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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; Additive Model; Preference Dependence; Choquet Integral; 2-additive; MACBETH; Decision Support System; Health 

Settings; HTA 

I.  INTRODUCTION 

Multicriteria Decision Analysis (MCDA) methodologies 

have been highlighted as powerful in addressing current 

challenges in the assessment of health technologies. Even 

though different types of MCDA approaches exist, the value 

measurement approach is the most prevalent when applying 

MCDA in health settings [1]. 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 [2]. Value 

measurement approaches aim at disaggregate an evaluation 

problem into smaller components, systematically address each 

component and aggregate the partial values in order to attain an 

overall/aggregated value [3]. Most literature on the subject has 

reported the use of the simple additive model as an aggregation 

function, which is only applicable if criteria are preference 

independent [4].  

In the context of health and health technology assessment 

(HTA) settings, relevant aspects of decision-making processes 

are often not independent. To neglect potential interactions may 

lead to unsound results [4]. Examples of relevant aspects in the 

context of health that may not be preference independent have 

been pointed out. For instance, Morton [4] stated that a health 



technology that is ineffective in improving the health of some 

actual people may be deemed as worthless, regardless of its 

performance on any other aspect (e.g. quality of evidence, 

disease frequency, target people age, affected people that can 

access it, etc.).  

Studies addressing MCDA challenges and, in particular, 

challenges with respect to the additive model, have referred that 

this model may not be appropriate in some contexts [4-6]. In a 

situation where preference independence does not hold, 

decision analysts have basically two ways to overcome this: 

restructure the model or elect a different functional model [4].  

Restructuring the model implies to redefine or adjust the 

evaluation dimensions so the final set of criteria meets the 

requirements of the additive model [4]. Even though 

restructuring the model can work sometimes, hence shielding 

the simplicity of the model, there are situations in which 

restructuring the model is not possible without compromising 

the quality of the model and, ultimately, of the decision-making 

process [4, 6-8].  

Although there is a range of different functional models, 

multilinear forms [9] and CI [10] stand out within the value 

measurement approach. In this thesis, attention is given to CI, 

which is applicable in the context of bilateral preference 

dependence. Several studies have combined CI with 

MACBETH (Measuring Attractiveness by a Category-Based 

Evaluation Technique) [11], whose questioning protocol lies on 

qualitative judgements between two 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.  

Nevertheless, there is not a tool nor defined systematic 

protocol to enable the whole process. This had led to 

fragmented approaches, which increase the probability of 

inconsistencies and methodological mistakes  [12-14]. There is, 

thus, 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 and 

a friendly protocol to operationalize MACBETH-CI approach 

in a comprehensive and intuitive way. 

In order to ensure clarity of concepts and consistency of 

nomenclature throughout the document, it is adopted the 

approach of structuring concerns, with these being defined as 

any aspect seen as relevant for the analysis at the eyes of at least 

one evaluator, who can also be the decision-maker (DM) [15]. 

Concerns are divided into key concerns (KCs) and elementary 

concerns (ECs). KCs consist in the so-called criteria and 

represent “end objectives” [16]. Therefore, they must respect 

preference independence conditions [15]. A KC is often defined 

by several interrelated ECs, which are seen as “means to 

achieve ends” [17]. Therefore, it is on the level of the ECs that 

preference dependencies occur and, thus, CI is to be applied.  

Applying CI requires to ensure that any element (impact 

level) of one concern is comparable with any element of another 

concern, i.e., it is required to ensure commensurateness 

between concerns. Hence, the only way to employ CI is using 

reference levels [18]. A superior and an inferior reference must 

be chosen for each EC. These can be, for instance, Good and 

Neutral [18] or Best and Worst [19]. A Good level is such that 

it is undoubtedly attractive, while a Neutral level is neither 

attractive nor repulsive [18]. The Best and Worst levels consist 

in the most attractive and most repulsive levels, respectively 

[20].   

