
i 
 

 

 

 

Building tools to model preference dependence in health 

settings: developing a decision support system to 

implement the MACBETH-CI 

 

 

Inês Sofia Mendes Mataloto 

 

 

Thesis to obtain the Master of Science Degree in 

Biomedical Engineering 

Supervisor(s): Prof. Mónica Duarte Correia de Oliveira  

Prof. Carlos António Bana e Costa 

 

 

Examination Committee 

Chairperson: Prof. Maria do Rosário De Oliveira Silva 

Supervisor: Prof. Mónica Duarte Correia de Oliveira 

Members of the Committee: Prof. Teresa Sofia Cipriano Gonçalves Rodrigues 

 

June 2019 



ii 
 

  



iii 
 

 

 

 

 

 

 

 

 

To the person who allowed me to study, 

Francisco Mendes, 

My beloved grandfather  

  



iv 
 

Declaration 

I declare that this document is an original work of my own authorship and that it fulfills all the requirements of 

the Code of Conduct and Good Practices of the Universidade de Lisboa.  



v 
 

Preface 

The work presented in this thesis was performed at Centro de Estudos de Gestão do Instituto Superior Técnico of 

Universidade de Lisboa, during the period September-June 2019. The thesis was supervised at Instituto Superior 

Técnico by Prof. Mónica Duarte Correia de Oliveira and co-supervised by Prof. Carlos António Bana e Costa.   



vi 
 

Abstract 

Context: Multicriteria Decision Analysis (MCDA) methodologies have been increasingly used in evaluations within 

health and health technology assessment (HTA) settings, with value measurement approaches being the most 

prevalent. Most studies employ the simple additive model to aggregate the partial impact values of each option, 

which is only valid if the evaluation dimensions are preference independent. In the health context, this has been 

shown to be a strong assumption. 2-additive Choquet Integral (CI) models have been pointed out as a versatile 

aggregation function that allows to model preference dependence relations in multiple contexts. Several studies 

have already used the 2-additive CI as an aggregation function to model interdependencies, with this being often 

combined with the MACBETH approach. Nevertheless, several methodological pitfalls can be pointed to some of 

these studies, and literature in the area does not offer an integrated decision support system (DSS) to enable the 

implementation of the MACBETH-CI approach to health and HTA settings.  

Objective: In order to provide a tool to operationalize the MACBETH-CI in a comprehensive and intuitive way, 

this thesis aims at developing and testing (in HTA context) a DSS and a user-friendly protocol to enable the 

implementation of the MACBETH-CI approach. The DSS should be designed to address the current challenges 

identified in the measuring of multidimensional value when preference dependencies occur. 

Methods: A review of the literature focusing on MCDA studies highlighting current challenges of the simple 

additive model and on studies using MACBETH-CI approach to model interdependencies was performed. A 

framework for DSS design was adapted and used to establish the requirements for a new MACBETH-CI DSS. An 

example pointed out as violating preference independence conditions in the context of HTA was used to verify 

if having such DSS has the potential to be useful in a real context, and to compare the global scores obtained 

using CI aggregator with the global scores resulting from the simple additive model (thus helping to understand 

if adopting an additive model as an approximation is reliable). 28 participants were involved – playing the role of 

evaluators – in the testing of the DSS with a simple evaluation model in HTA context. Feedback regarding the 

user experience was collected. 

Results: The use of the MACBETH-CI DSS evinced the occurrence of preference dependence situations in the 

tested HTA context. In addition, it was clear that, for the tested example, the CI aggregator model was more 

precise than the additive model to represent the preferences of participants. Participants provided positive 

feedback regarding the DSS and the adopted protocol. 

Conclusions: The proposed DSS and protocol were proven to be a useful tool to identify and model situations of 

preference dependence. Future research should be performed in order to make the DSS more general and able 

to model different types of interdependencies in health settings. Additionally, more situations in the context of 

health settings should be tested. 

 

Keywords: MCDA; Simple Additive Model; Preference Dependence; Choquet Integral; 2-additive; MACBETH; 
Decision Support System; Health Settings; HTA 
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Resumo 

Contexto: As metodologias de análise multicritério têm sido cada vez mais usadas em avaliações no contexto de 

saúde e na avaliação de tecnologias de saúde, com as abordagens de “medição de valor” sendo as mais 

prevalentes. A maioria dos estudos recorre ao modelo aditivo simples para agregar os valores de impacto parciais 

de cada uma das opções, o qual só é válido se as dimensões de avaliação forem preferencialmente 

independentes. Tem sido demonstrado que esta é uma assunção forte no contexto da saúde. O Integral de 

Choquet bi-aditivo, em particular, tem sido reconhecido como uma função de agregação versátil que permite 

modelar situação de dependência preferencial em diversos contextos. Vários estudos aplicaram o Integral de 

Choquet bi-aditivo como função de agregação para modelar dependências em diversos contextos, sendo este 

frequentemente combinado com a abordagem MACBETH. Contudo, várias falhas metodológicas podem ser 

apontadas a esses estudos, e a literatura na área não dispõe de um Sistema de Apoio à Decisão integrado que 

permita implementar a abordagem MACBETH-CI no contexto da saúde e das tecnologias de saúde.  

Objectivo: Tendo por objetivo fornecer uma ferramenta que operacionalize a abordagem MACBETH-CI de forma 

completa e simples, esta tese visa desenvolver e testar um Sistema de Apoio à Decisão (DSS) e um protocolo 

intuitivo para implementar a abordagem MACBETH-CI. A ferramenta deverá ser desenhada de forma a responder 

aos desafios identificados na medição de valor multidimensional na ocorrência de situações de dependência 

preferencial. 

Métodos: Foi feita uma revisão dos estudos de análise multicritério que evidenciam os desafios atuais do modelo 

aditivo simples, bem como dos estudos que já usaram a abordagem MACBETH-CI para modelar 

interdependências. Um modelo para o desenho de DSS foi adaptado e usado para planear os requisitos do 

Sistema de Apoio à Decisão MACBETH-CI. Um exemplo sugerido na literatura como violando as condições de 

independência preferencial no contexto de tecnologias de saúde foi usado para verificar se a ferramenta 

proposta é realmente útil num contexto real, e para comparar os valores agregados obtidos com o Integral de 

Choquet bi-aditivo e com o modelo aditivo simples (ajudando assim a perceber se adotar um modelo aditivo é 

uma aproximação fidedigna). 28 participantes foram recrutados para assumir o papel de avaliadores na aplicação 

do DSS num problema de decisão simples dentro do contexto de avaliação de tecnologias de saúde. 

Resultados: A utilização do Sistema de Apoio à Decisão evidenciou a ocorrência de situações de dependência 

preferencial no contexto de avaliação de tecnologias de saúde testado. Para além disso, foi notório que, para o 

exemplo testado, o Integral de Choquet bi-aditivo permitiu resultados mais próximos das preferências do decisor 

do que o modelo aditivo simples. Os participantes fizeram comentários positivos relativamente ao Sistema de 

Apoio à Decisão e ao protocolo adotado.  

Conclusões: O DSS desenvolvido revelou-se útil na identificação e modelação de situações de dependência 

preferencial. Mais investigação deverá ser feita no futuro, para que se possa tornar o Sistema de Apoio à Decisão 

mais geral e capaz de modelar diferentes tipos de interdependências no contexto da saúde. Adicionalmente, 

deverão ser testados mais problemas no contexto de avaliação de tecnologias de saúde.  
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1. Introduction 

The rapid advances in medical research and technological development have brought with them higher life 

expectancy and higher patient expectations, and hence an increasing demand for health services. Therefore, 

trade-offs have to be made and society have to decide how to allocate limited resources in an efficient and fair 

way [1, 2]. 

Evaluators in health settings, who can be simultaneously the decision-makers (DM), often face difficulties 

when trying to process and systematically assess relevant information to evaluate different options. When there 

exist a great number of aspects to take into consideration, as it is the case in the health context, value trade-offs 

between the options under analysis need to be taken into consideration. And if more than one evaluator is 

involved, individual opinions can conflict. To make decisions relying on unstructured or informal processes can 

lead to inconsistencies, variability and lack of predictability regarding the importance of each aspect in analysis, 

resulting in non-optimal decisions and compromising the credibility and legitimacy of the evaluator. On the other 

hand, structured approaches involving multiple criteria can improve the transparency and quality of the decisions 

[3].  

Several studies have shown that decision-making on health technology adoption can be improved not only by 

gathering scientific evidence regarding their outcomes, namely on safety and effectiveness, but also by using 

explicit criteria that account for the specific needs, constraints, and objectives of health organizations [4-6]. On 

this matter, Health Technology Assessment (HTA) tools have been emerging. HTA is multidisciplinary field of 

knowledge that encompasses several methodologies for collecting and processing evidence to support the 

evaluator in perceiving the relative value of health technologies [7].   

Departing from decision theory concepts, Multicriteria Decision Analysis (MCDA) methodologies have 

appeared with the aim of providing transparency on which criteria are relevant in the decision context and how 

to use the information available in a framework for evaluating several options [8]. Thus, many studies have been 

framing MCDA on HTA to support the adoption or prioritization of health interventions [8-11]. 

Even though different types of MCDA techniques and methods exist, the value measurement approach is the 

most prevalent when applying MCDA in HTA [3]. It consists in breaking a problem into smaller subproblems, 

systematically address each one of them and aggregate the results so an overall value is attained [12, 13]. Most 

literature on the subject use the simple additive model to aggregate the partial results [11], which imposes some 

conditions, namely evaluation dimensions or criteria to be preference independent [14]. For this to be verified, 

the value of an improvement on one criterion must not depend on the impact level on other criteria. 

Looking into additive modelling, criteria need to be preference independent. Nevertheless, criteria can cluster 

a set of aspects, among which interdependencies may occur. This is often the case in health settings [15], which 

brings into question whether the additive model can lead to reliable results [14]. In other cases, it may be difficult 

to obtain preference dependent criteria, such as in the context of hospital performance systems. 
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Several studies have pointed out examples that may violate preference independence conditions, namely in 

the health context [14, 15]. Simultaneously, studies on different areas have emphasized the need to investigate 

and develop comprehensive methodologies that allow to model interdependencies in real contexts [16]. In this 

regard, different approaches have been proposed to assist the modelling of interdependencies in MCDA. Within 

the value measurement approach, multilinear forms and Choquet Integral (CI) stand out. These have been often 

combined with Measuring Attractiveness by a Category-Based Evaluation Technique (MACBETH), an interactive 

multicriteria decision support methodology that allows to evaluate options through the assessment of qualitative 

judgments about differences in attractiveness between options [17, 18].  

In this thesis, attention is given to CI, which appears as an alternative aggregation approach to the simple 

additive model and that allows to take interdependencies into consideration. In particular, 2-Additive CI has been 

recognized as a good compromise between flexibility and complexity [19]. Even though it is a recognized and 

tested approach, there is a lack of tools to operationalize the process in a systematic and comprehensive way. 

1.1. Thesis Objective 

Even if several methods to identify and model interdependencies can be found in the literature, it is often not 

clear which tools are being used and the reasoning behind their suitability in the context of the problem. Besides, 

there is a lack of an integrated tool and friendly protocols to operationalize the whole process, and barely any 

applications in the context of health settings.  

The aim of this thesis is to develop and test a novel Decision Support System (DSS) and a friendly protocol to 

assess preference dependence in the context of health settings, using the MACBETH-CI approach [20]. Reported 

challenges in applying MCDA on HTA, with focus on MACBETH-CI, will be used as a starting point to develop a 

consistent and comprehensive protocol. A framework for DSS design will be used to stablish all the requirements 

and prototype the features of the DSS. These requirements and features will be further implemented in Microsoft 

Visual Studio (MVS), with C# code allowing to process the data and to formulate the mathematical model that 

will be transferred to LP_Solve, which is used to solve the optimization problem and return a MACBETH scale 

respecting the 2-additive CI conditions.  

Taking into consideration that a protocol of questioning to apply the CI is considerably harder than a protocol 

intended to apply the simple additive model, it is not expected that MACBETH-CI is going to be applied on a large 

problem. Following the reasoning behind the value measurement approach, it will be used to address small 

problems in which preference dependence occurs and in which to neglect it can compromise the validity of the 

results [15]. The information attained with the MACBETH-CI approach can further be integrated into the macro 

problem, for which the additive model is suitable. In this sense, a simple evaluation model will be used to test 

the DSS. 
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1.2. Original Contributions 

We propose a novel DSS that contains a logical sequence of interfaces to test for preference dependence. If 

this relation does not hold, the DSS can still help in detecting other types of relation between the evaluation 

dimensions. Thus, it may support the facilitator and the evaluator in identifying and suggesting other approaches 

that may be more appropriate for the decision problem in analysis.  

For cases in which the conditions for applying the 2-additive CI are met, the DSS supports the whole process 

for applying the MACBETH-CI approach. The DSS contains a graphical user interface (GUI) that helps the facilitator 

and the evaluator in following a sequence of steps and analysing the results.  

1.3. Structure of the Thesis 

In Chapter 2 we provide background information that works as a starting point for the development of a DSS 

in the MCDA and health context. It includes concepts regarding MCDA and the simple additive model, the 

identification of challenges in applying MCDA that have been pointed out in the literature, and an introduction 

to the nomenclature in use.  

In Chapter 3 we present a literature review on relevant topics. It starts with an analysis on studies modelling 

interdependencies within MCDA. We introduce theoretical concepts behind MACBETH, its software and 

applications. We describe the MACBETH-CI approach and analyse past applications, highlighting their 

methodological pitfalls.  Additionally, the results of a research concerning the design and development of a DSS 

are summarily presented. 

In Chapter 4 we explain the novel DSS in terms of its design, architecture and protocol of questioning, as well 

as describe its implementation. 

In Chapter 5 we describe a hypothetical case study used to test the DSS. The results are described and 

analysed.  

In Chapter 7 we present final remarks regarding the development and applicability of MACBETH-CI DSS, along 

with suggestions for future work and methodology improvements. 
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2. Background  

In this chapter we introduce key concepts that are essential to have an overview of MCDA methodologies 

based upon value measurement, their applications (with a focus on health settings) and challenges. Specifically, 

a brief introduction regarding MCDA concepts and additive model starts the chapter. Challenges in applying 

MCDA reported in the literature are presented, which initiate the motivation and objective of this thesis. The 

chapter ends with the nomenclature to be used throughout the thesis.     

2.1. MCDA and Simple Additive Model 

MCDA can be seen as an extension of decision theory that allows to take into consideration a list of objectives 

(criteria) and assign them a relative importance in form of quantitative weights, improving the transparency of 

the preference elicitation process [21]. It is supported upon a set of logical axioms from which methodologies 

and systematic procedures are developed [22]. A proper MCDA methodology based upon value measurement 

must contain three general stages: structuration, evaluation and analysis [23]. 

Structuration involves identifying criteria and organizing them in order to have a complete, understandable 

and accepted model. Criteria must be operational, which is assured by defining a descriptor of impacts for each 

one of them, this is, an ordered set of impact levels. Each option to be evaluated will be represented by a set of 

impact levels, with each element of the set representing the impact level on one criterion. Additionally, a 

superior/high and an inferior/low reference level must be chosen within each descriptor of impacts in order to 

ensure commensurateness between criteria. These can be, for instance, Good and Neutral [19] or Best and Worst 

[24]. A Good level is such that it is undoubtedly attractive, while a Neutral level is neither attractive nor repulsive 

[19]. The Best and Worst levels consist in the most attractive and most repulsive levels, respectively [24].   

Evaluation phase involves building value functions for each criterion, attaining weights and calculate the 

global score for each option to be evaluated. Value functions allow to transform impacts on values or scores, thus 

providing a common scale for all criteria. A value/score represents the attractiveness of an impact, taking into 

account two reference levels. By convention, the low reference level is valued 0, and the high reference level is 

valued 100 [25]. This implies that, if Best and Worst are selected as references, there are no options with 

performances above 100 nor options with performances below 0 [24]. On the other hand, if Good and Neutral 

are the selected references, there can exist options with performances above 100 or below 0 [19].  

To use references allows to ensure commensurateness or trade-off requirements between criteria, meaning 

that one should be able to compare any impact on one criterion with any impact on any other criterion [24]. It is 

to notice that the non-use of references has been described as the most common critical mistake in decision 

analysis [26]. 

Among other, MCDA methods based upon value measurement have been widely applied on decisions 

concerning transport networks, immigration, education, investment, environment, energy and defense [27, 28]. 
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In the last years, MCDA has been also increasingly applied in health settings [29]. In this regard, MCDA has been 

used to develop disease classifications with respect to important criteria [30, 31], to support hospital purchasing 

[32-34], to understand the value of the alternatives for pricing, reimbursement  and/or coverage purposes [35-

44], to develop a ranking of alternatives to treat patients [45-51], to prioritize health interventions [52-55] and 

so forth. 

The value measurement approach is the most prevalent when applying MCDA in the context of health settings 

[3]. It allows to break down complex decisions into more manageable components, which can support the 

quantification of the values of the evaluator and, thus, facilitate their incorporation into the decision-making 

process [13].  

Within the value measurement approach, the most prevalent aggregation function is the simple additive 

model or simple weighted sum, which consists in adding weighted partial impact values of options on each 

criterion [11], with weights consisting in scaling constants that “harmonize” the value functions. For this to be 

applicable, criteria must be exhaustive, non-redundant, non-overlapping and preference independent [26, 56, 

57]; and the weights must be obtained considering the references, since they must reflect the relative importance 

of each criterion based on their impact ranges and not only their notion of importance per se [58]. 

