of 

0.5. To calculate 𝑠 we first compute the deviations −𝑑𝑗  𝑎, 𝑏  for any pair of 

alternatives belonging to 𝐴. In a further step we consider the maximum calculated 

deviation. Now we consider that the preference level 0.5 is obtained if half of the 

maximum deviation is considered. 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
  

 (3.6) 
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Acquisition Cost: The acquisition cost local preference function definition 

follows the same reasoning as for Maintenance and Operations Cost.  

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. 

.  

 𝑃𝑀𝑎𝑟𝑘𝑒𝑡  𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙  𝑑 =   

0            𝑖𝑓 𝑑 ≤ 0
𝑑  𝑖𝑓 0 ≤ 𝑑 ≤ 1
1           𝑖𝑓 𝑑 ≥ 1

    (3.7) 

If the performances deviation between alternatives a and b is 0 the preference 

level of 𝑃𝑗  𝑎, 𝑏 = 0. A deviation of 1 is considered to represent a preference 

level, 𝑃𝑗  𝑎, 𝑏 = 1. 

Reception Performance: ESA standards require for Earth acquisition chains, a 

minimum Figure of merit G/T value of 32 db/k [12]. In this case we use a 

difference to serve as reference value. In this case we assume 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. If we had select the value 1 

(meaning completely preference) we would not be able to distinct differences 

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.. 

 𝑃𝑅𝑒𝑐𝑒𝑝𝑡𝑖𝑜𝑛  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒  𝑑 =   
0                 𝑖𝑓 𝑑 ≤ 0

1 −  𝑒
−

𝑑2

𝑠2   𝑖𝑓 𝑑 > 0

  (3.8) 

The parameter 𝑠 must be calculated.: 

 
1 −  𝑒

−
𝑑2

𝑠2 = 0,9 𝑓𝑜𝑟 𝑑 = 32 − 26 dB/k → 𝑠 =
6

  ln(0,1) 
  

(3.9) 

 

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 

function: 

 
𝑃𝑇𝑟𝑎𝑐𝑘𝑖𝑛𝑔  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒  𝑑 =   

0  𝑖𝑓 𝑑 = 0
1 𝑖𝑓 𝑑 = 1

  (3.10) 

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.  

We consider the maximum difference in availability existent between 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 )},  (3.11) 

gives thus the following preference function, 

 

𝑃𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒  𝑑 =

 
 

 
0            𝑖𝑓 𝑑 ≤ 0
𝑑

𝑝
  𝑖𝑓 0 ≤ 𝑑 ≤ 𝑝

1           𝑖𝑓 𝑑 ≤ 𝑝

   𝑤𝑖𝑡 𝑝

=  𝑚𝑎𝑥{𝑑𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒  (𝑎𝑖 , 𝑎𝑗 )} 

(3.12) 

Aggregation Procedure  

 

To proceed with the implementation of the aggregation procedure it remains to 

define criteria weights. 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 [15].  

Consider the pair of criteria Reception Performance and Acquisition cost. 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, [11]. And the gain 𝐺𝑠𝑦𝑠𝑡𝑒𝑚  is also proportional to the gain 

of the receiving antenna 𝐺𝑎𝑛𝑡𝑒𝑛𝑛𝑎  [11]. Therefore we have a relation between 

Reception Performance and antenna gain 𝐺𝑎𝑛𝑡𝑒𝑛𝑛𝑎 . Or, the larger the antenna 

diameter is, the larger the gain 𝐺𝑎𝑛𝑡𝑒𝑛𝑛𝑎  [11]. 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 performances However the 

weighted average operator does not take the correlation phenomenon into account 

when it attributes a score to each alternative. This is the reason which leads us to 

investigate further if there is a possibility to modify the PROMETHEE method 

integrating a tool which is able to account for the correlations referred.     

 

Choquet Integral and Fuzzy Measures 

The Choquet Integral is a different tool to attribute scores when compared with 

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 also be introduced to account for the importance of all criteria and 

groups of criteria. 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.  

 

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 [16]: 

1.  𝜇(∅)  = 0  (3.13) 

2.  𝐴 ⊂  𝐵 ⊂  𝐺 𝑖𝑚𝑝𝑙𝑖𝑒𝑠 𝜇(𝐴)  <

 𝜇 (𝐵). 