One EC is said to be preference dependent on other if the 

value of the swing from its low reference level to its superior 

reference level depends on the impact level on the other 

concern. Considering two concerns EC1 and EC2, each one 

having a good (G) and a neutral (N) reference level, EC1 is 

preference dependent of EC2 if: 

𝑣(𝐺1, 𝑁2) − 𝑣(𝑁1, 𝑁2) ≠  𝑣(𝐺1, 𝐺2) − 𝑣(𝑁1, 𝐺2)              (1) 

Since preference dependence is not symmetric, for the 

interdependency between these two concerns to be 

representable by a CI formulation, it is required that EC2 is also 

preference dependent of EC1. Besides, monotonicity constraints 

must be verified [21]. 

The main objective of this thesis is to provide a tool to 

operationalize the MACBETH-CI in a comprehensive and 

intuitive way. In this sense, a DSS and a user-friendly protocol 

were developed and tested in the context of health settings. The 

DSS was intended to address current challenges regarding the 

usage of the simple additive model. It must have features that 

allow to identify the applicability conditions of 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 obtained with CI 

aggregation formula. 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.  

The remaining of this document is organized as follows. 

Section II – Background about MACBETH and CI; Section III 

– Literature Review; Section IV – Development and 

Implementation of MACBETH-CI DSS; Section; V – Case 

Study; VI – Discussion; VII - Conclusion. 

II. BACKGROUND 

A. MACBETH 

MACBETH is an interactive multicriteria decision support 

methodology that allows to evaluate options through the 

assessment of qualitative judgments about differences in 

attractiveness between options. These are provided using the 

MACBETH categories: Null, Very Weak, Weak, Moderate, 

Strong, Very Strong and Extreme. MACBETH methodology 

assists the evaluator in obtaining the aggregated score of  each 

option [22]. 

MACBETH algorithm is implemented M-MACBETH and 

Wisedon, with the first being a software and the second being 

available online. Both make use of matrices containing 

evaluators’ judgments in form of one of or a mix of (in cases of 

hesitation) MACBETH semantic categories to calculate the 

weights and value functions.  



From the ordinal and cardinal value information, a linear 

optimization problem is solved, returning a MACBETH scale. 

The global score of each option is obtained through the simple 

additive model. Considering a set of 𝑛  concerns, 𝑁 =
{1, … , 𝑛}, the global score of each option 𝑥 is obtained by the 

following formulation:  

𝑉𝐴𝑔(𝑥) =  ∑ 𝑤𝑗𝑣𝑗(𝑃𝑗(𝑥))𝑛
𝑗=1                          (2) 

With 𝑤𝑗  and 𝑣𝑗 being the weight and the value function of 

criterion 𝑗, respectively; and 𝑃𝑗(𝑥) being the performance of 

the option 𝑥 on the criterion 𝑗. By convention, the values of the 

superior and inferior reference levels are fixed at 100 and 0, 

respectively. Additionally, the weights must sum 1. 
 

B. Choquet Integral 

The Choquet Integral is a nonadditive measure that has been 

pointed out as a versatile aggregation function to construct 

overall scores in the context of interactions between concerns, 

arising as a generalization of the weighted sum [23]. 

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 capacities (restricted to k 

elements) stands out, since the value of k has a direct influence 

in the complexity of the model.  

To use CI as an aggregation function implies to determine its 

parameters. The number of CI parameters 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 [18, 24]. Therefore, this is the most 

used model when applying CI. A set of concerns is said to be 2-

additive if there are no subsets with three or more elements in 

which they are all preference dependent of each other. 

Applying the CI formulation as aggregation function on a set 

𝑋′ of options requires to ensure the necessary and sufficient 

conditions on ≿ 𝑥′  for this be representable by a 2-additive 

Choquet Integral. Then, the model can be extended to larger sets 

𝑋, such that 𝑋′ ⊆ 𝑋. 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 on a fictitious 

option that takes either the low reference 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.  By 

convention, the low reference level is valued 0 and the high 

reference level is valued 1. The binary actions are used in many 

applications using the MACBETH methodology. They have a 

simple structure and make sense for the evaluator, which make 

the process of expressing preferences easier and intuitive [21]. 

Besides, they are directly related to the CI parameters. 

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.  

Assuming that a set of concerns 𝑛 = {1, … , 𝑁}  can be 

represented by a 2-additive CI, and considering an option 𝑥 ∈
𝑋, with 𝑥 = (𝑥1, 𝑥2, … , 𝑥𝑁), the aggregated impact value of 𝑥, 

using the CI aggregation formula, is by the equation (3). 