Having a set of criteria 𝑁 with n elements, and a set of options 𝑋, the global score of 𝑥 ∈ 𝑋 using the simple 

additive model is given by: 

𝑉(𝑥) = ∑ 𝑤𝑖𝑣𝑖(𝑥) 𝑛
𝑖=1                                                                             (1) 

𝑣𝑖(𝑃𝑖
+) = 100                                                                                     (2) 

𝑣𝑖(𝑃𝑖
−) = 0                                                                                       (3) 

𝑤𝑖 > 0, ∀𝑖𝜖𝑁                                                                                    (4) 

∑ 𝑤𝑖 = 1𝑛
𝑖=1                                                                                        (5) 

 

With 𝑤𝑖  standing for the weight coefficient of criterion 𝑖 and 𝑣𝑖  representing the partial value of the option 𝑥 on 

the criterion 𝑖. Each criterion must have a positive weight, and, by convention, the weights of all criteria must 

sum 1. 𝑃𝑖  represents a performance or impact of criterion 𝑖, with 𝑃𝑖
+ and 𝑃𝑖

− representing superior and inferior 

references within the descriptor of impacts, respectively. 

Assuring that the weights satisfy the trade-off requirements can be attained with swing weights, which 

represent the gain in global value by going from the low reference level value to the high reference level in each 

criterion. Having two criteria {𝑖, 𝑗}  ∈  𝑁 = {1, … , 𝑛}, the ratio 𝑤𝑖/𝑤𝑗  represents the change in 𝑣𝑗(𝑥) that should 

compensate for a unit loss in 𝑣𝑖(𝑥), with 𝑥 ∈ 𝑋 being an option [58]. 
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2.2. MCDA Challenges 

It has been argued that the simple additive model is easy to interpret and communicate [15]. This has led to 

the use of pragmatic simplifications even when interdependencies are detected, such as using the additive model 

for cases in which interdependencies are only weak [15, 59]. Even if this approximation can be sometimes 

acceptable, there are cases where neglecting the interdependencies may compromise the validity of results [15]. 

Many studies using the simple additive model have not been discussing its appropriateness nor its 

applicability conditions, such as exhaustiveness, non-redundancy, non-overlap and preference independence 

between criteria [60]. Using the simple additive model without testing if it suits the decision problem can lead to 

non-optimal solutions and, ultimately, non-optimal decisions. Since situations that violate the applicability 

conditions of the additive model have been pointed out in the literature, other models must be considered and 

tested.  

On the other hand, it is to notice that to model value dependencies may lead to higher complexity and 

cognitive burden to evaluator, and there is a lack of studies reporting the usage of friendly protocols to identify 

cases where preference independence is not verified and suggesting proper models to overcome this [60].     

In a situation in which criteria do not comply with the applicability conditions of the simple additive model, 

namely with respect to the preference independence condition, decision analysts have basically two ways to 

overcome this: restructure the model or elect a different functional model [14].  

For two criteria to be preference independent, how much one values an improvement in the performance on 

one criterion does not depend on the performance on the other criterion. To assume that this is the case in the 

context of health settings is often a strong assumption, as several studies have pointed out [14,15]. For instance, 

a health technology that is ineffective in improving the health of some actual people may be worthless, regardless 

of its performance on any other criterion (e.g. quality of evidence, disease frequency, target people age, affected 

people that can access it, etc.) [14]. Other pairs of criteria that may violate the independence requirement are 

health gain with severity of disease; and adherence to a treatment and its convenience. The preference for a gain 

in health may depend on the baseline health – a small improvement can impact more, thus being more valued, 

by patients in severe conditions [15, 61]. The compliance to a new treatment may depend on its convenience for 

the patient. For instance, adding one pill that can be administrated anywhere is not likely to be as bad as adding 

one intravenous injection that requires the patient to go to the hospital [15].  

Restructuring the model implies to redefine or adjust criteria, for instance merging criteria so that preference 

dependent elements can be encompassed in one criterion, and the final set of criteria can meet the requirements 

of the simple additive model [14, 15]. Even though restructuring the model can work sometimes, hence shielding 

the simplicity of the model, there exist situations in which restructuring the model is not possible without 

compromising the quality of the model and, consequently, of the decision-making process and correspondent 

results [14, 15, 61, 62].  
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Although there is a range of different functional models, multilinear forms [63] and the CI [64] stand out 

within the value measurement approach. In this thesis, attention is given to the CI, which is applicable in the 

context of bidirectional preference dependence. Several studies have combined CI with MACBETH, whose 

questioning protocol lies on qualitative judgements between two pairwise options at a time. The MACBETH scale 

is used to obtain CI parameters and conditional value functions, and CI aggregator is used to calculate the global 

scores. Applications encompass a broad range of evaluation contexts, such as performance measurement of 

suppliers in industrial context [65-67]; performance measurement of employees [68]; build a value-risk based 

performance measurement system [69]; public transport network designing [70]; action plans within industrial 

organizations [71, 72]; management of inconsistent assessments of experts involved in emergency situations [73]; 

evaluation of interdependent risk impacts [74]; performance assessment of manufacturing scenarios [75]; 

assessment of growing pigs welfare [76]; and so forth. 

Nevertheless, there is no tool to enable the whole process. This had led to fragmented approaches, which 

increases the probability of inconsistencies and methodological mistakes  [65, 68, 71] and to a lack of tools to 

support decision analysts in implementing CI models in practical settings. This thesis aims at addressing this 

problem by prototyping and testing a DSS in which a friendly protocol is used to operationalize the MACBETH-CI 

approach. 

In order to address current challenges regarding the usage of the simple additive model, the DSS tool must 

make a balance between the complexity of the process and reliability of the modelling results. It must have 

features that allow to identify the applicability conditions of the CI, namely preference dependence, making use 

of a consistent and friendly questioning protocol based on MACBETH questioning procedure. If applicability 

conditions are met, the DSS must be able to return the global value of options according to the CI formulation. In 

order to balance all the requirements in a structured way that is based on sound fundamentals, a framework for 

DSS designing is adapted and used to guide to development.  

2.3. Nomenclature 

Departing from the value-focused thinking approach [26], it is adopted the methodology of structuring 

concerns [77], which allows to keep a consistent terminology that clearly distinguishes preference independent 

from interdependent elements. Concerns, also referred as objectives [26], consist of any aspect seen as relevant 

for the analysis at the eyes of at least one actor within the decision context. Each concern must be measurable 

and operational, which can be achieved by assigning each one of them with a descriptor of impacts, i.e., an 

ordered set containing plausible impact levels  [77, 78]. They can be key concerns (KCs) or elementary concerns 

(ECs) [77]. 

KCs (referred as criteria in the previous sections) are defined as “end objectives” [26], which must respect 

preference independence conditions [77]. A KC is often defined by several interrelated ECs, which are seen as 

“means to achieve ends” [79]. Therefore, it is on the level of the ECs that preference dependencies occur and, 
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thus, CI is to be applied. Before testing for preference independence, the generic term concern will be used. If 

two concerns are identified as preference independent, they are key concerns in the structure.   
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3. Literature Review 

In this chapter we provide a revision on methodologies to model interdependencies in MCDA and their 

applications, focusing on methodologies adopting a value measurement approach. Little research exists on their 

application in the context of health settings. We provide concepts and applications of CI and MACBETH. From 

these, MACBETH-CI approach and applications are introduced. The chapter ends with the challenges of the 

approaches modelling interdependencies being evinced, with focus on MACBETH-CI approach. 

3.1. Methodologies Used to Model Interdependencies in 

MCDA 

Several methodologies have been proposed and tested to model interdependencies in MCDA. However, most 

of the literature on those methodologies are only theoretically presented and studies lack clarity regarding the 

protocols proposed or used, and regarding their suitability in the specific context of the decision problem. 

Besides, there are not many reported tools that allow to integrate the processes in a single tool, and most 

approaches are not in the scope of value measurement. We herein make a brief description of some of these 

techniques to model interdependencies. 

Analytic Network Process (ANP) consists of an expansion of Analytical Hierarchy Process (AHP), in which 

hierarchical structures that are inherent to AHP are replaced by networks, allowing to the model interrelations 

between ECs [80]. In the network structure, a node is a cluster of associated elements, and interdependence may 

occur between elements inside a cluster or between clusters [81]. The priority weights for objectives and 

alternatives are generated with a pairwise comparison matrix. However, ANP assumes equal weight for each 

cluster to obtain a weighted super-matrix, which is not reasonable in practice. Besides, as a generalized form of 

AHP, it has the same drawbacks as its precursor, namely being subject to inconsistencies in the judgments of the 

evaluator and being susceptible to rank reversal [82]. Due to the nature of comparisons for rankings, the addition 

of alternatives at the end of the process can lead to a flip or reversion of the final ranking [82]. 

Decision-Making Trial and Evaluation Laboratory (DEMATEL) aims at converting relationships of cause and 

effect between objectives within complicated structures into a unique structural model [83]. It makes use of 

structural matrices or causal digraphs, aiding the visualization of the complex causal effect between objectives 

and thus the determination of the levels of impact of these relationships. The causal group of objectives affects 

the effect group, which is reflected in the weights [84]. However, the ranking of alternatives is obtained based 

only on interdependent relationships among objectives, while independent objectives are not considered [85]. 

Interpretive Structural Modelling (ISM) is a computer-aided method for developing graphical representations 

of systems composition and structure in an interactive learning process [86]. It aims at using practical knowledge 

of experts to create a structural model consisting of several levels by decomposing a complicated system into 

several subsystems. Hence, ISM method requires people to be knowledgeable about the topic in analysis and 
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trained in interpreting the data, which may be an undesirable requirement under certain decision contexts. 

Besides, the interpretation of links is partial in the sense that it is limited to the contextual relationship between 

the elements and its direction, while the interpretation regarding how it operates is lacking and, thus, multiple 

interpretations may arise by the user [87]. 

Fuzzy measures are set functions that work as an extension of a measure, being that the additivity property 

of the measure is replaced by a weaker condition, monotonicity [88]. The CI is an approach that is closely related 

to fuzzy measures [89].  

Fuzzy integrals are used to present the interactions between ECs, allowing to translate the evaluations of the 

evaluator into coefficients of the fuzzy measure. Fuzzy measures are mainly applied in multicriteria problems, in 

which they model the relative importance of ECs and their interaction [88, 90]. Superadditivity and subadditivity 

properties of the fuzzy measure imply synergy and redundancy between the ECs, respectively [88]. Furthermore, 

Grabish and Roubens have proposed an axiomatic basis for the interaction index, giving a consistent basis for 

dealing with the notion of interaction [91]. 

Mehregan et al. [92] proposed a method combining ISM and fuzzy DEMATEL (FDEMATEL) to select suppliers 

taking sustainability objectives into account. Within this approach, ISM is used to determine the interaction 

between ECs, while the use of FDEMATEL aim to determine the intensity of these interdependencies.  

Nguyen et al. [93] used fuzzy ANP (FANP) and COPRAS-G (Complex Proportional Assessment of Alternatives 

with Grey Relations) in the context of machine tool selection. The FANP allowed dealing with imprecise 

information provided by the evaluator in their evaluations, to model relationships between ECs and to determine 

the weights of ECs. COPRAS-G was used to obtain the preference ratios for the alternative interval values in 

relation to each EC and to calculate the weighted priorities of the machine alternatives. 

Tadic et al. [94] used a method combining FANP, FDEMATEL and FVIKOR for the selection of city logistics 

concepts. First, fuzzy AHP and fuzzy DEMATEL were combined to weight ECs: the former was used to analyse 

interdependencies between ECs, while the latter was used to determine the interdependencies between groups 

of ECs. Then, FVIKOR method allowed to rank the alternatives. 

Gürbüz et al. [95]  proposed a hybrid approach consisting of a combination of ANP and CI, and applied it in 

selecting an Enterprise Resource Planning (ERP) system. Later on, the same approach was used to evaluate human 

resources [81]. In both cases, MACBETH was used to determine the CI parameters and ANP was used to prioritize 

the alternatives taking into account the interdependent criteria.  

Corrente et al. [96] also proposed an approach based on ANP and CI, remarking MACBETH as a possible 

alternative to ANP. 

Although there is a wide variety of approaches proposed, all of the above are not based upon value 

measurement approach. Within this, multilinear forms [97] and CI [98, 99] have been often highlighted and 

adopted. Approaches that are framed in the value measurement approach are of particular interest, since this is 

the most prevalent approach when applying MCDA on health settings. 
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Multilinear differs from CI by having a different condition of applicability: while CI requires preference 

dependence, Multilinear form requires weak difference independence [63]. Weak difference independence 

between two concerns implies that swings on one concern, keeping the other one fixed, depend only on the 

performance levels of the concern whose impact was improved, and not on the fixed performance levels on the 

remaining concerns [100]. 

Having two concerns  𝑖, 𝑗 ∈ 𝑁, with 𝐺𝑖 , 𝑁𝑖 , 𝐺𝑗 , 𝑁𝑗  being the good and neutral impact level of concerns 𝑖 and 𝑗, 

respectively, these concerns are preference dependent if: 

𝑣(𝐺𝑖 , 𝑁𝑗)  − 𝑣(𝑁𝑖 , 𝑁𝑗) ≠  𝑣(𝐺𝑖 , 𝐺𝑗) −  𝑣(𝑁𝑖 , 𝐺𝑗)                                                       (6) 

With 𝑣(𝑁𝑖 , 𝑁𝑗) = 0. Therefore: 

𝑣(𝐺𝑖 , 𝐺𝑗) ≠  𝑣(𝐺𝑖 , 𝑁𝑗) +  𝑣(𝐺𝑖 , 𝑁𝑗)                                                                   (7) 

For multilinear form to be suitable, preference weak independence must hold: 

𝑣(𝐺𝑖 , 𝑁𝑗) − 𝑣(𝑀𝑖 , 𝑁𝑗) = 𝑣(𝑀𝑖 , 𝑁𝑗) − 𝑣(𝑁𝑖 , 𝑁𝑗) ⟹  𝑣(𝐺𝑖 , 𝐺𝑗) − 𝑣(𝑀𝑖 , 𝐺𝑗) = 𝑣(𝑀𝑖 , 𝐺𝑗) − 𝑣(𝑁𝑖 , 𝐺𝑗)        (8) 

With 𝑀𝑖  being an intermediate impact level between 𝑁1and 𝐺1. 

It possible to test for both preference dependence and weak difference independence with MACBETH 

algorithm and questioning protocol [20, 63]. To better explain how to do so, graphic representations are 

presented. These will be further embodied in the proposed tool. 

To test for preference dependence between 𝑖 and 𝑗, the evaluator would be asked to qualitatively judge 

the improvement on one concern fixing the other one on different impact levels. This can be achieved with the 

following swings. 

 

Figure 1: Relevant swings for testing preference dependence between concerns i and j. 

(a1) – Swing from an option that is on the neutral level on both concerns to an option that is on the good level on concern i 
and on the neutral level on concern j; (b1) – Swing from an option that is on the neutral level on concern i and on the good 
level on concern j to an option that is on the good level on both options. (c1) – Swing from an option that is on the neutral 
level on both concerns to an option that is on the neutral level on concern I and on the good level on concern j; (d1) – Swing 
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from an option that is on the good level on concern i and on the neutral level on concern j to an option that is on the good 
level on both concerns. 

If the evaluator judges (a1) and (b1) with different categories, it is proven that how much they value an 

improvement on 𝑖 depends on the impact level on  𝑗. In this case, the MACBETH algorithm assures that equation 

(7) is verified. Since preference dependence is not symmetric [101], it is also required to verify if the value of an 

improvement on 𝑗 depends on the impact level on 𝑖. In other words, it is required that preference dependence is 

bidirectional, which is attained by also asking evaluator the attractiveness of the swings (c1) and (d1). If they are 

assigned with different MACBETH categories as well, 𝑖 and 𝑗 are preference dependent. 

To test for weak preference independence between two concerns, the evaluator would be asked to judge 

the attractiveness of swings in which the impact level on one concern varies in ranges equally valued from the 

evalautor and the impact level on the other concern is fixed on different impact levels. This can be attained with 

the following representation. 

 

Figure 2: Relevant swings for testing weak preference independence between concerns i and j. 

(a1) – Swing from an option that is on a specific intermediate level on concern i and on the neutral level on concern j to an 
option that is on the good level on concern i and on the neutral level on concern j; (b1) – Swing from an option that is on the 
neutral level on both concerns to an option that is on the intermediate level on concern i and on the neutral level on concern 
j; (c1) – Swing from an option that is on the intermediate level on concern i and on the good level on concern j to an option 
that is on the good level on both concerns; (d1) – Swing from an option that is on the neutral level on concern i and on the 
good level on concern j to an option that is on the intermediate level on concern i and on the good level on concern j.  

Assuming that the swings (a1) and (a2) are judged with the same MACBETH category, changing the level in 

which the second concern is fixed, the swings between the analogue options must be equally judged for weak 

difference independence to hold. However, as each MACBETH category spans a range of values, it cannot be 

immediately assumed that weak difference independence is verified. Even if the evaluator assures that, in their 

opinion, the assigned categories have the same strength, it is necessary to verify if there is MACBETH scale that 

allows these swings to have the same value. If that is the case and the relation is also bidirectional, weak 

difference independence holds. It is to notice that only one study applying the multilinear in the context of health 

was found [63].  
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3.2. Choquet Integral 

The CI is a nonadditive measure defined with respect to a capacity. It was firstly defined in the Theory of 

capacities by Choquet [102], being developed towards a useful tool for MCDA later on, when the concept of fuzzy 

integrals and fuzzy measures was proposed by Sugeno [37]. Since then, it has been pointed out as a versatile 

aggregation function to construct overall scores in the context of interactions between concerns [66, 68, 71, 88, 

101, 103-107], arising as a generalization of the simple additive model [108]. The formulation presented in 

Mayag, B. et al. [109] is used to introduce and characterize the CI. 