 
(3.14) 

3.  𝜇(𝐺)  = 1   (3.15) 

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.  

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).  

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 [17].  

 

Definition 2: Let 𝜇 be a fuzzy measure on 𝐺, The elements of 𝐺 are noted 

𝑔1, … , 𝑔𝑛 . The discrete Choquet Integral of a function 𝑓: 𝐺 → ℝ with respect to 𝜇 

is defined by [17]: 

 𝐶𝜇  𝑓 = 𝐶∫ 𝑓𝑑𝜇 =  [𝑓 𝑔𝑗  −
𝑚

𝑗=1

𝑓(𝑔𝑗−1)]𝜇(𝐴𝑗), 
(3.16) 

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 . 

(3.17) 

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. 

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.  
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Definition 3 Let 𝜇 be a set function (not necessarily a fuzzy measure) on 𝐺. 

 

The Mobius transform of 𝜇 , noted as 𝑎, is defined as being unique solution of the 

equation 3.5.24, [16]: 

  

 𝜇 𝐴 =    𝑎 𝐵 𝐵⊆𝐴 , ∀ 𝐴 ⊆ 𝐺  

(3.18) 

The Mobius transform is defined (the solution of eq. 3.5.24) [16]:  

 𝑎(𝐴)  =   (−1)|𝐴\𝐵| ∗ 𝜇(𝐵)

𝐵⊆𝐴

 
(3.19) 

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. 

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.  

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.  

For the Mobius Transform to represent a fuzzy measure it is necessary that the 

transform coefficients respect the fuzzy measure axioms in eq. 3.13, 3.14 and 

3.15. This can be proved [15] and is presented: 

 𝑎 ∅ =  0,  𝑎 𝑇 𝑇⊆𝑋 = 1  𝑎𝑛𝑑   𝑎 𝑇 ≥𝑇:𝐼 ∈𝑇⊆𝑆

0. 
(3.20) 

It is important to notice that the Mobius transform of an isolated criterion is equal 

to its fuzzy measure value 𝑎 𝑔𝑗  = 𝜇(𝑔𝑗 ).  

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, [18]. 

 𝐶𝜇  𝑎𝑖 =   𝑎 𝑇 𝑚𝑖𝑛 𝑔𝑗 ∈𝑇 𝑔𝑗 (𝑎𝑖)
𝑇⊆𝐺

, (3.21) 

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) [18].   

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 . 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.  

Modelling Interaction among Criteria family 

The concept of interaction between the criteria is the main reason for introducing 

fuzzy integrals in MCDA aggregation procedures [16]. Interaction between 

criteria is based in two major concepts: Criteria importance coefficients and 

Interaction indexes, which are presented next.  

According to Shapley an importance coefficient can be defined, taking into 

account the effect of criterion 𝑔𝑗  in the remaining criteria [18]. 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. This coefficient is expressed: 

 𝜑𝑆 𝑔𝑗
: =   

 𝑚−𝑡−1 !

𝑚 !{𝑇⊆𝐺\𝑔𝑗 }
[𝜇 𝑇 ∪ 𝑔𝑗  −  𝜇 𝑇 ], 

(3.22) 

𝜑𝑆 𝑔𝑗
 is the Shapley importance coefficient, 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. 

(3.23) 

Now an interaction index is introduced. Murofushi and Soneda [18] 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 ], 

(3.24) 

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 }, 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.  

Modifying PROMETHEE to Account for Interaction among Criteria 

 

As mentioned before PROMETHEE method supposes independence between 

criteria to be applied. Therefore we modified the method to introduce the 

possibility of modelling interaction between criteria, introducing the Choquet 

Integral as the basic aggregating operator instead of the weighted average 

operator. The overall net flow is,   

 

 𝜑(𝑎) = 𝜑+(𝑎) − 𝜑−(𝑎),  (3.25) 

with   

 𝜑+ 𝑎  =  
1

𝑛−1
 𝜋 𝑎, 𝑥 𝑥∈𝐴 , (3.26) 

and   

 𝜑− 𝑎 =  
1

𝑛−1
 𝜋(𝑥, 𝑎)

𝑥∈𝐴
 , (3.27) 