𝑉𝐴𝑔(𝑎) = ∑ 𝑠𝑖  𝑣𝑖(𝑥𝑖𝑎)𝑚
𝑖=1 −

1

2
∑ 𝐼𝑖𝑗|𝑣𝑖(𝑥𝑖𝑎) − 𝑣𝑖(𝑥𝑗𝑎)| 

{𝑖,𝑗},𝑖≠𝑗   (3) 

The mathematical formulation contains one parcel identical to 

the additive model and a second parcel that accounts for the 

interaction 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. 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 [25]. 

 

𝑠𝑖 = 𝑉𝐴𝑔(𝐺𝑖 , 𝑁𝑖𝑐) +
1

2
∑ 𝐼𝑖𝑗

 
𝑖=1                                (3) 

∑ 𝑠𝑖 = 1𝑚
𝑖=1                                (4) 

𝐼𝑖𝑗  stands for the Interaction Parameter, which can be 

interpreted as an average value of the added value given by 

putting 𝑖 and 𝑗 together, considering all the coalitions [25] and 

it is represented by equation (6). 

 𝐼𝑖𝑗 = 𝑉𝐴𝑔(𝐺𝑖 , 𝐺𝑗 , 𝑁𝑖𝑗𝑐) − 𝑉𝐴𝑔(𝐺𝑖 , 𝑁𝑖𝑐) − 𝑉𝐴𝑔(𝐺j, 𝑁𝑗𝑐)    (5) 

𝐼𝑖𝑗 varies in the interval [-1,1], with positive values standing for 

synergic relations and negative values standing for antagonist 

relations. When two concerns are preference independent, the 

correspondent Interaction Parameter is null.  

 

III. LITERATURE REVIEW 

Several methodologies have proposed and tested to model 

interdependencies in MCDA. However, most of them are not 

based in value measurement approaches. Besides, many studies 

lack clarity regarding the protocols and tools used, as well as 

their suitability in the specific evaluation context. Additionally, 

there is little research on modeling interdependencies in the 

context of health settings. 

Within value measurement, multilinear model [26] and 

Choquet Integral have been proposed [27, 28]. Multilinear 

differs from CI by having a different condition of applicability.  

While CI requires preference dependence, Multilinear form 

requires weak difference independence. Regarding applications 

in health settings, only one study using CI [10] and one study 

using multilinear [9] were found in the literature. Both studies 

used also MACBETH.  



Many studies combining MACBETH with CI were found, 

with applications in many different contexts. However, in 

several studies using the MACBETH-CI approach, each EC 

was assessed alone, i.e. without taking into consideration the 

impact levels on other ECs. This is a questionable procedure 

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 [29]. 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 [12-14]. Since the global judgments are the 

ones of interest in the context of interdependencies, to use a 

single global matrix is most likely to be the most reasonable 

approach. Olveira et al. already addressed these challenges, but 

there is not a tool to operationalize the process in a 

comprehensive and intuitive way. This thesis aims to address 

this lack by proposing and testing a DSS and a protocol to apply 

MACBETH-CI approach. 

 

IV. DEVELOPMENT AND IMPLEMENTATION 

A. Design a DSS: Adapted framework 

The complexity of decisions due to the great amount of 

possibly uncertain information required, the time pressure and 

the fast-changing conditions come with a need for a new 

paradigm of intelligent decision-making, which should 

preferably be more general and flexible to change [30]. One 

way to accomplish this is using decision support systems 

(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 [31]. 

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. [32] argued the applicability of Peffers et al.’s model 

[33], based on design science theory, for evaluating the several 

phases of designing and developing a DSS within a socio-

technical context. This model consists in six stages containing 

checkpoints that must be taken into consideration when 

developing the DSS. This framework was adapted and applied 

in the context of MACBETH-CI DSS (Figure 1), so the design 

requirements are settled before the implementation. 

 

 
Figure 1- Adapted Peffers et al.’s [33] model for MACBETH-CI DSS design.  

 

• Outline the decision problem (thesis objective) 

The main goal is to operationalize an MCDA model that 

allows to take into consideration interdependencies between 

ECs, since to ignore this can lead to unrealistic or suboptimal 

solutions. In this regard, MACBETH algorithm will be 

combined with 2-additive CI formulation. To avoid a higher 

degree of complexity, the DSS will limit the number of 

concerns to 5. 