Definition I. A capacity 𝜇 on 𝑁 = (1, 2, … , 𝑛) is a set function 𝜇: 2𝑁 → [0,1] such that: 

a) 𝜇(𝜃) = 0 
b) 𝜇(𝑁) = 1 
c) ∀𝐴, 𝐵 ∈ 2𝑁 , [𝐴 ⊆ 𝐵 ⇒ 𝜇(𝐴) ≤ 𝜇(𝐵)](𝑚𝑜𝑛𝑜𝑡𝑜𝑛𝑖𝑐𝑖𝑡𝑦)  

 

Considering a finite set of concerns 𝑁 = (1, 2, … , 𝑛) and assuming that the evaluator is able to provide some 

preferential information regarding these concerns, the practical problem to apply the CI consists in determining 

a capacity so that the CI can represent the revealed preference, if such capacity exists [108]. 

The set of possible consequences (also called “outcomes”) is denoted by 𝐶. An action plan or option to 

achieve an element of 𝐶 is denoted by 𝑥 and it is an element of 𝑋 = 𝐶𝑛, with 𝑥 = (𝑥1, 𝑥2 … , 𝑥𝑛).  

To construct a preference relation over the set of all options 𝑋 might not be an easy task, since the cardinality 

of 𝑋 may be very large. An alternative to overcome this is to ask evaluator to pairwise compare a subset 𝑋′ ⊆ 𝑋, 

defined as a reference set. 

It is obtained a preference relation  ≿ 𝑥′ on the set 𝑋′, from which a preference relation ≿ 𝑥 on 𝑋 is to be 

obtained. To this end, it is usually assumed that 𝑋 is representable by an overall utility function, meaning that, 

having 𝑥 and 𝑦 as two elements of 𝑋: 

𝑥 ≿ 𝑦 ⇔𝐹(𝑈(𝑥)) ≥ 𝐹(𝑈(𝑦))                                                                        (9) 

Where 𝑈(𝑥) = (𝑢(𝑥1), 𝑢(𝑥2), … , 𝑢(𝑥𝑛)), 𝑢: 𝐶 → 𝑅 represtents an utility function, and 𝐹: 𝑅𝑛 → 𝑅 represents an 

aggregation function. 

It is considered that a family of aggregation functions is characterized by a vector of parameters 𝜃, such 

as a probability distribution over the concerns. 𝜃 parameters can be deduced from the knowledge of ≿ 𝑥′ by 

determining the possible values of 𝜃 for which the equation (9) fulfilled over 𝑋′. If the 2-additive CI is to be used 

as aggregation function, the parameters consist on the 2-additive capacity and are usually referred as Choquet 

Integral Parameters. These are Interaction Parameters and Shapley Parameters.  

The Interaction Parameter, 𝐼𝑖𝑗 , represents the interaction level between 𝑖 and 𝑗, which can be interpreted 

as an average value of the added value given by putting 𝑖 and 𝑗 together, considering all the coalitions [110]. This 

is represented by the equation (10).  
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𝐼𝑖𝑗 =  𝑉(𝐺𝑖 , 𝐺𝑗) −  𝑉(𝐺𝑖 , 𝑁𝑗) − 𝑉(𝑁𝑖 , 𝐺𝑗)                                                     (10) 

The Shapley Parameter, 𝑠𝑖, can be interpreted as an average value of the contribution of 𝑖 alone 

considering different baselines in the other concerns, i.e., considering all coalitions [110]. If preference 

independence holds, the Shapley parameters act like weights in the additive model [111], being that the 

contribution of a concern 𝑖 is the same, regardless of the baselines on the remaining ECs [74]. Its formulation is 

given by the equation (11). 

𝑠𝑖 = 𝑣𝑖 +
1

2
𝐼𝑖𝑗                                                                                 (11) 

The fact that a capacity is defined on the power set of 𝑁 makes the problem exponentially complex and, 

thus, practically unmanageable for a large number of concerns. Hence, simpler models, restricting the capacity 

to a subset of 𝑁, have been proposed. Within these, k-additive capacity (restricted to k elements) stands out, 

since the value of k has a direct influence in the complexity of the model.  

The number of CI parameters to determine for each evaluation problem is given by ∑ (
𝑛

𝑖
)𝑘

𝑖=1 , with 𝑛 

being the number of concerns and 𝑘 the subset to which the capacity is limited. 

In the context of decision-making, 2-additivity arises as a good compromise between flexibility and 

complexity, since it allows to represent the interaction up to two concerns, and these are considerably easier to 

interpret than more complex interactions [19, 111]. Therefore, this is the most used model when applying CI. 

In order to apply 2-additive CI as aggregation function on 𝑋, it is still required to assure the necessary 

and sufficient conditions on ≿ 𝑥′ to be representable by a 2-additive CI. Then, the model obtained for 𝑋′  will be 

automatically extended to 𝑋, thus allowing to obtain the overall score of any option 𝑥 ∈ 𝑋. 

Firstly, applying CI requires assuring that any element (impact level) of one concern is comparable with 

any element of another concern, i.e., there must be commensurateness between concerns. Hence, the only way 

to construct the utility or value functions with the CI is using reference levels. 

For the case of 2-Additive CI, the set 𝑋′ on 𝑋 must contain specific options, namely those holding the 

combinations containing binary actions, 𝛽 ∈ 𝑋, occurring on the reference levels for each concern 𝑛. Reference 

levels are easy to use and interpret and are directly related to the parameters of the model.  

A binary action consists in a fictitious option that takes either the low reference level (e.g. Neutral or 

Worst) for all concerns, or the low reference level for all concerns except for one or two of them, for which it 

takes the high reference level (e.g. Good or Best). By convention, the inferior reference level is valued 0 and the 

superior reference level is valued 1. 

Being 2-additive CI a particular case of the CI, whose formulation generalizes the arithmetic mean and 

accounts for interactions up to 2 concerns, it is composed by a linear parcel, identical to the additive model, and 

a second parcel that accounts for the interaction [74]. 
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The binary actions are used in many applications using the MACBETH methodology. They have a simple 

structure and make sense for the evaluator, which makes the process of expressing preferences easier and more 

intuitive [109]. 

Additionally, monotonicity constraints must be verified, meaning that, having two options, in which the 

first is on a better impact level on at least one criterion, with all the remaining criteria being on the same impact 

level, the value of the first option must be equally or greater than the value of the second option.  

Considering an option 𝑥 ∈ 𝑋, with 𝑥 = (𝑥1, 𝑥2, … , 𝑥𝑛), each 𝑥𝑖 , 𝑖 ∈ 𝑁 represents the performance level 

of option 𝑥 on concern 𝑖. The aggregated impact value of 𝑥, using the CI aggregation formula, is by the following 

equation. 

𝑉𝐴𝑔(𝑥) = ∑ 𝑠𝑖  𝑣𝑖(𝑥𝑖)
𝑛
𝑖=1 −

1

2
∑ 𝐼𝑖𝑗|𝑣𝑖(𝑥𝑖) − 𝑣𝑖(𝑥𝑗)| 

{𝑖,𝑗},𝑖≠𝑗                                              (12) 

∑ 𝑠𝑖 = 1𝑛
𝑖=1                                                                                         (13) 

The mathematical formulation contains one parcel identical to the additive model and a second parcel that 

accounts for preference dependence between concerns. It is to note that, if preference dependence does not 

occur, 𝐼𝑖𝑗 = 0, meaning that the formulation collapses into the additive model, with Shapley Parameters playing 

the role of weights.  

3.3. MACBETH 

MACBETH is an interactive multicriteria decision support methodology that allows to evaluate options 

through the assessment of qualitative judgments about differences in attractiveness (or value) between options 

[17, 18]. It assists the evaluator in obtaining value functions and weights for each concern, as well as the overall 

score of  several options [17]. 

Value functions are attained by asking the evaluator to judge the difference in attractiveness between the 

different impact levels of each descriptor of impacts, using one (or a combination of several) of the six MACBETH 

categories (Very Weak, Weak, Moderate, Strong, Very Strong and Extreme). Indifference judgments are also 

allowed, which are represented by the category Null. The judgments regarding one descriptor of impacts allow 

to obtain the value function for the respective concern. 

Considering an ordered set of ℵ impacts levels on concern 𝑗 as 𝑃(𝑗) = {𝑃1(𝑗), … , 𝑃ℵ(𝑗)}, and assuming that 

best and worst were the references chosen, the questioning protocol would be identical to: “What is the 

difference of attractiveness between an option that has a performance 𝑃1(𝑗) on concern 𝑗 and an option that has 

a performance 𝑃2(𝑗) on concern 𝑗, with all other concerns being on the worst level on both options?”;   

The MACBETH approach was implemented in M-MACBETH, a multicriteria DSS that solves an optimization 

problem to attain a MACBETH numerical scale [112, 113]. Later, it was also implemented in Wisedon, a web 

platform. The fact that only qualitative judgments based on differences in value between options are asked to 

the evaluator makes MACBETH approach and, thus, M-MACBETH and Wisedon, advantageous tools to use with 
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evaluators with different backgrounds, who may be unfamiliarised with numerical estimations and or do not like 

to provide numerical judgments. Besides, the tools are designed to be used by a facilitator, being flexible enough 

for them to be suitable in several contexts, namely decision conferences, workshops, interviews and other. M-

MACBETH and Wisedon can, thus, support an interactive process that is supposed to be also pedagogical for the 

evaluator, who can be an individual or a group of actors [114].   

The judgments are asked making use of matrixes, which supports evaluator in the visualization of the several 

options in comparison. For each matrix, M-MACBETH uses a linear programming model to attain a numerical 

scale from the semantic judgments.  

Ordinal and cardinal preferential information must be provided, with this being expressed with the MACBETH 

categories. Categories are represented by 𝐶𝛿 , 𝛿 ∈ {0,1, … , 6}, with 𝐶0 representing the category “Null”,  

𝐶1 representing the category “Very Weak” and so on. Having such information, the optimization problem to be 

solved can be represented by the equations presented on Table 1, following the formulation presented in [112]. 

Table 1: Formulation of MACBETH algorithm. 

Conditions 

𝒗(𝒙−) = 𝟎 (𝒂𝒓𝒃𝒊𝒕𝒓𝒂𝒓𝒚 𝒂𝒔𝒔𝒊𝒈𝒏𝒎𝒆𝒏𝒕) 

𝒗(𝒙) − 𝒗(𝒚) = 𝟎, ∀𝒙, 𝒚 ∈ 𝑪𝟎  

𝒗(𝒙) − 𝒗(𝒚) ≥ 𝒊, ∀𝒙, 𝒚 ∈ 𝑪𝒊 ∪ … ∪  𝑪𝒔, {𝒊, 𝒔} ∈ {𝟏, 𝟐, 𝟑, 𝟒, 𝟓, 𝟔}, 𝒊 ≤ 𝒔 

𝒗(𝒙) − 𝒗(𝒚) ≥ 𝒗(𝒛) − 𝒗(𝒘) + 𝒊 − 𝒔′, ∀𝒙, 𝒚 ∈ 𝑪𝒊 ∪ … ∪  𝑪𝒔 𝒂𝒏𝒅 , ∀𝒛, 𝒘

∈ 𝑪𝒊′ ∪ … ∪  𝑪𝒔′ ,

𝒊, 𝒔, 𝒊′, 𝒔′ ∈ {𝟏, 𝟐, 𝟑, 𝟒, 𝟓, 𝟔}, 𝒊 ≤ 𝒔, 𝒊′ ≤ 𝒔′, 𝒊 > 𝒔′ 

Objective 

𝐦𝐢𝐧[𝒗( 𝒙+) − 𝒗(𝒙−)] 

 

It is to notice that two judgments of the same category can have different strengths/magnitudes of 

importance. For instance, having 𝑥, 𝑦 ∈ 𝐶1 and 𝑧, 𝑤 ∈ 𝐶1, it is possible that 𝑣(𝑥) − 𝑣(𝑦) ≠ 𝑣(𝑧) − 𝑣(𝑤), 

meaning that one of the “Very Weak” is more close to the next category, in this case “Weak”, than the other. 

The first equation assigns, by convention, the value zero to the element that corresponds to the low 

reference. The remaining conditions assure that ordinal and cardinal information respected: if two elements are 

judged as indifferent, i.e. equally attractive, the difference of attractiveness between them is null; if the evaluator 

hesitates regarding the difference of attractiveness between two elements, thus judging the swing with more 

than one category, the difference between their impact values must at least equal the lower value standing for 

the lower category assigned; having one swing that is more attractive than other, the difference between the 

value range of these swings must be at least equal to the difference between the assigned categories (considering 
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the lower value corresponding to the higher category and the higher value of the lower category, as these result 

in the minimal difference that complies with the constraint).   

For this model to be solvable, at least 𝑤 − 1 pairwise comparison judgments must be provided (𝑤 being 

the number of elements defined in analysis in the matrix). This can be achieved, for instance, pairwise comparing 

only each option with the option that has the next lower impact level, which results on populating the “diagonal” 

of the upper diagonal matrix. It can also be achieved by pairwise comparing the option that has the most 

attractive impact level with the remaining options. However, some additional judgments are recommended, so 

consistency checks can be performed (see details in [113]).  

In order to obtain a global score of each option, it is also required to “harmonize” the value scales, this 

is, to assign a weight to each concern, according to its impact range. The importance of a concern depends on 

how much one can improve on that concern and how relevant this improvement is, considering the specific 

performance level.  

Once the value functions and the weights are defined, the global score of each option is obtained through the 

simple additive model.  

3.4. MACBETH-Choquet Integral approach 

Several studies have been highlighting the importance of considering potential interactions between concerns 

when applying MCDA. Particularly, it is pointed out that the simple additive model may not be adequate, which 

raises the necessity of developing and testing other approaches [14, 15, 60]. 

Different types of relations can occur between concerns, and there is no agreement in the literature regarding 

the concept of interaction [74]. CI allows to model a specific type of interaction: bidirectional preference 

dependence [20]. Hence, it is important to clarify the concept of preference dependence and how MACBETH 

features can be useful to combine it with CI. 

In general, there are two main types of preferential independence situations, which consist in ordinal 

independence and cardinal independence. Ordinal independence is verified when options can be ordered with 

respect to one concern, regardless of their impact on other concerns. Cardinal independence is verified when, 

besides the ranking, the difference in attractiveness between the options can be measured with respect to one 

concern, regardless of their impact on other concerns [115]. Thus, preference dependence occurs when options 

cannot be ordered with respect to one concern, regardless of their impact on other concerns. If this occurs, 

cardinal preference dependence is assured. 

Preferential dependence relations can be expressed in different ways [77], for instance by antagonism, in 

which the combined impacts are valued less than the sum of the values of impacts, and by synergism, in which 

the combined are more valued than the sum. 
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Applying CI as aggregation function implies to: (i) Identify if preference dependence occurs and is 

bidirectional; (ii) Obtain conditional value functions; (iii) Obtain CI Parameters; (iv) Calculate global scores;   

Considering a set of concerns with defined reference levels, MACBETH questioning protocol can be used both 

to detect the existence of interdependencies between them and to fulfil a global matrix of judgments that reflect 

the preferences of the evaluator, taking into account those interdependencies.  

Studies combining MACBETH with CI often use MACBETH to determine the value functions and/or the CI 

parameters. This is performed by following the MACBETH questioning protocol and algorithm. The resulting 

MACBETH value scale is used to calculate the conditional vale functions and CI parameters. However, in several 

studies, each EC was assessed alone, i.e. without taking into consideration the impact levels on other ECs [65, 68, 

69, 71, 72]. This makes no sense under the presence of interrelations between concerns, since the valuation of 

the improvement on one concern depends on the impact level on the concerns with which interdependence 

occurs [74]. 

In addition, some studies use two types of matrices – one with local judgements and a second one with global 

judgements. This increases the probability of incoherence and inconsistency issues [65, 68, 71]. 

Since the global judgments are the ones of interest in the context of interdependencies, to use a single global 

matrix is the most likely to be the most reasonable approach. However, such matrix can easily become very large, 

thus requiring a great mental effort of the evaluator in order to provide enough judgements. In this sense, asking 

for judgments considering improvements on one isolated concern can be easier for the evaluator. Besides, it is 

particularly used if different evaluators judge different concerns [20]. 

Oliveira et al. [20] suggested an approach, which was called “indirect” MACBETH-CI, to make use of 

unidimensional assessment of the performance of each option in each concern. Hypothetical options are built, 

in which the EC in analysis takes different impact levels, and the remaining ECs are fixed in a specific baseline (for 

instance, the low reference level). By doing so, the evaluator provides judgments taking into account all the ECs 

together, but only one of them varies. If only one matrix is used, these judgments are also the ones considered 

to obtain the value functions. Then, evaluators are asked to compare hypothetical options in which all the 

concerns are in one of their reference levels. Having such information, CI parameters can be obtained, and global 

scores can be calculated using the 2-additive CI aggregator. 

Usually, M-MACBETH is used to obtain impact values and the further calculations are performed on a 

calculation tool such as Microsoft Excel, since M-MACBETH is not programmed to apply the CI formulation. Even 

though this can lead to correct results, it can also happen that the scale suggested by the software does not 

comply with 2-additive CI: for instance, if 2-additivity constraints or monotonicity constraints are violated. 

Only one practical application of MACBETH-CI in the context of health settings was found in the literature 

[64], even if MCDA has been increasingly used in this field and several studies had argued that many concerns 

frequently used are not preference dependent with each other.  This enforces the need for testing for preference 
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dependence between HTA concerns and, in cases where this relation is verified, the applicability of MACBETH-CI 

to address these interdependencies. 

3.5. Design and Architecture of a DSS 

The complexity associated to decision-making processes, the time pressure and the fast-changing conditions 

make it necessary that a new paradigm of intelligent decision-making arises, coming up with the ability of being 

more generalized and flexible to change [116]. 