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 , (3.28) 

with 𝑚 being the number of criteria in the problem. The overall flow can be 

rewritten,  

 𝜑 𝑎 =   𝑤𝑗   
𝑃 𝑎 ,𝑥 𝑗 − 𝑃 𝑥 ,𝑎 𝑗

𝑛−1
 𝑥∈𝐴

𝑚
𝑗 =1  . (3.29) 

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, like referred for MAUT method. We represent 
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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 , (3.30) 

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. 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 ), 

(3.31) 

where (𝑗) denotes that the indices have been permuted so that  

 0 ≤  𝑢 𝑎 1 ≤  … . ≤ 𝑢 𝑎 𝑚 ,  (3.32) 

and the group of criteria, 

  𝐴𝑖 ∶=  {𝑔𝑖 , … . , 𝑔𝑚 }, 𝑎𝑛𝑑 𝑢 𝑎 0  = 0 . (3.33) 

𝜇(𝐴𝑗 ) is the value of the fuzzy measure associated with 𝐴𝑗 . Finally 𝜑𝑐 𝑎  is a re-

definition of the overall net flow, taking into account for criteria interaction. The 

interpretation of the of the overall flow remains the same as before but now the 

actual value of the flow is corrected by the performances on a concerning 

interaction between criteria.    

Second Order Model 

In order to define a fuzzy measure it is necessary in its most general form to 

specify 2𝑚  coefficients. However specifying the importance of an interaction 

among a group of more than two criteria is usually difficult for the DM [18]. This 

is the main reason to tailor this implementation to a second order model, where 

only interactions between pairs of criteria are supposed.  

The approach followed reduces the complexity of the problem from an 

exponential growth to a quadratic one where only interactions between pairs of 

criteria are considered. This method was first proposed by Grabisch [18]. He 

introduced the concept of K-order 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 [18].  

 

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 [18]. To include interaction, while avoiding the use of complex 

fuzzy measures, the first corrective term to the additive measure is considered. 

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 [18].  

All the needed parameters can be summarized in a symmetric matrix [18]:  

 𝜑(𝑔1) 𝐼𝑔1𝑔2
… 𝐼𝑔1𝑔𝑚

𝐼𝑔2𝑔1
… … …

… … … …
𝐼𝑔𝑚 𝑔1

… … 𝜑(𝑔𝑚 )

 (3.34) 

Where 𝜑(𝑔𝑖) is the importance coefficient and 𝐼𝑔𝑖𝑔𝑗
is the interaction coefficient 

between two criteria 𝑔𝑖  and 𝑔𝑗 .  

It is now possible to rewrite the Choquet Integral in terms of a 2-order fuzzy 

measure [10]:   

𝐶𝜇2𝑜𝑟𝑑𝑒𝑟
 𝑢𝑗 (𝑎) =  𝑢𝑗 (𝑎)𝑚

𝑗 =1 𝜑𝑆 𝑔𝑗
+  

𝐼𝑔𝑖𝑔𝑗

2 𝑔𝑖 ,𝑔𝑗  ⊆𝐺
 𝑢𝑖 𝑎 −

𝑢𝑗(𝑎), 

(3.35) 

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 , 

 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  .       

The expression 3.35 is remarkable, since it is clear that it is a sum of a 

term  𝑢𝑖(𝑎)𝑛
𝑖=1 𝜑𝑆 𝑔𝑖

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.     

Finally we present the modified overall net flow written in terms of the Mobius 

transform of a second order fuzzy measure. 

 𝜑𝑐 𝑎 =

 𝑎 𝑔𝑗  𝑢𝑗 (𝑎)
𝑔𝑗 ∈𝐺

+  𝑎 𝑔𝑖 , 𝑔𝑗  𝑚𝑖𝑛(𝑢𝑖(𝑎), 𝑢𝑗 (𝑎))
{𝑔𝑖 ,𝑔𝑗 }⊆𝐺

, 
(3.36) 

where 𝑢𝑗  𝑎 =   
𝑃 𝑎 ,𝑥 𝑗 − 𝑃 𝑥 ,𝑎 𝑗

𝑛−1
 𝑥∈𝐴 . 

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 a 

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.  

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, 

[18]. The necessary information that the DM should give in order to solve the 

problem could be provided: 

  

Criteria Importance: The DM must provide an order criteria family describing 

their increasing importance in the scope of the decision.  