• Define design objectives 

The DSS must be prepared to receive as initial inputs: a set 

of concerns, a descriptor of impacts for each concern and two 

reference levels within each descriptor. The options containing 

references must be used to test for preference dependence. If 

this occurs, the evaluator must define and order a set of options 

to judge in terms of their differences in attractiveness. Besides, 

the evaluator must choose an inferior and a superior reference 

option. The options suggested by the DSS will consist in all the 

combinations between impact levels on each EC. Once the final 

set of options is ordered, the evaluator must provide judgments 

regarding the difference in attractiveness between options, 

using one of (or, in cases of hesitation, a mix of) the 

MACBETH categories. The minimum number of judgments 

required is  𝑋 − 1, 𝑋 being the number of options. From the set 

of judgments, the DSS must suggest a scale compatible with 2-

additive CI formulation. If the evaluator validates, CI 

parameters and global scores must be calculated. 

• Artefact design and development 

The graphical user interface (GUI) will be developed in 

Microsoft Visual Studio (MVS), following a user-driven 

development, which consists on a design process focused on the 

users and their needs in each phase of the process [34]. Ordinal 

and cardinal information will be extracted from the global 

matrix of judgments, so MACBETH and 2-additive CI 

constraints are dynamically created using logic implemented in 

C#. As the basis, it will be used a MACBETH model 

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 constraints are transferred to 

LP_solve, a Mixed Integer Linear Programming (MILP) solver. 

This will return a MACBETH scale compatible with 2-additive 

Choquet Integral, which will be rescaled, so the superior and 

inferior references are valued 100 and 0, respectively. 

• Identify design context 

The DSS must be general enough so it can be used in every 

context in which preference dependence may exist. However, it 

will be developed and further tested in the context of health 

settings assessment. 

• Measure the outputs 

It is expected that the DSS returns the aggregated values of 

a set of options, which is attained using the CI aggregation 

formula. The scores must respect the constraints imposed, 

namely monotonicity and 2-additivity. 

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 Parameter can be evaluated in terms of its 

closeness to zero, which is translated in proximity to preference 

independence. Besides, it can be analysed if its positivity or 

negativity make sense in the specific context. 

• Communication of the results 

Similarly to M-MACBETH, the DSS is designed to be used 

by a facilitator. However, it is intended that the system can be 

potentially used by the evaluators themselves. Therefore, 

attention is given to allow the user to access informative pages, 

in which important concepts of the model are presented 

graphically. These include preference 

dependence/independence, 2-additivity, monotonicity and CI 

parameters. 

The DSS is designed to be interactive and constantly 

dependent on feedback from the evaluator. This makes it easier 

to detect any misunderstandings. 

B. Architecture 

The general architecture of a DSS framework contains three 

major subsystems: (i) dialogue, which serves to assure user-

friendly communications between the decision-maker and the 

DSS, coordinating all functions or commands selected by the 

evaluator; (ii) input management, which 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; 

(iii) knowledge management, which is responsible for retaining 

all the multi-criteria analysis methods available in the DSS [35]. 

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 2. 

 

 

 

Figure 2 - Representation of the agents and subsystems of MACBETH-CI protocol. 

C. Implementation 

A preliminary phase was required to analyse how to 

leverage the features already implemented in the Wisedon 

model and required changes. As Wisedon only recognizes KCs 

and isolated impacts, it was required to create an algorithm to 

generate the combinations in a way that the model can 

recognizes which impacts are in each option, which 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. 

• 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 1 - Formulation of MACBETH-CI algorithm. 

Constraints 

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−)] 

D. Process and Questioning protocol 

• Structuring phase 

The process starts with the evaluator identifying the end 

objective and correspondent ECs. It must be defined a discrete 

set of impact levels for each EC, as well as two reference levels: 

one superior and one inferior. 

• Testing for applicability conditions 

Once the problem is structured, it is necessary to verify if the 

DSS model suits the decision problem. The first test consists in 

identifying if bilateral preference dependence occurs between 

the ECs. 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. 