One way to accomplish the goal of facilitating informed decision-making is to use DSS. DSS are computer-

based systems that bring together information from several sources, assist in the organization and analysis of that 

information and evaluate the alternatives according to rules imposed by a specific model. The results are then 

presented to the evaluator or to the DM on graphical interfaces, so they can be easily interpreted and help the 

process of decision-making [117]. 

DSS allow the evaluator to analyse the information in a way that will provide support to a particular decision 

in an interactively way [118]. Besides, they allow to perform a large number of computations in a short period of 

time, to evaluate more alternatives that humans could do by themselves, and to consider different types of 

complex information, decreasing the risk of human decisions and improving the reliability of results [119]. 

The general architecture of a DSS framework contains three major subsystems: (i) the dialogue subsystem, (ii) 

the input management subsystem and (iii) the knowledge management subsystem [120]. The dialogue subsystem 

serves to assure user-friendly communications between the evaluator and the DSS. It coordinates all functions or 

commands selected by the evaluator and integrates various other subsystems. The input management subsystem 

organizes and manages all the inputs for solving the problem, with the type and the quantity of data inputs 

varying from one problem to another. The knowledge management subsystem retains all the multi-criteria 

decision analysis methods available in the DSS. 

Proper DSS design requires having a clear concept of the nature of the target decision problem and a well-

defined strategy of how to adequately support the decision process. Miah et al. [121] argued the applicability of 

Peffers et al.’s model [122], based on design science theory, for evaluating the sequential phases of designing and 

developing a DSS within a socio-technical context. This model consists in six stages (Figure 3) containing 

checkpoints (Table 2) that must be taken into consideration when developing the DSS. 
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Figure 3: Workflow for DSS design proposed by  Miah et al. [123] 

 

Table 2: Framework for DSS design with checkpoints, proposed by Miah et al. [123]. 

Stage Checkpoints 

I. Outline the decision problem a) Problem importance  
b) Problem suitability for decision-makers  
c) Problem complexity/simplicity  

II. Define design objectives a) Whether quantitative or qualitative measures are to be used  
b) Appropriateness of objectives  
c) Resources required by design objectives  

III. Artefact design and development a) Whether quantitative or qualitative measures are to be used  
b) Appropriateness of objectives  
c) Resources required by design objectives  

IV. Identify design context a) Determine the context in which the system is to be used and 
further tested  

V. Measure effectiveness and 
efficiency 

a) Effectiveness and efficiency of system within its application 
context 
b) Whether effectiveness and/or efficiency meet the target 
requirements  

VI. Communication of the results a) Determine how the outcomes are to be presented  
b) Determine whether the communication structure is appropriate 
for the target audience  
c) Determine whether the system outputs match the discipline 
knowledge.  
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4. MACBETH-Choquet Integral DSS 

In this chapter we describe the design of the proposed DSS, which is intended to implement the MACBETH-

CI approach in a comprehensive manner that supports the facilitator in guiding the process and the evaluator in 

understanding it, and in providing value judgments and making evaluations.  

The chapter contains four sections, which generically consist in the three planning components that are 

required before the implementation of a DSS adapted to a novel MACBETH-CI DSS, and details on the performed 

implementation.  

The design of a DSS requires to plan all the requirements and features, with focus on the inputs and outputs 

of each phase. Since this phase is the basis of the DSS, it is important to have sound theoretical foundations on 

how to design a DSS. Having this in mind, the framework for DSS design proposed by Miah et al. [121] was adapted 

and applied.  

The architecture of the DSS entails the technical features required to respond to all the aspects raised during 

the design. Planning the process and the questioning protocol requires producing a user-friendly guide to use the 

DSS with the evaluators, so they fully understand the problem and become able to provide the required 

information in a transparent way that reflects their real preferences. 

The DSS was implemented in Microsoft Visual Studio, using C#. A logical sequence of steps allows to build 

the constraints of the mathematical programming model, which is sent to LP_solve, an open source linear 

programming system [124]. 

4.1. Design: Adapted Framework 

Departing from the framework for DSS design proposed in Mia et al. [121], the six stages and correspondent 

checkpoints are adapted so MACBEH-CI DSS requirements can be planned. 

4.1.1. Overview 

The first stage consists in defining the decision problem, which requires to make explicit the decision to be 

made, the agents involved (for instance, DM, evaluators and facilitator), the importance of the problem and its 

complexity. These are the requirements for the second stage, in which the design objectives are settled so the 

DSS can respond to the previously identified circumstances. This includes to select the resources and tools that 

will support the development and to define the inputs and outputs in each stage of the process. In the third stage, 

the technical problems to be solved and the approaches used to address them must be determined. The 

innovative features and approaches to test them must be defined. The fourth stage consists in determining the 

context in which the DSS will be tested and used. This should drive the development. The fifth stage consists in 

defining the measures that will be used to evaluate the outputs, so conclusions can be taken regarding the 

requisiteness and performance of the DSS. Finally, it is required to define the patterns in which the 
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communication will occur between the different agents. This includes to define how the outputs will be presented 

and which inputs will be asked, who presents, who responds and their roles within the evaluation problem. 

Additionally, it must be defined how to ensure the understanding of the evaluator regarding the process and 

consequent results. The adapted framework and checkpoints are presented in Figure 4. 

 

Figure 4: Adapted framework for MACBETH-CI DSS design. 

4.1.2. Outline the Decision Problem 

a) Problem importance 

MCDA has been increasingly used in HTA, with most approaches applying the additive model to obtain the 

overall scores. Simple additive value models require preference independence between concerns, which is a 

strong assumption in HTA, as suggested by several examples stated in the literature. Since to ignore these 

interdependencies may lead to unsound results, tools to operationalize MCDA methods that are able to identify 

and model interdependencies need to be developed and tested. 

b) Problem suitability for decision-makers 

Several studies have pointed out the need to account for interdependencies when applying MCDA, so 

realistic results can be achieved and, thus, useful information can be provided to the evaluator. Some studies 

have proposed and tested approaches to tackle the problem by combining several methodologies and tools, but 

there is not a tool to operationalize the whole process in an intuitive and user-friendly way.  

The DSS will be intended to be used by a facilitator, as M-MACBETH. It must have a graphical user interface 

explicit enough so any evaluator can understand the key conditions behind the model, as these are not so easy 

and intuitive as those imposed by the additive model. Assuring this is useful both for the facilitator, who has a 

guidance to better communicate with the evaluator, and to the DM, who gets a better understanding of the model 

and can become able to provide more deliberated judgments. In this regard, the user interface must have both 
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technical and pedagogical pages, so it is easy to use and interpret. It must also provide additional information 

that helps the evaluator in understanding the phases of the process and its relevance to obtain a realistic result. 

Having in mind that the DSS does not aim to address very large problems, and in order to avoid burdensome 

of the evaluator, the DSS will permit to consider cases of 5 ECs at most. Besides, the number of interrelated ECs 

is limited to 2, i.e., the DSS is set to model interdependencies through the 2-additive CI. 

c) Problem complexity/simplicity 

The model to be developed requires a more complex mathematical optimization formulation when 

compared to the MACBETH algorithm. Additional constraints, imposed by the 2-additive CI, must be 

implemented, namely 2-additivity and monotonicity constraints. These are detailed in section 4.4.1.  

In order to ensure that the MACBETH-CI protocol is properly implemented, it is required to ask for 

judgements regarding global impact levels, i.e., considering the impact level on more than one EC. This demands 

a higher mental effort from the evaluator. Besides, the number of judgments needed to solve the problem 

increases along with the number of ECs considered. Therefore, it is not expected that this approach will be used 

to solve a large problem, and allowing up to 5 concerns is enough for the tool to be flexible. 

The assumption of 2-additivity is also a useful simplification in the sense that this is often stated as a good 

compromise between flexibility and complexity, avoiding extremely complicated models with a large number of 

coefficients. Besides, interaction parameter has a connection with 2-additive capacities, as denoted in equation 

(11). Therefore, it can be used to ease the determination of Shapley Parameters for the CI [125]. 

4.1.3. Define Design Objectives 

a) Whether quantitative or qualitative inputs/outputs are to be used 

The inputs and outputs must be similar to those used in M-MACBETH, with the judgments being qualitative 

inputs (MACBETH semantic categories) and the outputs consisting in numerical quantitative scales, that must be 

revised and validated by the evaluator.  

A preliminary phase is required, in which differences in attractiveness between specific options are asked, in 

order to identify if preference dependence occurs and, in cases where it does, if it is bidirectional for each pair of 

concerns. Only the relation between pairs that are bidirectionally preference dependent can be represented by 

the CI formulation.  

The evaluator must be informed about the kind of relation that exists between the concerns, according to 

the judgments provided. Besides, suggestions regarding the following steps must be given accordingly to the 

identified relation. 

In case concerns are bidirectionally preference dependent, the evaluator is asked to provide some 

preferential information regarding the elements of a global descriptor of impacts. This information is also 

provided using the six MACBETH categories and serves the purpose of populating the global matrix of 

judgements, from which impact values and, therefore, CI parameters and conditional value functions will be 
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calculated. These are quantitative measures that must be analysed and validated by the evaluator. For the case 

of CI parameters, evaluator must take into consideration their interpretation in the context of 2-additivity. The 

evaluation of the conditional value functions must have into account what they are conditional of, that is, the 

level in which other concerns were fixed. 

b) Appropriateness of objectives 

The proposed DSS allows to identify and model preference dependence relations while maintaining the 

qualitative questioning protocol of MACBETH. Using semantic categories can make the task of judging the 

differences in attractiveness between options easier for the evaluators, since they do not need to be familiar with 

numerical estimations. From the qualitative judgments, CI parameters are obtained, and a numerical scale 

calculated using the CI aggregation formula. 

Limiting the ECs up to 5 and restricting the interaction degree to 2 (using the 2-additive CI) avoids an excessive 

complexity and makes the different phases of the process and the meaning of each parameter easier to explain 

to the evaluator. Therefore, the DSS is designed to address the found methodological mistakes when using 

MACBETH-CI approach while offering an intuitive and user-friendly usage. 

c) Resources required by design objectives 

In a preliminary phase, the decision to be made, the ECs  associated to it, a descriptor of impacts for each EC 

and two reference levels within each descriptor of impacts must be defined. Then, specific options that result 

from combining reference impact levels of each concern must be compared in terms of their relative 

attractiveness. This phase is intended to identify preference dependence between concerns and to analyse the 

decision problem so it can be determined whether 2-additive CI can be applied or not. Therefore, evaluator must 

be informed about the assumptions of the model, namely with respect to 2-additivity and monotonicity. 

In cases where there are at least two interrelated ECs that complies with 2-Additive CI, all the infeasible 

combinations between impact levels must be removed, and the remaining ones must be ordered in terms of their 

attractiveness. These are the options to introduce in a global matrix of judgments, thus being the elements to 

pairwise compare using the MACBETH categories. 

Finally, conditional value functions and CI parameters are determined from a MACBETH scale respecting 2-

additive CI constraints. This is obtained through a linear optimization model that solves a problem based on the 

judgments provided in the global matrix of judgments.  

The global impact value of options, which can be real or hypothetical, can be then obtained using the CI 

aggregation formulation. Having the conditional value functions and CI parameters, the model can also be used 

to calculate the global impact value of options that were not included in the model. This allows to avoid a very 

complex global matrix of judgments, as long as the ordered set of options introduced in the matrix is 

representative enough so a realistic and general model can be developed. However, the options containing 

reference levels cannot be excluded from the global matrix of judgments, since they are the ones that allow to 

identify preference dependence and to calculate the CI parameters. 
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If the conditions to apply the MACBETH-Choquet Integral DSS do not hold, the relation between concerns 

must be identified and transmitted to the evaluator, as well as suggestions on how to proceed. Besides preference 

dependence, relations of preference independence and weak difference independence can be easily identified 

using the MACBETH questioning protocol. Thus, if the MACBETH-CI DSS does not suit the decision problem, 

evaluator can get suggestions on other models within the value measurement approach that may be more 

appropriate according to their judgments. For these specific relations, other approaches can be used, namely the 

simple additive model, implemented in M-MACBETH, and the multilinear form, respectively. Besides, it is possible 

to identify other interdependencies, namely situations in which preference dependence is not bidirectional. To 

revise the judgments or to finish the process must be two possible choices, regardless of the relation between 

concerns.  

The DSS will then require a graphical user interface that can support the identification of bidirectional 

preference dependence and other interdependency types, and that allows to show theorical information to guide 

the facilitator while explaining the process components to the evaluators. Besides, a linear programming solver 

is required, which will receive the MACBETH and 2-additive CI constraints resulting from the judgments provided 

by the evaluator. 

4.1.4. Artefact Design and Development 

a) Design and development approach used 

The GUI will be developed in MVS, which allows to create UI content in Extensible Application Markup 

Language (XAML) and manipulate it using the programming language C# and the framework .NET. MVS allows to 

create objects in a graphical and quick way, and several methods are already available to operationalize these 

objects. Other required methods can be developed using C#. Besides, MVS allows to develop interfaces for several 

types of applications, being a flexible tool for future enhancements regarding the user experience [126]. 

The MACBETH and 2-additivity constraints will be also coded in C#, being sent to LP_solve once the global 

matrix of judgments is populated. LP_solve is a Mixed Integer Programming solver that solves an optimization 

problem, thus providing the impact values [124].  

As basis, it will be used a MACBETH model previously implemented in Wisedon, a decision support web 

platform. As this is also coded in C#, the integration becomes easier and part of the code can be leveraged. The 

model will need to be enriched so 2-additive CI constraints are also imposed and global scores are obtained with 

the CI aggregator. To do so, it is required to be able to identify the composition of each element that is evaluated 

in the global matrix, which is not required when using the simple MACBETH approach. Specific options will be 

used to calculate the conditional value functions and CI parameters, which imposes that the model recognizes 

the exact position that those options take in the global matrix. Details on Wisedon model and a comparison with 

M-MACBETH are provided in Appendix A. 

The GUI will be iteratively designed following a user-driven development, which consists on a design process 

focused on the users and their needs in each phase of the process [127]. An outline of the input-output scheme 
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for each window will be developed before the GUI itself. To guide the development, a case study adapted from 

Morton, A. [14] will be used. 

The C# code works directly with the GUI, allowing to manipulate and process data through an input-output 

iterative process, so the evaluator is driven to the proper page as the inputs are provided. For instance, when 

assessing the difference in attractiveness between binary options, the output page will depend on the relation 

between concerns that is identified. If the concerns are identified as bidirectionally preference dependent, the 

judgements that revealed this relation are recorded so they are further fixed in the global matrix of judgments. 

Then, the evaluator gets the chance of removing and ordering the options that will be evaluated in the global 

matrix. Once the set of options is determined, the global matrix appears with the previously provided judgments.    

The evaluator must then provide some additional judgments, at least until the minimum number of 

judgements to solve the model is attained. This depend on the number of options being evaluated. Unlike M-

MACBETH, the DSS does not allow that the evaluator provides an inconsistent judgment. If the evaluator tries to 

insert a judgement that will make the matrix inconsistent, they are alerted that another judgment must be 

provided. Using the same approach as M-MACBETH could lead to evaluator being suggested to change the 

judgments that revealed that bidirectional preference dependence is verified, which would compromise the 

validity of the model. 

Once the impact values are obtained, the CI parameters and the conditional value functions are calculated 

and presented to the evaluator. If he/she validates, the global scores of the options can be calculated. 

b) Measures used to determine the innovative features of the system 

The innovative features will consist in the ability of modelling preference dependencies between concerns 

using the MACBETH-CI approach. Therefore, CI parameters and global scores obtained using CI aggregator are 

the measures representing the innovative features of the system. 

The parameters can be evaluated by analysing the degree to which they are in line with the opinion of the 

evaluator. Interaction parameter must vary in the range [-1,1], and it must be analysed considering the relation 

between ECs that the evaluator has in mind. Its proximity to the extremes must be associated with strong 

dependence between concerns, with -1 standing for antagonistic dependence and 1 standing for synergic 

dependence. Shapley Parameters must sum 1, and they reflect the relative importance of each concern 

considering different baselines. Even though it is not an objective assessment, it also allows to perceive if the 

interpretation of CI parameters is being understood by the evaluator. 

The global scores must reflect the interdependencies detected. In order to verify if this occurs, the results 

obtained with MACBETH-CI DSS will be compared to those that would be attained if the additive model was used. 

The aim is to verify if the CI aggregator is better in representing the preferences of the evaluator for a given case, 

as well as to test if the additive model would be a reliable approximation. To this end, a model to be tested in 

MACBETH-CI DSS will be also tested assuming preference independence, using the MACBETH model 

implemented in Wisedon. The improvement in the reliability of the results must be evaluated against the 
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additional complexity and cognitive burden imposed by the MACBETH-CI approach. Again, even if it is not an 

objective measure, it allows to evaluate whether the evaluator is willing to follow a more complex approach to 

attain more realistic results. 

During the preliminary phase, in which the relation between concerns is assessed, sufficient information 

must be provided to the evaluator, so he/she gets to understand the constraints of the model, without being too 

exhausting. Even if the informative windows are intended to be as complete as possible, the amount of new 

information can be difficult to take in. Besides, to compare hypothetical options considering impact levels 

associated to different concerns, instead of isolated impact levels, can impose a substantial cognitive burden to 

the evaluator. The higher the number of concerns to consider at once, the higher the cognitive burden. 

At the end of the process, the evaluator will be encouraged to answer a questionnaire regarding how clear, 

pedagogical, useful and difficult to use the DSS is. Besides, the evaluator can write comments and suggestions. 

To collect this feedback will allow to evaluate the usability of the DSS, as well as to find out opportunities for 

further enhancements. 

4.1.5. Identify Design Context 

a) Determine the context in which the system is to be used and further tested 

The system must be general enough so it can be used in every context in which preference dependencies can 

possibly exist. However, it will be developed using an HTA or health setting problem under the user-driven 

approach. Besides, the DSS will be also tested in the evaluation of health settings.  