 

Interaction between Criteria: The DM must also provide the sign of criteria 

correlations and the order of their strength.  

 

All information is computed into linear inequalities which are solved as a linear 

constraint satisfaction problem [18]. One should notice that the poorer the 

information provided the larger the error. Indeed if contradictory information is 

given the solution may not exist [18]. 

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.  

The constraints are defined by all the information provided by the DM and 

written in term of inequalities using Mobius transform coefficients. In addition a 

new variable 𝜀 is added. This variable mean is associated with the distance of the 

Mobius coefficients within the scale 0 and 1. In other words this value 𝜀 

represents a slack variable of the problem [18]. Summarizing, the variables of the 

problem, 𝑥 = (𝑎(1), . . 𝑎(𝑚), (𝑎(1,2), . . . , 𝑎(𝑚, 𝑛), 𝜀), are the Mobius transform 

coefficients and the slack variable 𝜀 . 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  ≥ 𝜀     𝑖𝑓 𝑔𝑖  𝑖𝑠 𝑚𝑜𝑟𝑒 𝑖𝑚𝑝𝑜𝑟𝑡𝑎𝑛𝑡 𝑡𝑎𝑛 𝑔𝑗  

𝑎 𝑔𝑖 = 𝑎 𝑔𝑖              𝑖𝑓 𝑖 𝑔𝑖  𝑖𝑠 𝑒𝑞𝑢𝑎𝑙𝑙𝑦 𝑖𝑚𝑝𝑜𝑟𝑡𝑎𝑛𝑡 𝑡𝑜 𝑔𝑗  
(3.37) 

𝑎 𝑔𝑖 , 𝑔𝑗  −  𝑎 𝑔𝑘 , 𝑔𝑙 ≥  𝜀   𝑖𝑓  𝑔𝑖 , 𝑔𝑗   𝑖𝑠 𝑠𝑡𝑟𝑜𝑛𝑔𝑒𝑟 𝑡𝑎𝑛  𝑔𝑘 , 𝑔𝑙  

𝑎 𝑔𝑖 , 𝑔𝑗  = 𝑎 𝑔𝑘 , 𝑔𝑙   𝑖𝑓  𝑔𝑖 , 𝑔𝑗   𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑖𝑠 𝑒𝑞𝑢𝑎𝑙𝑙 𝑡𝑜 𝑔𝑘 , 𝑔𝑙  
(3.38) 

𝑎 𝑔𝑖 , 𝑔𝑗  ≥  𝜀     𝑖𝑓 𝑡𝑒 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑖𝑠 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒, 𝑎 𝑔𝑖 , 𝑔𝑗  > 0 (3.39) 

𝑎 𝑔𝑖 , 𝑔𝑗  ≤ −𝜀   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
  (3.40) 
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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 the cost function to be maximized is 

presented. According to Roubens and Marichal, a possible cost function is [18],    

 𝑓(𝑥) = 𝜀 (3.41) 

The main idea of this approach is to maximize the slack variable 𝜀 [18]. 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.  

Weights elicitation implementation  

 

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: The following nomenclature was used: Acquisition cost 

(AC); Reception Performance (RP); Market Potential (MP); 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) 

(3.42) 

Where 𝑎 𝐴𝐶  stands for the Mobius transform of the intrinsic weight for criterion 

AC and equally for all other criteria. The relations 3.42, 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. The 

correlations between each possible pair of criteria were discussed and attributed:  

 

𝑎 𝐴𝐶, 𝑅𝑃 > 0 →  𝑎 𝐴𝐶, 𝑅𝑃 >  𝜀 

𝑎 𝐴𝐶, 𝑀𝑃 > 0 →  𝑎 𝐴𝐶, 𝑀𝑃 >  𝜀 

𝑎 𝑅𝑃, 𝑀𝑃 < 0 →  𝑎 𝑅𝑃, 𝑀𝑃 <  −𝜀 

𝑎 𝐴𝐶, 𝐴𝑃 > 0 →  𝑎 𝐴𝐶, 𝐴𝑃 >  𝜀 

𝑎 𝑅𝑃, 𝐴𝑃 = 0 

𝑎 𝑀𝑃, 𝐴𝑃 = 0 

𝑎 𝐴𝐶, 𝑇𝑃 > 0 →  𝑎 𝐴𝐶, 𝑇𝑃 >  𝜀 

𝑎 𝑅𝑃, 𝑇𝑃 = 0 

𝑎 𝑀𝑃, 𝑇𝑃 > 0 →  𝑎 𝑀𝑃, 𝑇𝑃 >  𝜀 

𝑎 𝐴𝑃, 𝑇𝑃 = 0 

𝑎 𝐴𝐶, 𝑀&𝑂 𝐶 < 0 →  𝑎 𝐴𝐶, 𝑀&𝑂 𝐶 

< − 𝜀 

𝑎 𝑅𝑃, 𝑀&𝑂 𝐶 > 0 →  𝑎 𝑅𝑃, 𝑀&𝑂 𝐶 

>  𝜀 

𝑎 𝑀𝑃, 𝑀&𝑂 𝐶 > 0 →  𝑎 𝑀𝑃, 𝑀&𝑂 𝐶 

>  𝜀 

𝑎 𝐴𝑃, 𝑀&𝑂 𝐶 > 0 →  𝑎 𝐴𝑃, 𝑀&𝑂 𝐶 

>  𝜀 

𝑎 𝑇𝑃, 𝑀&𝑂 𝐶 = 0, 

(3.43) 

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 all 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  = 𝜀. 

CASE STUDY RESULTS: SANTA MARIA GROUND SEGMENT MCDA 

ANALYSIS 

Obtained Results  

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 attributes of alternatives: 

 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 2: Evaluation Table for the different Configurations. 

 

In the Table 2 the rows represent different configurations while columns 

represent different criteria performances.  

Overall Net Flows 

We present the results of the overall net flows for each alternative after applying 

the Choquet Integral operator. The results obtained are expressed in Table 3: 

 
𝜑𝑐- Overall Net flow 

Configuration 1 -0.41 

Configuration 2 -0.26 

Configuration 3 -0.03 

Configuration 4 -0.04 

Configuration 5 -0.13 

Configuration 6 0.12 

Table 3: Results for the Overall Net Flows. 

 

These results imply the following preference relations among alternatives:  

𝐶𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 6 ≻ 𝐶𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 3 ≻ 𝐶𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 4

≻ 𝐶𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 5 ≻ 𝐶𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 2

≻ 𝐶𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 1 

(4.1) 

Results Analysis   

The main objective of applying DSS to decision situations like SMA is to be 

provided with a final recommendation for a decision.  

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 services delivered in SMA, besides its great performance on a Cost 

perspective, Table 2.  

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 3, 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.  

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)).    

 

Weight Sensitivity Analysis 

 

Before performing the sensitivity analysis to test the robustness of results, we 

must discus the results obtained for attribution of weights to selected criteria, see 

Table 4. 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 

interaction coefficients, 𝑎(𝑔𝑗 , 𝑔𝑗 ).  

 

𝑎 𝐴𝐶 = 𝑎 𝑅𝑃 = 0.018 > 𝑎 𝑀𝑃 = 0.1364 > 𝑎 𝐴𝑃 =
(4.2) 
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𝑎 𝑇𝑃 = 0.0909 > 𝑎 𝑀&𝑂 𝐶 = 0.0455. 

The expression 4.2 shows the information given by the DM about the relative 

importance of criteria 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 [19]. Instead, the comparable weights 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  𝜑𝑆𝑔𝑗
  0,25005 0,20455 0,1819 0,1364 0,1364 0,091 

Table 4: Importance Coefficients for different criterion. 

 

These values are in general in accordance with the DM‟s information, see 

relation 4.2, except for the fact that the weight of Acquisition Cost criteria is 

different from the weight of reception Performance. 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. Therefore the importance 

coefficients 𝜑𝑆 𝑔𝑗
 are not exactly the same as the intrinsic weights 𝑎(𝑔𝑗 ).   

A 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 ) that would imply a variation on the raking position of an 

alternative 𝑎. ∆𝑎 𝑔𝑘  𝑎𝑖  is the minimum weight variation of criterion 𝑔𝑘which 

produces a variation on the ranking position of alternative 𝑎𝑖 . We present 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 5: Minimum Variation needed for a criterion weight to change the ranking. 

 

In the Table 5 the positions where “IMP” is attributed indicate that there is not 

possible variation of the criterion intrinsic weight that produce a change in the 

ranking of that alternative. 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 5 that Configuration 1 is 

practically fixed concerning the ranking obtained.  