Departing from the example stated in Morton, A. [14], the DSS will be developed having in mind an evaluation 

problem that consists in assessing different treatment options that only differ on the effectiveness and the 

affected population that can access the treatment. Following the reasoning stated in the study, a very low 

effectiveness will be considered as the low reference level. It is expected that the impact level on this concern 

affect the attractiveness of the improvement on any other concerns, namely on the affected people that can 

access the treatment. 

The DSS is intended to be used by a facilitator but must be intelligible enough so that any kind of evaluator 

can understand the process they are going through. This is a particular issue when evaluating health settings, 

since patients’ considerations have been pointed as of great importance [12], and these are often not familiar 

with MCDA techniques.  

4.1.6. Measure the outputs  

a) Whether outputs meet the target requirements 

It is expected that the DSS returns a value score for each option, which is attained using the CI aggregation 

formula. The scores must be obtained respecting the constraints imposed, namely monotonicity and 2-additivity. 

Besides, they must reflect the preferences of the evaluator and the identified interdependencies. 
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CI parameters are also an important outcome to look over. Shapley parameters can be analysed with respect 

to their function of “harmonizers” of the conditional value functions, taking into account the importance of the 

ECs and their impact ranges. Interaction Parameters can be evaluated in terms of their closeness to zero, which 

is translated in proximity to preference independence. Besides, it can be analysed if their positivity or negativity 

make sense in the specific context (i.e. if they properly represent a synergic or antagonistic relation). 

4.1.7. Communication of Results 

a) Determine how the outcomes are to be presented 

During the data gathering, the outcomes of each input request will consist on a new window in which 

additional information is requested, following the steps of MACBETH-CI protocol.  

When the swings between binary (multidimensional) options are judged, the relation between concerns is 

identified and the result must be displayed in a page that explains the specific type of relation. If the judgments 

lead to the conclusion that the model does not suit the problem, a window containing a briefly explanation of 

the constraints of the model must presented. The explanations must be provided along with graphs that 

represent the different relevant concepts, such as preference independence, preference dependence, weak 

difference independence, bidirectional relations, 2-additivity and monotonicity. The page informs that the DSS is 

not appropriate for the identified relation and other tool must be used. If preference independence is detected, 

the DSS suggests the evaluator to use M-MACBETH. 

If the judgments reveal preference dependence between concerns, the evaluator is redirected to a window 

in which the options containing all possible combinations between impact levels are presented. The evaluator is 

invited to remove the infeasible/irrelevant options and to order the final set.  

The judgments are provided by pairwise comparing options using the six MACBETH categories or a mix of 

them. These judgments will populate a global matrix, from which the scale will be obtained.  

Once the impact values are obtained, the MACBETH scale and the CI parameters are presented to the 

evaluator. If they validate, the global score of options is calculated. These are also presented in a scale. 

b) Determine whether the communication structure is appropriate for the target audience 

The communication structure allows the evaluator to see the results in a graphical way and access 

informative windows, which are also useful to the facilitator in the sense that they support the explanation of the 

concepts. This will contribute to make the DSS suitable for any kind of audience. 

Besides, the communication of results goes always along with suggestions and several paths for the evaluator 

to follow, or with a request for the evaluator to validate the results, revise the judgments or finish the process. 

Thus, the evaluator is permanently in interaction with the DSS, which contributes for them to get involved and 

engaged. 

c) Determine the type of feedback required from evaluator and how to evaluate their understanding of 
the results 
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The DSS is designed to be interactive and constantly dependent on feedback from the evaluator. This makes 

it easier to detect any misunderstandings from the evaluator. 

In the first phase of the process, the evaluator is asked to provide information in order to structure the model. 

An intuitive and user-friendly questioning protocol supports the communication between the facilitator and the 

evaluator so a comprehensive and realistic model can be defined. 

From this phase on, the evaluator is asked to provide judgments and validations. From the coherence of the 

judgments and the analysis behind the validations, the facilitator can detect whether the evaluator is 

understanding the process. 

4.2. Architecture 

DSS architecture aims at prototyping the features of its three subsystems: the dialogue subsystem, the input 

management subsystem and the knowledge management subsystem [120].  

The facilitator is responsible to obtain the inputs from the evaluator and to insert them in the DSS, which is 

assured by the dialogue subsystem. The DSS has a logic that comprehends several communications between 

subsystems, until an output is returned to the dialogue subsystem and displayed to the facilitator, who should 

communicate the results to the evaluator. The process is represented in Figure 5. 

 

Figure 5: Representation of the agents and subsystems of MACBETH-CI protocol. 

4.2.1. Dialogue Subsystem 

The dialogue subsystem must ensure user-friendly communications between the evaluator, who can be also 

the decision-maker, and the DSS. This will be attained by developing a sequence of pages or windows following a 

user-driven development. Assuming the role of the evaluator in a real decision problem, it is possible to identify 

the different features and commands required, as well as the best way to display them so the process becomes 

clear to the evaluator. 

The appearance of the pages is implemented with WPF, a graphical subsystem of Microsoft particularly useful 

to render user interfaces in Windows-based applications. 
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An initial page is required so the evaluator can provide the basic information of the decision problem, such as 

a description of the model, the superior and inferior references to use and a list of up to 5 concerns. As the DSS 

is developed to apply MACBETH-CI approach, it is intended that up to 5 ECs will be defined within a KC. 

In a second page, the evaluator must be able to define a descriptor of impact for each EC, this is, an ordered 

set of impact levels for each EC. To make the model as uniform as possible, the same number of impact levels 

must be provided for each concern. Within each descriptor, two reference impacts must be chosen, according to 

the superior and inferior references previously defined. 

Once the concerns are operationalized, the next step consists in testing for preference dependence. This will 

be performed for each pair of concerns, meaning that the number of windows required is equal to the number 

of two-to-two combinations between the number of elementary concerns. In each page, four swings must be 

represented so bidirectional preference dependence can be tested at once. To do so, the evaluator must judge 

the attractiveness of each swing using one of the MACBETH categories. 

Considering two elementary concerns 𝑖, 𝑗 ∈ 𝑁 and 𝐺𝑖 , 𝑁𝑖  the superior and inferior reference levels of 𝑖, the 

page to test for preference dependence between 𝑖 and 𝑗 should contain the following swings: 

(𝑁𝑖 , 𝑁𝑗, 𝑁{𝑖,𝑗}𝑐) →  (𝐺𝑖 , 𝑁𝑗, 𝑁{𝑖,𝑗}𝑐) (a) 

(𝑁𝑖 , 𝐺𝑗, 𝑁{𝑖,𝑗}𝑐) →  (𝐺𝑖 , 𝐺𝑗, 𝑁{𝑖,𝑗}𝑐) (b) 

(𝑁𝑖 , 𝑁𝑗, 𝑁{𝑖,𝑗}𝑐) →  (𝑁𝑖 , 𝐺𝑗, 𝑁{𝑖,𝑗}𝑐) (c) 

(𝐺𝑖 , 𝑁𝑗, 𝑁{𝑖,𝑗}𝑐) →  (𝐺𝑖 , 𝐺𝑗, 𝑁{𝑖,𝑗}𝑐) (d) 

 The first two equations represent swings on concern 𝑖, from its low to its high reference level. The only 

thing that distinguishes these two swings is the impact level fixed for concern 𝑗. This is fixed in its low reference 

level and in its high reference level in the first and the second equations, respectively. Hence, if the swing on the 

first equation is assigned with a different MACBETH category than the swing on the second equation, one can 

conclude that the value of an improvement on 𝑖 depends on the impact level on 𝑗. In other words, it means that 

𝑖 is preference dependent of 𝑗.  

 The same logic is applied to the criteria 𝑗 with respect to 𝑖. If 𝑖 is preference dependent of 𝑗, and j is 

preference dependent of 𝑖, the CI formulation can be applied. 

If the concerns are identified as preference independent, the evaluator must be informed about the detected 

relation and suggested to use the simple additive model instead, for instance resorting to M-MACBETH. 

If the evaluator does not agree with the applicability of the additive model, considering that the value of 

putting two concerns together is not the same as the sum of the value of individual concerns, an additional 

assessment can be performed to test for weak difference independence. If this condition holds, the evaluator is 

informed that the DSS does not suit the problem and is suggested to use the multilinear form. 

If interdependencies are detected but these are not bidirectional, the evaluator is provided with the 

judgments that violate the requirement. The evaluator must analyse if the strength of the judgements is such 
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that the model does not fit the problem or if judgments could be revised without compromising the abidance 

between the model and the opinion of the evaluator. 

If at least two concerns are identified as preference dependent, the evaluator is routed to a new page, in 

which a list containing all combinations between the impact levels of each EC is presented. The evaluator must 

be able to order and remove combinations, being that the binary options must not be accessible to be deleted. 

The ordination must reflect the monotonicity constraint imposed by the CI, and the evaluator must 

understand that 2-additivity is being considered. In this sense, links to informative pages concerning monotonicity 

and 2-additivity must be available. 

Once the final set of options is defined and ordered, the next page must contain a matrix, which will be fulfilled 

by the evaluator with the differences in attractiveness between options. In this phase, the judgments previously 

provided to identify interdependencies must be already inserted in the matrix and the evaluator should not be 

able to change them. 

Once the linear programming model is solved, the MACBETH pre-scale and concordant Shapley and 

Interaction parameters are shown. The evaluator must analyse and validate them. Then, the global scores of 

options can be calculated. 

When concluding the process, the evaluator is encouraged to respond a survey regarding the quality of the 

DSS is terms of complexity, clarity and utility. The evaluator may also have the opportunity to send comments 

and suggestions, so the DSS can be enhanced. 

4.2.2. Input Management Subsystem 

The input management system is implemented in C#. The model is prepared to receive a set of concerns, each 

one assigned with a descriptor of impacts and two reference impacts. The combinations used to detect 

interdependencies are constructed from the reference impacts selected. 

Relations between concerns are analysed by comparing the judgments regarding specific swings. Typically, 

one page aims at identifying the relation between one pair of concerns. 

In cases complying with CI constraints, the options suggested to the evaluator consist on all possible 

combinations between the impact levels of all concerns in analysis. Constraints are added so the binary options 

previously used to detect the preference dependence relation cannot be deleted.  

Once the final set of options is defined, the evaluator is asked to choose two references within it – which will 

be used to rescale the basic MACBETH scale. Finally, the evaluator is asked to pairwise compare them, using the 

MACBETH categories. Each option is represented by an identifier and each category is represented by an integer, 

with 1 standing for Very Weak, 2 standing for Weak and so forth, until the Extreme represented by 6. 

The identifier of the options to be used in the calculation of CI parameters are recorded, so the formulas can 

be applied using the results from the linear programming solver.  
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Departing from the MACBETH scale, the model assigns the value 100 to the option chosen as the superior 

reference and the value 0 to the option selected as the inferior reference.  

4.2.3. Knowledge Management Subsystem 

The knowledge management subsystem is also developed in C#, allowing that constraints can be dynamically 

created from the judgments provided, namely the judgments provided while pairwise comparing the options. 

The MCDA model implemented combines MACBETH optimization algorithm with 2-additive CI constraints, so 

CI parameters can be calculated, and its formulation can be used to obtain the global score of options taking into 

account the concerns comprised on them. 

MACBETH constraints are defined over the ordinal and cardinal information provided by the evaluator. In 

short, two options that are judged as equally attractive must have the same impact value, while an option that is 

strictly preferential to other must have a higher value with respect to the second. Two options belonging to the 

same category (meaning that they are assigned with the same MACBETH category when comparing to the neutral 

options) must have a value between the extremes of the interval of values to which the category belongs, which 

implies that the difference in impact value between them cannot be higher than the interval scale. If two options 

are judged with different categories, the value difference between them must be at least equal to the difference 

between categories, i.e., the maximum value of the lower category and the minimum value of the higher 

category. 

For MACBETH scale to be compatible with CI, preference dependence must be reflected in the impact values, 

meaning that the value of putting together two concerns must be different than the sum of the impact values of 

the isolated concerns. As in this model the elements considered are options, this constraint is assured by imposing 

that the value of an option that is in the high reference level on two concerns is different than the sum of the 

values of an option that is on the high reference level on one concern and on the low reference level on the other, 

with all the remaining concerns being in the same level on the three options. 

Additionally, 2-additivity must be assured, meaning that, within a set containing three or more elements, 

there must not exist any set of three elements within each all elements interact with each other. 

4.3. Process and questioning protocol 

Developing a DSS must be executed along with the design of the process, in terms of the inputs and outputs 

of the DSS in each step, and the questioning protocol to apply so the required data can be obtained and 

processed. For the proposed DSS, the process can be generally divided into four phases: structuring, testing for 

applicability conditions, evaluation and analysis. The process is, thus, similar to MACBETH’s process. In the same 

way, the questioning protocol is also identical to the one usually used with M-MACBETH, with adaptations due 

to the possibility of interdependencies and, therefore, the need for judgments concerning options and not 

isolated elements. An overview of the process is presented in Figure 6. 
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Figure 6: Flowchart of MACBETH-CI process. 

4.3.1. Structuring Phase 

The process starts with the evaluator identifying the end objectives, or KCs, which often consists of a cluster 

of several interrelated ECs. The DSS aims at addressing a set of ECs within one KC.  

It must be defined a discrete set of impact levels for each EC, as well as two reference levels: one superior and 

one inferior. These can be, for instance Good and Neutral [19] or Best and Worst [24].  To use reference levels 

assures commensurateness between ECs, this is, that one can compare any element of one concern with any 

element of other concerns. 

4.3.2. Testing for Applicability Conditions 

The developed solution entails some assumptions regarding the problems to model. Thus, it is required to 

verify if the evaluation problem complies with the applicability conditions. First, concerns must be bidirectionally 

preference dependent, since this is the type of relation modeled by the CI. As 2-additivity is assumed, the 

evaluator must agree that the problem comply with this simplification. By imposition of CI, which is a nonadditive 

measure, concerns must also respect the monotonicity constraints. We further detail which protocol to follow in 

order to test for each assumption. 
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4.3.2.1. Preference Dependence 

Once the problem is structured, it is necessary to verify if the DSS model suits the decision problem. The first 

test consists on identifying if preference dependence occurs between the ECs. If this is not the case, it is 

recommended to use the simple MACBETH protocol instead, since it is much simpler. If the evaluator does not 

consider that the problem meets the assumptions of the additive model, weak difference independence can be 

tested. 

Testing for preference dependence means to verify if swings on one EC depend on the impact level on other 

ECs. Since reference levels are the ones that ensure commensurateness between ECs, these are the appropriate 

impacts to use in this phase. 

The judgments required to detect if interdependencies occur are global, this is, involving impact levels of 

different ECs all together. In this sense, combinations containing the different reference levels on each EC are 

constructed. 

Since the model will be developed in the context of 2-additivity, in cases where more than two ECs exist, the 

questioning protocol to detect interdependencies between two ECs is performed keeping the ECs that are not 

object of evaluation in the same baseline. By convention, binary actions previously defined are used, meaning 

that the remaining ECs are fixed on their low reference level. 

Being that preference dependence is not symmetric and it is requisite that preference dependence is 

bidirectional so the CI formulation can be applied, for each pair of ECs, it is necessary to verify if a swing on the 

former depends on the impact level on the last, and if a swing on the last depends on the impact level on the 

former. 

A specific questioning protocol is applied on the set of binary actions. This follows the structure of MACBETH 

questioning procedure, meaning that the evaluator is asked to provide differences in attractiveness in terms of 

one of the MACBETH categories. It is, however, applied on options and not on isolated impacts. Considering only 

two ECs for the sake of simplicity, with good (G) and neutral (N) being the reference levels, a set of global impacts 

to test for preference dependence between EC1 and EC2 would be: (N1, N2), (N1, G2), (G1, N2), (G1, G2). 

The questions to check if EC1 is difference dependent of EC2 would consist of: (i) “What is the difference of 

attractiveness between the option (N1, N2) and the (G1, N2)?” or “What is the attractiveness of the 

swing/improvement from (N1, N2) to (G1, N2)?”; (ii) “What is the attractiveness of the swing/improvement from 

(N1, G2) to  (G1, G2)?”;  

Since the swings contemplated in (i) and (ii) only differ on the level of EC2, if EC1   is preference independent 

of EC2, these swings must be valued equally (in this case, with the same MACBETH category). 

Assuming that EC1 is identified as preference dependent of EC2, it is still necessary to verify if EC2 is also 

preference dependent of EC1. To do so, the attractiveness of the swing between the reference impact levels of 

EC2 is asked, keeping EC1 fixed on its high and low reference level in each swing. The questioning protocol would 
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consist of: (iii) “What is the attractiveness of the swing from (N1, N2) to (N1, G2)?”; “What is the attractiveness of 

the swing from (G1, N2) to (G1, G2)?” 

If the evaluator answers with different categories for (i) and (ii), EC1 is preference dependent of EC2. If (iii) is 

also answered with a different category than (iv), then EC2 is preference dependent EC1. Therefore, bidirectional 

preference dependence holds, which is one of the conditions for CI to be applicable.     

Asking for differences in attractiveness in qualitative categories implies that there exists a range of values 

that comply with the judgments, since each category is spanned through a value range. MACBETH algorithm 

assures that, if different categories are assigned to two swings, these difference in reflected in the correspondent 

differences in impact values. Thus, the difference in impact values of the options concerned in the swing valued 

with the higher category will be greater than the difference in the impact values of the options concerned in the 

swing with the lower category. 

On the other hand, if (i) was assigned with the same category that (ii), and (iii) with the same category that 

(iv), it would not mean that they were preference independent. The same category can have different strengths 

in the eyes of the evaluator. In these cases, an additional question could be made to assure that evaluator 

considers the concerns as preference independent. For instance, if (i) and (ii) were both replied with “Strong”, 

the facilitator could ask: “Are those two strong equal or there is one that is closer to the next category (Very 

Strong) than other?”  

Even if the evaluator says that both “Strong” are equal, there may not be a MACBETH scale that ensures the 

equality in the difference of impact values and that is concordant with the remaining judgments.  In these cases, 

the evaluator is informed, and they can decide to revise the judgments, to proceed with the MACBETH-CI protocol 

or to opt to use the additive model, since the evaluator can consider that the interdependencies are too weak to 

justify the additional complexity imposed by the MACBETH-CI approach. 

Additionally, it might occur that only the swing on one concern is assigned with different categories 

depending on the impact level on the other concern, while the swing on the last is assigned with the same 

category with the former being on the low reference level and on the high reference level. In this case, preference 

dependence is not bidirectional and, thus, cannot be represented by a CI formulation. The evaluator must be 

explained why the model does not suit his/her judgments. He/she can opt for revise the judgments or to use a 

different approach. 

4.3.2.2. 2-Additivity 

The evaluator must be aware and validate the 2-additivity condition imposed, which means that only 

relations up to two concerns at once are allowed. Being that the interaction parameter, 𝐼, is the one that accounts 

for the interrelation between concerns, it is imposed that the interaction parameter of whichever three or more 

concerns is zero. This is equivalent to say that 𝐼𝑗𝑘𝑤 = 0, ∀ {𝑗, 𝑘, 𝑤} ∈ 𝑁. However, for the formulation to be 

applied, there must exist at least two concerns whose interaction parameter is not zero, i.e., ∃ {𝑗, 𝑤} ∈ 𝑁: 𝐼𝑗𝑤 ≠

0. 
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If the evaluator considers this is not applicable to the decision problem in analysis, the MACBETH-CI DSS is 

not adequate to aid the evaluator. 

4.3.2.3. Monotonicity 

Monotonicity is a requisite condition for a decision problem to be represented by the CI. This condition 

imposes that, having two options, with the first not being on an inferior impact level on any dimension and being 

on a superior impact level on at least one evaluation dimension, the value of the first option is necessarily greater 

or equal than the value of the second option. For instance, having an option that is on the high reference level 

on all concerns, this is necessarily more or equally valued than an option that is on the high reference level on all 

concerns but one, in which the option is in an impact level that is less attractive than the high reference level. An 

option that is on the high reference level on all concerns assumes the value 1, and an option that is on the low 

reference level on all concerns assumes the value 0. Using the formulation previously introduced for binary 

options, this is equivalent to: 

𝑣(1𝑖𝑗 , 0{𝑖,𝑗}𝑐) ≥  𝑣(1𝑖 , 0𝑖𝑐)                                                                         (14) 

𝑣(1𝑖𝑗 , 0{𝑖,𝑗}𝑐) ≥  𝑣(1𝑗 , 0𝑗𝑐)                                                                        (15) 

𝑣(1𝑖 , 0𝑖𝑐) ≥  𝑣(1∅, 0𝑁)                                                                          (16) 

𝑣(1𝑗 , 0𝑗𝑐) ≥  𝑣(1∅, 0𝑁)                                                                          (17) 

𝑣(1𝑁 , 0∅ ) >  𝑣(1∅, 0𝑁)                                                                          (18) 

The same logic applies to other options, which may contain different combinations of reference levels. 

Assuming that the high reference level of each concern is the best impact, and having 𝐴 as a subset of the set of 

concerns 𝑁, monotonicity occurs if: 

𝑣(1𝐴, 𝑋𝐴𝑐) ≥ 𝑣(1𝐴
−, 𝑋𝐴𝑐), ∀𝐴 ⊆ 𝑁, 𝐴 ≠  ∅, 𝐴𝑐 ≠  ∅                                                (19) 

With 𝑋 being any combination of impact levels, 𝐴𝑐  being the complementary set of 𝐴 (meaning that 𝐴 ∪

𝐴𝑐 = 𝑁), 𝐴 and 𝐴𝑐  being not empty, and 1− any impact level that is less attractive that the high reference level.  

4.4. Implementation 

Since one could access to a version of the MACBETH algorithm previously developed in C#, this was used as 

a basis for modelling. A preliminary phase was required to analyse how to leverage the features already 

implemented and what changes needed to be performed. As the Wisedon model only recognizes KCs and isolated 

impacts, it was required to create an algorithm to generate the combinations in a way that the model could 

recognize which impacts are on each option. This was achieved by creating an identifier for each option 

generated.  

From the adapted model, the implementation had two main phases: the development of an optimization 

model that takes into account MACBETH and 2-additive CI constraints, and the framing of a GUI that allows to 

test for applicability conditions and helps the facilitator having a clear communication with the evaluator. 
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4.4.1. Mathematical Programming 

The basis for the mathematical programming model is the MACBETH algorithm, meaning that the MACBETH 

constraints must be kept. In order to assure that the provided scale also respects the CI constraints, which include 

preference dependence, monotonicity and 2-additivity constraints, these must be added. Therefore, the 

following formulation was implemented. 

Table 3: Formulation of MACBETH-CI algorithm. 

Conditions 

𝒗(𝒙−) = 𝟎 (𝒂𝒓𝒃𝒊𝒕𝒓𝒂𝒓𝒚 𝒂𝒔𝒔𝒊𝒈𝒏𝒎𝒆𝒏𝒕) 

𝒗(𝒙) − 𝒗(𝒚) = 𝟎, ∀𝒙, 𝒚 ∈ 𝑪𝟎  

𝒗(𝒙) − 𝒗(𝒚) ≥ 𝒊, ∀𝒙, 𝒚 ∈ 𝑪𝒊 ∪ … ∪  𝑪𝒔, {𝒊, 𝒔} ∈ {𝟏, 𝟐, 𝟑, 𝟒, 𝟓, 𝟔}, 𝒊 ≤ 𝒔 

𝒗(𝒙) − 𝒗(𝒚) ≥ 𝒗(𝒛) − 𝒗(𝒘) + 𝒊 − 𝒔′, ∀𝒙, 𝒚 ∈ 𝑪𝒊 ∪ … ∪  𝑪𝒔 𝒂𝒏𝒅 , ∀𝒛, 𝒘

∈ 𝑪𝒊′ ∪ … ∪  𝑪𝒔′ ,

𝒊, 𝒔, 𝒊′, 𝒔′ ∈ {𝟏, 𝟐, 𝟑, 𝟒, 𝟓, 𝟔}, 𝒊 ≤ 𝒔, 𝒊′ ≤ 𝒔′, 𝒊 > 𝒔′ 

∑ 𝒗(𝑮𝒊, 𝑮𝒋, 𝑵{𝒊,𝒋}𝒄)

 

{𝒊,𝒋},𝒊≠𝒋

− (𝒎 − 𝟐) ∑ 𝒗(𝑮𝒊, 𝑵𝒊𝒄)

𝒎

𝒊=𝟏

= 𝟏 

∑ (𝒗(𝑮𝒊, 𝑮𝒊, 𝑵{𝒊,𝒋}𝒄) − 𝒗(𝑮𝒊, 𝑵𝒊𝒄))

 

𝒊∈𝑨\{𝒊}

≥ (|𝑨| − 𝟐)𝒗(𝑮𝒊, 𝑵𝒊𝒄), ∀𝑨 ∈ 𝑵: |𝑨|

≥ 𝟐, ∀{𝒊, 𝒋} ∈ 𝑨 

Objective 

𝐦𝐢𝐧[𝒗( 𝒙+) − 𝒗(𝒙−)] 

 

Once the scale is obtained, CI parameters and conditional value functions are calculated. From these, it is 

possible to obtain the global score of each option using the CI aggregation formula. Finally, the global scores are 

rescaled so the superior and the inferior reference options are valued 100 and 0, respectively. Details on the 

formulation of the optimization model in C# are given in Appendix B. 

4.4.2. Graphical User Interface 

In MVS, the user interface consists in a sequence of windows (or forms) designed with eXtensible Application 

Markup Language (XAML), which is an extension of eXtensible Markup Language (XML). MVS provides a set of 

tools that allows to add content and controls to the GUI. This is performed using the written language of MVS, C# 

[126]. 
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The set of pages was designed following a user-driven approach, i.e., analysing the required inputs and 

outputs in each phase, and the most effective way to present them to the evaluator. In this sense, the first page 

must be configured to receive all the information required for the definition of the model. This includes a 

description, the KC and respective ECs, and the references to be used. The screen of MACBETH-CI DSS is presented 

on Figure 7. 

 

Figure 7: MACBETH-CI DSS page for model definition. 

Once the ECs are defined, they must be assigned with a descriptor of impacts. Within each descriptor, 

two references must be chosen. These references must be concordant with the reference impacts chosen in the 

previous page. The page that assures this task is presented in Figure 8. 

 

Figure 8: MACBETH-CI DSS page to define descriptors of impacts and reference levels. 

Once the descriptors and references are defined, ECs must be tested in terms of their preference 

dependence. Since CI imposes that preference dependence between two ECs is bidirectional, four swings are 

required to validate the relation. These are presented in the same page, so evaluator can have a general view of 

all relevant options. This page is presented in Figure 9. 
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Figure 9: MACBETH-CI DSS page to test for preference dependence between a pair of concerns. 

If the evaluator faces difficulties in understanding the swing that is being assessed, he/she can opt to 

visualize the swings in a more graphical way, as presented in Figure 10. 

 

 

 

 

 

 

 

Three cases can result from this page: (i) concerns are bidirectionally/bilaterally preference dependent; 

(ii) there is unilateral preference dependence; (iii) concerns are preference independent. 

Bilateral preference dependence occurs if the first swing is assigned with a different category than the 

second, and the third is assigned with a different category than the fourth. In the example represented, this 

would mean that the value of an improvement on effectiveness depended on the target population that could 

access the treatment, and the value of an improvement on the target population that could access the 

treatment also depended on the effectiveness. 

The unilateral preference dependence case occurs when only the improvement on one criterion is 

valued differently depending on the impact level on the other criterion. This would be the case if the first swing 

was assigned with a different category than the second, but the third was assigned with the same category than 

the fourth, or vice versa. 

Figure 10: Graphical representation of a swing provided in the DSS. 
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The preference independence case occurs when the first swing is assigned with the same the category 

that the second, and the third is assigned with the same category than the fourth. 

While for the first scenario, the MACBETH algorithm assures that the value scale respects the 

preference dependence, for the second and third scenarios one cannot assume automatically that concerns are 

not bidirectionally preference dependent. As each MACBETH category spans along a range of values, the fact 

that two swings are judged with the same category does not mean that they have the same value. In these 

cases, the facilitator can ask the evaluator if the repeated category has the same intensity for them, but it is still 

required to apply the MACBETH algorithm for reliable conclusions. 

If the judgments indicate unilateral preference dependence or preference independence, the evaluator 

is routed to a page explaining the relation found and why the DSS does not suit the problem. The evaluator can 

decide to revise the judgements, to validate the results using the MACBETH algorithm or to finish the process. 

As the bilateral preference dependence scenario is the one this project aims at addressing, attention is 

given to the following pages if this is the identified relation. A set of judgments that would assure preference 

dependence is represented in Figure 10.  

 

Figure 11: Representation of judgments complying with preference dependence conditions. 

In this case, the evaluator is directed to a page in which all the combinations between impact levels 

defined for each EC are displayed. In this phase, the evaluator must remove unfeasible and unrepresentative 

combinations. The final set must be ordered, and two references must be chosen.  
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Figure 12: MACBETH-CI DSS page to define and order the set of options to judge. 

In this phase, it is also important that the facilitator intuitively explains the evaluator the constraints of 

the model, namely monotonicity and 2-additivity. The evaluator must understand the constraints and validate if 

the problem can be represented by such model. Finally, the evaluator must provide global judgments regarding 

the difference in attractiveness between options. The comparisons are provided as represented in Figure 13. 

 

Figure 13: MACBETH-CI DSS page to pairwise compare options. 

In this phase, the integration with Wisedon is started and the constraints are dynamically generated 

following a logic implemented in C#. As Wisedon is implemented as a web app, the last page appears online. In 

this phase, the facilitator has a preponderant role to assure that the evaluator understands the results. The last 

page displays the conditional value functions, CI parameters and the global scores obtained using CI 

aggregation formula. The results are presented as show in Figure14. 
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Figure 14: MACBETH-CI DSS page containing the results (conditional value functions, CI parameters and global scores). 

 

At the end of the process, the evaluator is invited to provide feedback regarding its experience using the DSS. The 

final page is presented in Figure 15. 
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Figure 15: Final page of MACBETH-CI DSS, in which evaluators are invited to provide feedback on the DSS. 

The question regarding the difficulty of using the DSS must be answered with a qualitative category, as shown in 

Figure 16.  

 

Figure 16: Final page of MACBETH-CI DSS, with the combo box of categories used to evaluate the difficulty of usage of the 
DSS. 

The usefulness of the informative pages is also evaluated with qualitative categories, as shown in Figure 17. 
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Figure 17: Final page of MACBETH-CI DSS, with the combo box of categories used to evaluate the usefulness of the informative 
pages displayed in the DSS throughout the process. 

The last two questions are responded in a text box, in which the evaluator can freely provide feedback. 
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5. Application of the DSS 

In this section, the testing of the MACBETH-CI DSS is performed by doing four different analysis on a problem 

framed in the health settings context:  

(i) Verify if the DSS is proven useful in the context of health settings, i.e., that bidirectional preference 

dependence occurs in some cases, and these can be represented by a 2-additive CI. Judgments regarding the 

attractiveness of relevant swings will be analysed in terms of their compatibility with CI conditions of applicability. 

(ii) Ensure that the DSS provide results complying with MACBETH and 2-additive CI. The DSS will be used to 

attain the CI parameters, conditional value functions and global scores. These will be analysed in order to ensure 

that they meet the MACBETH and 2-additive CI constraints and make sense in the specific decision context. 

(iii) Analyse if the DSS and the protocol are complete and user-friendly for potential users. Feedback from the 

evaluators involved in the previous analysis will be collected. 

(iv) To test whether the additive model would be a reasonable approximation or not if the interdependencies 

were ignored. With this purpose, results obtained using the CI aggregator and the simple additive model with be 

compared and analysed with respect to their conformity with the preferences expressed by the evaluators. 

To facilitate the analysis and understanding, not all the graphs and figures are directly drawn from the DSS. 

This is explained in the legend of each figure. The appearance of the DSS is detailed in the Section 4.4.2. 

5.1. Case Study 

In order to perform the previously described analysis, two groups of people were formed: 

28, aged between 20 and 60, people were selected to participate in the analysis. Selection requirements 

consisted in having no experience in using DSS but working or studying in areas related to technologies and/or 

health. Attempts were made to have balanced age groups within the range 20 to 60. People without experience 

in DSS were selected since they present a higher challenge to test the simplicity of the protocol and the 

effectiveness of the communication features. Besides, we wanted to ensure that the evaluator did not have 

asymmetric knowledge regarding the two approaches, which could happen if they had already used MACBETH. 

The distribution of the participants by the analysis was done as follows: 

(i) Verify if the DSS is proven useful in the context of health settings: 25 people were invited to 

individually judge the relevant swings’ value to test for preference dependence. Results were 

analysed in terms of the MACBETH categories assigned to each swing and the number of responders 

whose judgments reflected preference dependence between concerns, which occurs if the swing 

on one EC is judged with a different category depending on the impact level on the other EC.  This 

allowed to validate if the chosen problem is in the context of preference dependence, thus making 
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the DSS a useful tool in a real context. The typology and judgments of each responder are detailed 

in Appendix C. 

(ii) Ensure that the DSS provide results complying with MACBETH and 2-additive CI: In order to test the 

full capabilities of the DSS, 3 people were asked to assume the role of an hypothetical group of 

evaluators during the whole process, from the tests to identify preference dependence until the 

attainment of global scores. This was performed in a decision conference, during which decisions 

were reached by consensus.  

(iii) Analyse if the DSS and the protocol are complete and user-friendly for potential users: The 3 

participants that contributed to the analysis (ii) were asked to answer a set of questions, presented 

in the last page of the DSS, regarding the usage of the DSS from the user perspective.  

(iv) The 3 participants that contributed to the analysis (ii) and (iii) were asked to provide judgments 

following the MACBETH protocol of questioning. As in the context of preference dependence 

evaluator may face difficulties trying to provide judgments regarding isolated impacts, the 

participants were advised to think about options in which all the concerns that are not in analysis 

at the moment are in the same baseline in all options. The questioning procedure becomes similar 

to the indirect MACBETH-CI approach, but interdependencies are not modeled. This process was 

supported by the Wisedon web app, since this uses the MACBETH model that served as basis for 

the development of MACBETH-CI algorithm. In the analysis, particular attention was given to 

options that have the lowest impact level on effectiveness, since they are the ones representing 

the argument presented in Morton, A. [14]. Besides, attention is given to the ranking of options and 

disparities in the global score of each option.  

The example that guided the development of the DSS in section 4 is used for testing. To recall it, consider the 

hypothetical problem that consists in selecting a new treatment for a rare disease with a high fatality rate. To 

ensure that the evaluation problem was not too vague, it was assumed that the disease affected one in fifty 

thousand new-borns. The end objective, i.e., the KC, is to increase the affected population health. Two reasonable 

ECs within this objective could consist on: effectiveness of the treatment and affected population that can access 

the new treatment [14]. For the sake of simplicity, it is assumed that the performance of all options on all the 

remaining concerns is equal. 

The effectiveness of the treatment can be described with a quantitative descriptor, for instance using the 

predictive probability of success (PPOS). PPOS is a statistics concept commonly used by health authorities to 

support decision-making. In clinical trials, PPOS is the probability of observing a success in the future based on 

the currently existing data [128]. 1% and 85% will be used as reference levels, with 1% standing for the worst 

impact and 85% for the best impact.  