In what Concerns Configuration 2 the results confirm the robustness of the its 

ranking position. 

We observe that the ranking position of configuration 3 is largely volatile once 

any slight change in the importance of criteria is sufficient to change the position 

of configuration 3. It is directly perceptible that the minimum variations needed 

for configuration 4 are the same as for configuration 3. This means that these two 

alternatives have alternant positions when weights variations are performed  

We observe that the values of the minimum variations for configuration 5 are 

comparable to the order of magnitude of each intrinsic weight importance. 

Therefore we observe that this configuration is robust regarding weight variation.  

We observe that configuration 6 is highly robust in what concerns the weight 

sensitivity. The results of the sensitivity analysis show that all the configurations 

are robust except for configuration 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. 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. 

 

Interaction between Criteria Analysis 

 

Now we discuss the modification introduced in the aggregation procedure of 

PROMETHEE.  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 the importance coefficients 𝜑𝑆𝑔𝑗
 are used as they represent exactly the 

weights needed to perform the comparison with modified PROMETHEE. The 

Table 6 shows the results for the overall net flows 𝜑(𝑎𝑖) calculated in the 

classical way using the importance coefficients 𝜑𝑆 𝑔𝑗
 as the weight vector. 

 
𝜑 - Overall Net flow 

Configuration 1 -0,242203112 

Configuration 2 -0,131842436 

Configuration 3 0,0624582 

Configuration 4 0,08528512 

Configuration 5 0,0435406 

Configuration 6 0,182761627 

Table 6: Results for the overall net flows with classical PROMETHEE 

 

For a better visualization, Figure 2 compares graphically the two results obtained 

for overall net flows with Interaction between criteria and for classical overall net 

flows.  

 

 
Figure 2: Comparison between overall net flows for classical and modified 

PROMETHEE, blue bars and red bar respectively. 

  

The Figure 2 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 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. We observe that the impacts of using 

the Choquet integral are 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 configuration 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, 
(4.3) 

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 improved. As a consequence 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 

implemented, configuration 3 can actually perform better than configuration 4.    

 

Alternatives Performances Results Analysis 

 

We did not fully explore the propagation of uncertainties by the aggregation 

procedure, however we refer the performances that we think that could have the 

larger impact: The performances attributed to the criterion Market Potential; the 

performances attributed to the Costs estimates; the performances attributed to the 

Availability Performance. 

 

Selected Criteria Results Analysis 

 

The criteria selection process was discussed in meetings 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, criteria would clearly address the objectives of the decision. As a 

consequence a hierarchical procedure was selected to find suitable criteria family.  

There was no technical criterion assessing the transmitting capabilities of each 

configuration. This was not accounted for the technical perspective. However this 

difference was not completely forgotten since the performance concerning the 
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Market Potential criterion took transmitting capabilities into account, as more 

services would be possible to be provided with transmitting capabilities.    

Finally we must address the criterion Tracking Performance. As it is possible to 

observe in Table 5, 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.  

 

Local Preference Functions Results Analysis 

 

We observe that basing the preference judgements only in differences of 

alternatives performances has limitations. 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. 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 3.   

Finally we must refer that uncertainties are also associated with the definition of 

the shape functions describing the preference functions and the parameters 

associated.  

CONCLUSIONS AND FUTURE WORK 

 

This work implemented and developed an MCDA method for selecting the most 

favourable configuration 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 decision. 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 interaction was analysed and modelled in this work. An 

improvement in the PROMETHEE method was developed and implemented to 

enable criteria interaction modelling. Finally an elicitation procedure to identify 

the fuzzy measure was proposed, providing the DM with a tool to define criteria 

relative importance 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 defined 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 

variations. 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. This illustrated that the modification 

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 

maintained and reinforced.   

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 evaluated 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 order of alternatives.       

We also verified some limitations associated with the PROMETHEE 

implementation. As the preference judgements only consider differences among 

the alternatives defined in the Universe of alternatives, the actual value of each 

alternative performance is lost.  

As future work an enhancement of the weight elicitation technique can be 

envisaged, namely using different cost functions to optimize the procedure. Other 

interesting and important development is the construction of preference function 

elicitation technique. This would require no modelling effort from the DM 

perspective. 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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