The affected population that can access the treatment can be defined as a percentage of the total number 

of people suffering from the disease.  5% and 90% will be used as low and high reference levels.  

The reference levels are presented in Table 4, and all the impact levels defined are presented in Table 5. 
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Table 4: Reference levels of concerns “Effectiveness of the treatment” and “Affected Population that can access the treatment”. 

 

 

 

 

 

 

Considering all the possible combinations for these two concerns, four treatment options can be 

considered. Each option is represented by (Impact level on EFT, Impact level on APAT), which results in the four 

combinations: A-(1%,5%); B-(1%, 90%); C-(85%, 5%); D-(85%, 90%);  

For these concerns to be representable by a 2-additive CI model, monotonicity must hold. To verify this, 

evaluator is asked to order the combinations from the most attractive to the less attractive swings. For 

monotonicity constraints to hold, D must be more attractive than B and more attractive than C, while B and C 

must be both more attractive than A. If the evaluator provides an ordination that complies with monotonicity, 

the next step consists in testing for preference dependence. 

To test if EFT is preference dependent of APAT, the attractiveness of the swing from 1% to 85% in EFT 

must be evaluated with APAT being fixed at 5% first and at 90% second. If the swing is valued differently for 5% 

and 90%, the value of an improvement in effectiveness depends on the target population that can access the 

treatment, i.e., EFT is preference dependent of APAT.  

The same procedure is performed to evaluate if APAT is preference dependent of EFT. This situation is 

only representable by a CI formulation if preference dependence is bidirectional.  

 

 

 

 

 

 

 

 

The questioning protocol to test for preference dependence would consist on:  

• Considering the categories  “Null”, “Weak”, “Very Weak”, “Moderate”, “Strong”, “Very 

Strong” and “Extreme”, what is the difference of attractiveness between a treatment with 

1% predictive probability of success that can be accessed by 5% of the target population, 

Reference levels Effectiveness of the 

treatment (EFT) 

Affected population that can 

access the treatment (APAT) 

Best 85% 90% 

Worst 1% 5% 

Figure 18: Representation of a swing from an option 
that is on the worst impact level on EFT and on the best 
impact level on APAT to an option that is on the best 
impact level on both concerns. Presented in the DSS. 

Figure 19: Representation of a swing from an option 
that is on the worst impact level on both concerns to 
an option that is on the best impact level on EFT and 
on the worst level on APAT. Presented in the DSS. 
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and a treatment that can be accessed by the same percentage of people suffering from 

the disease, but has 85% predictive probability of success? (A→C)  

• What is the difference of attractiveness between a treatment that has 1% predictive 

probability of success and can be accessed by 90% of the people suffering from the disease, 

and a treatment that can accessed by the same percentage of patients but has 85% 

probability of success? (B→D) 

If the attractiveness of the swings A→C and B→D are judged with different MACBETH categories, EFT is 

preference dependent of APAT. If they are judged with the same MACBETH category, the evaluator must still be 

asked if that category has the same magnitude for both swings. In case the evaluator says it does, it should still 

be validated if there exists a MACBETH scale that allows the swings to have the same value. 

The same procedure is performed to evaluate if APAT is preference dependent of EFT.  

 

 

 

 

 

• What is the difference off attractiveness between a treatment that has 1% predictive 

probability of success and can be accessed by 5% of the affected population, and a 

treatment that has the same effectiveness but can be accessed by 90% of the affected 

population? (A→B) 

• What is the difference of attractiveness between an option that has 85% predictive 

probability of success and can be accessed by 5% of the affected population, and a 

treatment that has the same effectiveness but can be accessed by 90% of the affected 

population? (C→D) 

This health decision is only representable by a CI formulation if preference dependence is bidirectional, 

meaning that, along with the swings A→C and B→D, A→B and C→D must be judged with different MACBETH 

categories. 

In order to enrich the model to obtain the conditional value functions, CI parameters and global scores, 

one impact level was added to both concerns. The impact level added for EFT is still relatively low, as we want to 

perceive the dependencies on low performances in this concern. The impact level added for APAT is an 

intermediate level. All the impact levels are presented in Table 5. 

Figure 20: Representation of a swing from an option 
that is on the worst impact level on both concerns to an 
option that is on the worst impact level on EFT and on 
the best impact level on APAT. Presented in the DSS. 

Figure 21: Representation of a swing from an option that 
is on the best impact level on EFT and on the worst 
impact level on APAT to an option that is on the best 
impact level on both concerns. Presented in the DSS. 
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Table 5: Descriptor of impacts of concerns “Effectiveness of the treatment” and “Affected population that can access the 
treatment”. 

 

 

 

 

 

5.2. Results 

The results are divided in four sections, consistently with the four analysis previously defined. First, we present 

an analysis of the judgments provided by the 25 responders, which are used to examine the relation between the 

two concerns defined. The most assigned categories to each swing will be analysed: it will be examined the 

number of responders who provided judgements consistent with preference dependence conditions. This 

analysis allows to understand if the general trend is indeed to less value the options with lower performances on 

effectiveness. In the second section, we detail the results obtained by the group when using the MACBETH-CI 

DSS. In the third section, we present the feedback provided by the participants who used the DSS in full.  In the 

last section, the results obtained using MACBETH-CI DSS are compared to the results obtained using the simple 

additive model, highlighting the most relevant discrepancies.   

5.2.1. Testing for Applicability Conditions 

When evaluating the attractiveness of an improvement on EFT, from 1% PPOS to 85% PPOS, with APAT being 

5% on both cases, the judgments varied from “Weak” to “Extreme”, with the majority of responders evaluating 

the swing as “Strong” (12) and “Very Strong” (7). When evaluating the same swing with the APAT being 90%, the 

categories chosen were only “Very Strong” and “Extreme”, with the last representing the majority (21). The 

judgments per category on the swings representing an improvement on EFT are presented in Figure 24. Only 3 

responders assigned the same category to both swings (2 “Extreme” and 1 “Very Strong”). From these, only 1, 

who judged both swings with “Extreme”, considered that they had the same strength. This is represented in 

Figure 26. Therefore, 24 of 25 responders judged this swing in a way that corroborate that the effectiveness of a 

treatment is preference dependent of the target population that can access the treatment. The representation 

of the individual judgments is presented in Figure 22. 

When asked to judge the attractiveness of an improvement of APAT, from 5% to 90%, with the EFT being 1% 

on both options, the categories chosen spanned from “Weak” to “Extreme”, with more incidence on “Weak” (8) 

and “Moderate” (9).  The same swing on APAT, with the EFT being 85%, was judged by the responders as “Very 

Strong” (7) and “Extreme” (8). This is graphically represented in Figure 25. Only 2 responders assigned the same 

category to both swings (2 “Extreme”), even though none of them had considered that the category had the same 

Impact levels Effectiveness of the 

treatment (EFT) 

Affected population that can 

access the treatment (APAT) 

Best 85% 90% 

I 10% 60% 

Worst 1% 5% 



65 
 

strength – both agreed that an improvement on the APAT  is more attractive when the effectiveness of the 

treatment is higher, meaning that the swing (𝐸𝐹𝑇: 85%, 𝐴𝑃𝐴𝑇: 5%) → (𝐸𝐹𝑇: 85%, 𝐴𝑃𝐴𝑇: 90%) is strictly 

preferable to the swing (𝐸𝐹𝑇: 1%, 𝐴𝑃𝐴𝑇: 5%) → (𝐸𝐹𝑇: 1%, 𝐴𝑃𝐴𝑇: 90%). This is presented in Figure 27. The 

representation of the individual judgments is presented in Figure 23. 

 

Figure 22: Individual judgments concerning the swings to detect if EFT is preference dependent of APAT. 

 

 

Figure 23: Individual judgments concerning the swings to detect if APAT is preference dependent of EFT. 
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5.2.2. MACBETH-Choquet Integral approach 

Initially, the group of 3 responders was presented with the descriptor of impacts and resulting combinations 

between impact levels. The group was then asked to order the options, which resulted on the order set presented 

in Table 6.  

Figure 25: Graphical representation of the judgments of 25 
responders regarding the attractiveness of an improvement 
from the worst to the best impact level on EFT, fixing APAT in 5% 
and 90%. 

Figure 24: Graphical representation of the judgments of 25 
responders regarding the attractiveness of an improvement 
from the worst to the best impact level on APAT, fixing EFT in 
1% and 85%. 

Figure 27: Representation of the relevant judgments to test if 
APAT is preference dependent of EFT provided by each 
responder. 

Different 
MACBETH 
categories

22

Equal category 
strenght

1

Different 
category 
strenght

2

Same 
MACBETH 
category

3

Swing on EFT for different APAT

Different 
MACBETH 
categories

23

Different category 
strenght

2

Same MACBETH 
category

2

Swing on APAT for different EFT

Figure 26: Representation of the relevant judgments to test if 
EFT is preference dependent of APAT provided by each 
responder. 
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Table 6: Ordered set of options to pairwise compare. 

 

 

 

 

 

 

 

 

 

The judgments provided by the group of three responders are represented in Table 7, with each option being 

represented by the identifier letter introduced in Table 6, and each MACBETH category being represented by their 

initials: Null (N), Very Weak (VW), Weak (W), Moderate (M), Strong (S), Very Strong (VS) and Extreme (E). Cases 

of hesitation are represented with a hyphen between the lower category and the higher category belonging to 

the range of hesitation. 

Table 7: Representation of the global matrix of judgements. 

OPTION A B C D E F G H I 

A N M E E E E E E E 

B  N S-VS P P P P P P 

C   N P P P P P S 

D    N M VS VS P P 

E     N P P P P 

F      N P P P 

G       N W-M M 

H        N P 

I         N 

 

References Options 

Best A- (EFT-85%, APAT-90%) 

 B- (EFT-85%, APAT-60%) 

C- (EFT-10%, APAT-90%) 

D- (EFT-85%, APAT-5%) 

E- (EFT-10%, APAT-60%) 

F- (EFT-10%, APAT-5%) 

G- (EFT-1%, APAT-90%) 

H- (EFT-1%, APAT-60%) 

Worst I- (EFT-1%, APAT-5%) 
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The consensus was easily achieved, with no major disagreements. The optimization model returned a 

MACBETH scale respecting the CI constraints, from which the following conditional functions (Figures 28 and 29) 

and CI parameters (Table 8) were obtained. 

 

Table 8: CI Parameters: Interaction parameter of EFT and APAP, Shapley Parameter of EFT and Shapley Parameter of APAT. 

 

 

 

The global scores were then obtained using the CI aggregation formula. The results were rescaled so the 

best and worst options are valued 100 and 0, respectively. These are presented in table 9. 

 

Table 9: Global scores of options using CI aggregation formula. 

 

 

 

 

 

 

 

 

 

IEFT-APAT sEFT sAPAT 

0.4 0.65 0.35 

        Options               Global Scores 

A- (EFT-85%, APAT-90%) 100 

B- (EFT-85%, APAT-60%) 63.33 

C- (EFT-10%, APAT-90%) 52.77 

D- (EFT-85%, APAT-5%) 45.00 

E- (EFT-10%, APAT-60%) 38.33 

F- (EFT-10%, APAT-5%) 20.00 

G- (EFT-1%, APAT-90%) 15.00 

H- (EFT-1%, APAT-60%) 5.00 

I- (EFT-1%, APAT-5%) 0 

Figure 29: Conditional value function of EFT (obtained 
with APAT fixed on the worst reference level). 

 

Figure 28: Conditional value function of APAT (obtained 
with EFT fixed on the worst reference level). 
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A positive Interaction Parameter evince a synergic preference dependence between the effectiveness of 

the treatment and the target population that can access it, meaning that, the best the performance on one EC, 

the most valued is an improvement on the other EC. 

The results are concordant with the statement presented in Morton [14], according to which "a health 

technology that does not actually improve the health of some actual people is worthless”. The options with the 

worst performance on EFT were the ones having lower global scores. Even when 90% of the target population 

can access the treatment, the global score is only 15%.  

The great importance of EFT is also denoted in the Shapley Parameters, being that EFT has a considerably 

higher Shapley Parameter that APAT (0.65 against 0.35). 

5.2.3. Feedback from the evaluators 

2 responders considered that the DSS was not hard to use. 1 of them considered it easy to use. All of them 

considered the informative pages essential to following the process. This is presented in Table 10. 

Table 10: Feedback from the evaluator regarding the difficulty of the DSS and the usefulness of the informative pages. 

User Age 
How difficult was 

it to use this DSS? 
 

How useful was it the information 

provided throughout the process? 

1 23 Easy  Essential 

2 40 Not Hard  Essential 

3 56 Not Hard  Essential 

 

The responders admitted facing more difficulties when trying to compare options with concerns having 

less differences between impact levels, or impact levels varying in different directions. The fact that it is not 

necessary to compare all options with each other was highlighted as an advantage. The fact that the process is 

complex and that the judgments were achieved by consensus may have led the responders to follow the 

judgments of others without thinking too much in a few moments. Comments per responder are presented in 

Table 11. 
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Table 11: Comments of the evaluators regarding their experience using the DSS. 

User Give us a summary of your experience using the DSS 

1 It was very easy until the comparison of all options. To compare many options with each other 

was harder. The fact that we did not have to compare all of them with each other and that we 

could use more than one category helped, since we could only judge those swings that were 

easier for us to judge. In general, the DSS is clear and the process was not very complicated. 

2 Is is not easy to compare options considering different dimensions when they do not vary much, 

or when they vary in different directions. To consider more concerns simultaneously would be 

chaotic. However, with some time to think, it is achievable. Maybe the user-interface should be 

more dynamic. 

3 The DSS is well organized and has an intuitive appearance. Maybe a bit static. At the beginning 

it was hard to understand the objective. I was following the answers of the other responders. 

But it became easier as the process went on. Nevertheless, it was tiresome. I think that more 

concerns or impact levels would lead me to provide random judgments. 

 

The suggestions provided were brief, with the majority regarding the GUI. Suggestions are presented in 

Table 12. 

Table 12: Suggestions of the evaluators for the DSS future improvement. 

User Give us a summary of your experience using the DSS 

1 Improve the design.  

2 The graphical user interface could be more dynamic and colorful. 

3 Make it more dynamic. 

 

5.2.4. Comparison with the simplification using the simple additive model 

The global scores of the same options were attained using the MACBETH protocol, supported by Wisedon 

model. In Figures 30 and 31, the value functions are compared with the conditional value functions obtained 

using MACBETH-CI.  
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Table 13: Weights of EFT and APAT using the simple MACBETH protocol. 

 

 

Table 14 compares the aggregated scores of each option using CI aggregator and the simple additive 

model. 

Table 14: Comparison of the global scores of options using CI aggregator and the simple additive model. 

 

 

 

 

 

 

 

 

 

The most significant distinction in the global scores is highlighted in Table 11. When following the MACBETH 

protocol and, thus, using the simple additive model as aggregation function, the option (EFT-85%, APAT-5%) has 

a greater global score than the option (EFT-10%, APAT-90%). As APAT is also preference dependent on EFT, an 

option having the worst possible performance on APAT is little attractive. The attractiveness of an option having 

a great performance of EFT is not so valued since the performance on APAT is low. Mathematically, the difference 

wEFT wAPAT 

0.78 0.22 

             Options                CI                    Simple Additive Model 

(EFT-85%, APAT-90%) 100 100 

(EFT-85%, APAT-60%) 63.33 90.13 

(EFT-10%, APAT-90%) 52.77 51.39 

(EFT-85%, APAT-5%)  45 77.78 

(EFT-10%, APAT-60%) 38.33 41.51 

(EFT-10%, APAT-5%) 20 29.17 

(EFT-1%, APAT-90%) 15 22.22 

(EFT-1%, APAT-60%) 5 12.35 

(EFT-1%, APAT-5%) 0 0 

Figure 31: Comparison of the value function and the 
conditional value function of EFT, obtained using MACBETH 
and MACBETH-CI protocols, respectively. 

 

Figure 30: Comparison of the value function and the conditional 
value function of APAT, obtained using MACBETH and MACBETH-
CI protocols, respectively. 
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occurs due to the great weight of EFT when impacts are assessed alone, being that the synergic relation is not 

considered. On the other hand, when using MACBETH-CI aggregator, the synergic relation between the concerns 

leads to a large negative parcel in the aggregation formula, coming from the difference between the best impact 

value on EFT and the worst impact value on APAT.  

All the options with the low impact level on EFT are considerably less valued using the CI aggregator, although 

EFT has a great weight using the simple additive model. Again, this occurs because the interdependency is 

modelled using the CI aggregator. 

The global scores obtained with the CI aggregator are in line with EFT being preference dependent of APAT. 

The best option in terms of effectiveness may be less attractive than one that has lower efficiency but from which 

much more patients can beneficiate.    

APAT is also proven to be preference dependent of EFT, as the options that have the worst efficiency level are 

the less valued options. When using CI aggregator, these are even lower than when the simple additive model is 

applied, since the interaction effect is considered.  

A huge difference occurs in the global score of the second most attractive option. Using the simple additive 

model, the difference between the best and the second-best options is only of approximately 10 values, while 

using CI this difference is approximately 37 values. As the synergic relation is not modelled when using the simple 

additive model, and EFT has a considerable higher weight, the loss of APAT is not so reflected in the global score. 

It is also to notice that the conditional value function of APAT has a greater slop from 60% on, which may be 

related with the fact that conditional value function of APAT was attained from the options in which effectiveness 

was fixed on the worst impact level (1%). These were the less valued options, which goes in line with the idea of 

an ineffective health technology being worthless. Since the effectiveness is very low, greater value is given when 

the target population than can access the treatment is very high. 

5.3. Discussion 

Testing for preference dependence made clear that preference dependence situations occur in HTA evaluation 

settings. Effectiveness of the treatment is certainly a factor to have into account, and it was proven that it is not 

only a factor with great importance, but a factor from which other depends on. In this sense, it is of great 

importance to have a tool to operationalize the MACBETH-CI protocol. 

In the presented example, extreme impact values were defined for test purposes. This certainly affected the 

results, particularly the conditional value function of APAT. Situations like this should be cautiously evaluated. 

In cases where extreme impacts are used, other reference levels can be more adequate, namely good and 

neutral. Another option is to obtain the value functions by considering, for instance, the superior reference level, 

or to calculate an “average conditional value function” by pondering the conditional value functions obtained 

fixing other ECs on both reference levels. 
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By comparing the results with those obtained using the simple additive model built with the MACBETH 

approach, it became evident that the additive model can lead to unsound results when interdependencies occur. 

Besides some considerably differences in the global scores, the order of the options provided by the responders 

did not coincide with the ranking of the simple additive model, meaning that the model does not represent their 

values. 

On the other hand, it was clear that the MACBETH-CI process imposes some additional cognitive effort, 

particularly when judgments regarding multidimensional options are asked. This is particularly evident when 

options containing non-extreme impacts on each concern are compared. As the differences are not glaring, the 

evaluator needs to consider several dimensions, being that each dimension does not vary a lot from one option 

to another. This led to the conclusion that the inclusion of many impact levels and concerns will be very difficult 

to evaluate, with the associate risk of the evaluator being unable to provide judgments that reflect their values. 

However, as stated in Mayag, B. 2011 [109], having two references for each concern is enough to obtain a CI 

model, which can be extended to evaluate options with different impact values. Using only the references results 

in linear conditional value functions, while using more levels allow to have a more refined scale, for instance with 

piecewise linear value functions. A balance between flexibility and entanglement needs to be also considered 

regarding the number of impact levels on each EC. This should have into account the ranges of each descriptor, 

since most significant differences were identified as easier to judge. 

In general, it can be said that the complexity of the models is the most important hindrance to address in 

further research, so MACBETH-CI DSS can serve the purpose of being a tool that provide more sound results. An 

assessment of some positive and negative aspects of the proposed DSS is presented below. 

5.3.1. Advantages of MACBETH-CI DSS 

The DSS allows to identify interdependencies between concerns, namely preference dependence. Even if the 

model does not suit the problem, it may be possible to route the EVALUATOR for a more appropriate model. For 

instance, it can be easily tested if concerns are weak preference independent, which would make the multilinear 

suitable. 

The fact that only qualitative judgments are asked makes the solution flexible to different evaluators, who 

may be unfamiliar with numerical estimations.  Besides, the whole process is interactive, with the evaluator being 

permanently asked to provide judgments or validate results, thus encouraging their active participation and 

engagement.  

For cases that comply with 2-additive CI, it is possible to construct a model that reflects the 

interdependencies, and to rank a set of options accordingly. The protocol is framed within the valued 

measurement approach and allow to comprehensively access relatively small problems in which bilateral 

preference dependence occurs, thus avoiding simplistic assumptions that may jeopardize the results. The models 

solved using MACBETH-CI approach can then be integrated into a macro problem, for which the additive model 

may be adequate.  
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5.3.2. Limitations of MACBETH-CI DSS 

During the application of the protocol, it became clear that MACBETH-CI approach adds complexity to the 

decisions, and evaluators face difficulties in providing global judgments.  

During the phase of testing for applicability conditions, even if no major inconsistencies occurred, the 

responders reported facing difficulties considering both concerns at once. When asked about the possibility of 

making similar judgments considering more than two concerns, the evaluators reported that it would be certainly 

“tiresome” and “chaotic”. Even if the DSS does not aim at support very complex decisions, it can be concluded 

that some evaluators will be limited to a very simple model so they can understand the process. This reveals that 

2-additivity is, in fact, a good simplification to apply the CI in practice, as more complex models would be too 

burdensome for the evaluators. This could lead to unreliable models, thus missing the point of the usage of CI: 

attaining more realistic results.  

The responders faced some difficulties when judging options in the global matrix of judgments, particularly 

those containing intermediate impact levels. It became clear that the matrix can easily become very large and 

complex. Other graphical approaches to obtain the judgments should be considered to overcome this handicap.  

The DSS only allows to model interdependencies with CI formulation, which imposes several constraints. 

Other modelling approaches framed within the value measurement principles, namely multilinear, could fit the 

decision problem. Even though it also allows to identify weak difference independence, the process to identify 

such relation is isolated. A broader DSS, with the different approaches that can fit different circumstances of 

interdependencies, would be of great advantage. Since the process of identifying a specific type of 

interdependency requires already some mental effort, and it is not desirable that the evaluator gets overwrought 

in this preliminary phase, the process of identifying interdependencies should be thought and reconfigured in 

order to avail of each judgment to identify different types of interdependencies. 

The developed prototype can certainly be improved in order to become more user-friendly, namely in terms 

of appearance and its integration with Wisedon.  

6. Conclusion 

The main objective of this thesis was to develop a DSS and a friendly protocol to operationalize the MACBETH-

CI approach. A first prototype was developed and tested in the context of health settings. The proposed tool 

addresses the MCDA challenge of modelling problems that do not comply with the simple additive model by 

operationalizing a recognized approach in modelling interdependencies. Additionally, the DSS addresses 

methodological mistakes found in previous studies applying the MACBETH-CI approach. The tool was designed 

following an adapted framework for DSS design, so all the resources and features required were planned before 

implementation. This can also work as example for future developments. The tool was developed using a user-

driven approach, which contributed to obtain a tool focused on the evaluator’s understanding. A graphical user 
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interface was developed from scratch and this can be used as a starting point to a more dynamic and user-friendly 

interface. The results made clear that the DSS is helpful in modelling situations in which preference dependence 

occurs. It was also proved that this is the case in situations in the context of health settings. Nevertheless, the 

DSS is still a tool with many possibilities for improvement. In this section, we provide the contributions achieved 

with this thesis and suggestions for future enhancements.  

6.1. Contributions 

The developed DSS allows to fully apply the MACBETH-CI protocol, from the identification of preference 

dependence up to the attainment of global scores for a set of options, taking interdependences between each 

pair of concerns in account. Even though it is not expected that these models are constructed for many concerns, 

they can provide relevant information to integrate a bigger model, namely an additive model. Thus, it follows the 

principle of breaking up a decision into small components and address each one of them. In this case, these 

components consist on a set of concerns that are bidirectionally preference dependent. 

Models containing up to 5 concerns are solvable by the developed tool. Given the complexity of the process, 

it is unlikely that a tool suitable for models with more concerns is required in practice. Thus, the DSS can be 

considered complete to apply the MACBETH-CI protocol. 

The DSS allowed to prove that preference dependence situations occur in the context of health settings, with 

the CI aggregator better reflecting the preferences of the evaluators, compared to the simple additive model. 

Nevertheless, the DSS is general enough for it to be applied on other contexts.      

The DSS allows to identify different types of relations between concerns, namely preference dependence, 

weak difference independence and preference independence. This can be useful to suggest other potential 

modelling approaches, if the problem does not comply with 2-additive CI or if this is an unnecessary complex 

approach.  

The proposed DSS and questioning protocol address the pitfalls founded in previous studies trying to combine 

MACBETH-Choquet Integral. The assumption of applicability conditions without testing, the lack of transparency 

regarding the questioning protocol and the use of the simple MACBETH algorithm, whose scale may not be 

consistent with the 2-additive Choquet Integral, are all methodological mistakes identified in previous studies 

trying to model interdependencies by combining MACBETH and Choquet Integral. These are all overtaken in a 

simple and unified way.  

Most literature on the subject use several tools, with several interfaces, to implement the protocol. This 

increases the probability of inconsistencies, since data are transferred from one tool to another without having 

the whole process in mind. Besides, it does not provide a fluid experience for the evaluator, which may have a 

great impact on their understanding of the process.  

Even if the process does not present mistakes in terms of its theoretical foundations, the way that the 

evaluator is presented with the process is fundamental. If the evaluator does not have a powerful graphical user 
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interface that help them follow the process, it is most likely that they cannot be entirely enlightened and engaged. 

To overcome this, a graphical user interface was built from scratch following a user-driven approach and a real 

problem in the context of health settings. 

A poor or mistaken participation of evaluators lead to results that may not be representative of the opinions 

of evaluator. MACBETH-DSS has a user-friendly design, which is particularly important for the evaluator to 

understand the process. Even though the GUI can still be widely improved, attention was given to have all the 

relevant information easily accessed, organized and attractive for the evaluator. Besides, informative pages with 

simple explanations of the relevant concepts are provided, which help the evaluator in understanding the process 

and possibilities to follow in each phase.  

The feedback provided by the evaluator regarding the DSS and the questioning protocol was positive, 

indicating the it meets the requirements set out when designing and prototyping the DSS. 

6.2. Future work 

A specific problem was used to test the DSS. More tests, in different conditions, should be made. For instance, 

the DSS should be applied in other contexts, with more people with different backgrounds and in several 

evaluation situations (e.g. workshops, online platform and so on). These applications could also be analysed in 

the context of behavioral research. 

Future enhancements could aim at making the DSS more general, so different modelling approaches could be 

combined with MACBETH, depending on the type of interdependency occurring between concerns. A short-term 

improvement could consist in implement the constraints for the case of Multilinear.  

This would require an improved phase for testing interdependencies, since starting with several consecutive 

tests can lead to a high cognitive effort at a very early stage. Approaches to make the identification of 

interdependencies more efficient should be developed and tested.  

Depending on the result from the testing phase, the DSS should inform the evaluator which modelling 

approach is more appropriate and why, as well as the applicability conditions of the chosen approach. The 

evaluator should then understand that particular approach and validate it.  

To have a more general DSS would also imply to have different models in which different constraints are added 

to MACBETH constraints. Once the most proper approach is identified and the evaluator validates, the 

corresponding model would be invoked, and the global scores would be obtained accordingly. 

In terms of validity of results, it would be useful to implement some kind of sensitivity and robustness analysis. 

An interesting sensitivity analysis to do in the case of CI would consist in examining the effects on conditional 

value functions and the CI parameters while varying the judgments. For the interaction parameters, particularly, 

it would be interesting to analyse how sensible is the model for these to be null, which would mean no interaction 

between concerns and, thus, the additive model could be applied instead. 
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In the specific context of health settings, future research should involve developing protocols to test 

interdependencies, in order to understand what types of interrelations are most prevalent in this specific context. 

This would work as a starting point to investigate which methodologies could be useful to operationalize. 

Regarding the user experience, it would be of great value to have a knowledge base, so the evaluator could 

easily access information regarding the concepts involved in the DSS and its mode of use organized in logical 

steps. To have this in an equally user-friendly and graphically way would give the evaluator autonomy to use the 

DSS, thus increasing the spectrum of usage of the DSS and allowing the evaluator to rebuild their models easily. 

Besides, the GUI can be widely improved in order to be more attractive, dynamic and intuitive. 

Besides the information provided throughout the evaluation process, which must be rich enough to explain 

the concepts but not very complex so it can be understandable by evaluator, a documentation section must be 

developed for the users, who are not necessarily limited to the facilitator. The documentation will work as an 

additional source of information regarding the rules, the mathematical model behind the DSS and the utilization 

procedure. This allows the evaluator to have enough information to autonomously use the DSS. 

 

6.3. Final Remarks 

MCDA methodologies have been recognized as an added value in supporting transparent and evidence-based 

decisions, in particular in the context of health. Being this an area that impacts the societies as a whole, it is of 

great importance to continue researching in order to develop methodologies that allow to respond to the 

increasing challenges. Increasing patients' expectations, time pressure and the growing amount of information 

leads to a new paradigm in which simplistic solutions are not enough. This thesis contributes to the current 

requirements of MCDA by proposing a novel DSS and a friendly protocol that allow to model preference 

dependence. This can serve as a basis to attain a more general tool, able to model interdependencies in a 

comprehensive and intuitive way, without strong assumptions and simplifications. 
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Appendix A 

Wisedon is a web app providing a decision support solution based in the MACBETH methodology.  

 

Figure 32: Wisedon window for defining evaluation criteria. 

Besides being an online tool instead of a computer software, it distinguishes from the M-MACBETH for 

having a modern and intuitive design and for not allowing inconsistent judgments. While M-MACBETH suggests 

changes in the judgments in order to make them consistent, Wisedon compels the evaluator to provide a consist 

judgment or to change previous judgments.  

 

Figure 33: Representation of an attempt to introduce an inconsistent judgment in Wisedon. 
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Figure 34: Alert of inconsistency in Wisedon. 

 

Figure 35: Alert of inconsistency and suggestions to overcome it in M-MACBETH. 

Even though this can pose higher cognitive difficulties for the evaluator, particularly when large models 

are being analysed, it assures that the evaluator does not change the judgments without reasoning them just to 

make the matrix consistent. For the case of MACETH-CI approach, this is rather more appropriate, as evaluator 

must not be able to change the judgments that revealed preference dependence, and the approach is not 

intended for large models. 

As disadvantage of Wisedon, it is to notice that the algorithm for multiple optimal solutions is not 

implemented. In M-MACBETH, if it is necessary to assign a higher value to a judgment and there are two 

possibilities that consist in the same category, the software increases both by half a unit of value. Wisedon, in 

turn, increases one value unit in the first of the two judgments provided.  
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The reasoning for increasing both is that, if no contrary information exists, two judgments of the same 

category should have, as long as possible, the same impact value. Nevertheless, this is a situation that only occurs 

in the specific situations. Attention was given to ensure that the judgments provided when testing the DSS were 

not in this situation.  
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Appendix B 

4 models were prepared in C#, each one developed for a given number of concerns (from 2 to 5). Each model 

is prepared to use the judgments to create the constraints, which are sent to LP_solve. The logic for creating the 

constraints is implemented within a method called CheckChoquet, which receives a list of options (denoted by 

alternatives in the formulation). 

 

Figure 36: Initiation of the variables of the MACBETH-CI model in C#. 

The first step of the method consists in creating the variables to assign with a value by LP_solve, which are as 

many as the number of options.  
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Figure 37: MACBETH constraints regarding the null judgments and category scale. 

Each constraint regard at least two options and the judgment provided with respect to them. A 

minimum, maximum or fixed value is assigned to the options depending on the judgment provided between 

them. If there are judgments that do not respect some constraints, the model is not consistent and does not 

return a scale. 

First, a constraint addressing the null judgment is defined. If the difference in attractiveness between 

two options is considered null, their impact values must be equal (with a null difference between them). Then, 

each judgment is framed within an interval, corresponding to the value interval of the category chosen. 

 

Figure 38: MACBETH constraints to ensure that the difference in value respects the difference attractiveness obtained with 
the MACBETH categories. 
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The last MACBETH constraint consists in assuring that, having a swing assigned with a judgment j1 and 

a swing assigned with a judgment j2, with j1 consisting in a stronger category that j2, the difference of the impact 

value of the swing judged with j1 is greater than the difference of the impact value of the swing judged with j2, 

by a value non-inferior to the difference between the inferior value of the scale of j1 and the superior value of 

the scale of j2. 

 

Figure 39: Definition of a sublist of options containing only reference levels. 

In order to define the constraints imposed by the 2-additive CI, a sublist from the list with all the 

options was generated. This sublist contains all the options that are only composed by reference impacts. This 

was achieved by giving an attribute to all the intermediate levels. Options containing that attribute are now 

removed. From that sublist, it is possible to identify specific options by their position, since the options were 

generated following a specific algorithm. Having the specific options, it is possible to define the CI constraints. 
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Figure 40: Definition of the monotonicity constraints. 
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As the presented model is intended to address problems with 2 ECs, 2-additivity constraint is not 

required. An example of this constraint from the model addressing problems with 3 ECs is given. 

 

Figure 41: Definition of 2-additivity constraint. 

Once the constraints are all defined, the LP_solve (solver) is invoked. 

 

Figure 42: LP_solve invocation, in C#. 
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Appendix C 
Table 15: Judgments of 25 responders regarding the attractiveness of the swings that allow to detect preference dependence 
between EFT and APAT. 

 

Identifier 

 

Age 

Judgments 

(EFT:1%, APAT:5%) → 

(EFT:85%, APAT:5%) 

(EFT:1%, APAT:90%) → 

(EFT:85%, APAT:90%) 

(EFT:1%, APAT:5%) → 

(EFT:1%, APAT:90%) 

(EFT:1%, APAT:5%) → 

(EFT:1%, APAT:90%) 

1 20 Very Strong Extreme Moderate Extreme 

2 20 Very Strong Extreme Moderate Extreme 

3 22 Strong Extreme Moderate Extreme 

4 22 Strong Extreme Weak Extreme 

5 23 Very Strong Extreme Strong Extreme 

6 23 Strong Extreme Moderate Very Strong 

7 24 Weak Very Strong Weak Very Strong 

8 24 Moderate Extreme Strong Very Strong 

9 24 Moderate Extreme Moderate Very Strong 

10 24 Moderate Very Strong Weak Very Strong 

11 25 Strong Extreme Strong Extreme 

12 25 Very Strong Extreme Very Strong Extreme 

13 27 Extreme Extreme Extreme Extreme 

14 31 Strong Extreme Weak Extreme 

15 32 Strong Very Strong Weak Very Strong 

16 32 Strong Extreme Very Strong Extreme 

17 32 Very Strong Extreme Strong Extreme 

18 34 Strong Extreme Moderate Extreme 

19 39 Strong Extreme Weak Very Strong 

20 42 Strong Extreme Weak Extreme 

21 44 Very Strong Extreme Moderate Extreme 

22 47 Very Strong Very Strong Moderate Extreme 
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23 50 Strong Extreme Weak Extreme 

24 50 Strong Extreme Moderate Extreme 

25 56 Extreme Extreme Extreme Extreme 

 