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, these 

are fixed on their low reference level. The questioning protocol 

to test for preference dependence follows the structure 

suggested for MACBETH, meaning that evaluator is asked to 

provide differences in attractiveness using the MACBETH 

semantic categories. However, the judgments regard options 

instead of isolated impacts, meaning that the evaluator has to 

take into consideration impacts on different concerns at once. 

To better explain the questioning protocol, a graphic 



representation is presented. This will be further embodied in the 

proposed tool. Using the notation previously introduced, the 

relevant swings to check if ECi is preference dependent of ECj 

are represented in Figure 3. 

 

 

Figure 3 – Relevant swings to test for preference dependence between concerns i and j. 

      The questioning protocol to test if concern i is preference 

dependent of j would consist of: (a1) “What is the difference of 

attractiveness between the option (Ni, Nj) and the option (Gi, 

Nj)?”; (b1) “What is the attractiveness of the 

swing/improvement from (Ni, Gj) to  (Gi, Gj)?”. Since the 

swings contemplated in (a1) and (b1) only differ on the level of 

ECj, if ECi   is preference independent of ECj, these swings must 

be valued equally. Assuming that ECi is identified as preference 

dependent of ECj, it is still necessary to verify if ECj is also 

preference dependent of ECi. To do so, the attractiveness of the 

swing between the reference impact levels of ECj is asked, 

keeping ECi fixed on its reference levels (c1) and (d1).  

     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, when swings 

are assigned with different categories, these differences are 

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 (a1) 

was assigned with the same category than (b1), and (c1) with 

the same category than (d1), it would not mean that they were 

preference independent. The same category can have different 

magnitudes/strengths in the eyes of the evaluator. In these 

cases, an additional question could be made to assure that 

evaluator considers the concerns preference independent. For 

instance, if (a1) and (b1) were both replied with “Strong”, the 

facilitator could ask: “Are those two strong equal or there is one 

that is stronger than the one?”  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 for using 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 regardless of the impact 

level on the former. 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 their judgments. 

The evaluator must be aware of the conditions of the 

model to make sure that it can indeed represent the specific 

decision problem. For instance, the evaluator must understand 

the concept of 2-additivity and monotonicity. 

• Evaluation 

If all applicability conditions are met, a set of options to 

pairwise compare must be defined. Departing from all 

combinations between the impact levels defined for each EC, 

infeasible options must be removed. The evaluator must order 

the remaining options, which will be introduced in the global 

matrix of judgments. Within these, two references must be 

chosen.  

The questioning protocol to fulfil the matrix is, again, 

similar to the protocol suggested for MACBETH. It is not 

necessary that all options are compared with the remaining. 

However, each option must be compared at least once. This can 

be achieved, for instance, comparing the most attractive option 

with the remaining, or comparing each option with the 

immediately following that is less attractive. For a set of 𝑥 

elements, it corresponds to 𝑥 − 1 comparisons.  

Once the matrix has enough consistent judgments, a 

MACBETH scale can be produced. This is rescaled so the 

superior reference option is valued 100 and the inferior 

reference options is valued 0. From the scale validated by the 

evaluator, CI parameters and global scores can be calculated. 

• Analysis 

CI parameters must be analysed having in mind their 

meaning. Particularly, it should be verified whether the 

synergistic or antagonistic relationship revealed in the 

Interaction Parameter makes sense in the context of the 

problem. Its proximity to zero must also be considered, since 

this reflects proximity to preference independence, which can 

be modelled with the simple additive model.  

Conditional value functions must be analysed having in 

mind the assumptions made, namely in which baseline other 

concerns were fixed and potential impacts on the functions. 

Global scores must be analysed with respect to their 

consistency with the opinion and ranking provided by the 

evaluator. 

V. CASE STUDY 

A. Analysis and Participants 

In this section, the testing of the MACBETH-CI DSS is 

performed by doing four main 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 that they 

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 will be compared and 

analysed with respect to their conformity with the preferences 

expressed by the evaluator. 

28 people, 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 do not have asymmetric 

knowledge regarding the two approaches, which could happen 

if they had already used MACBETH. 

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 the DSS a useful tool in a 

real context. 

In order to test the full capabilities of the DSS, 3 people were 

asked to assume the role of a 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. These were also 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. Additionally, 

the group of 3 participants were asked to provide judgments 

following the MACBETH protocol of questioning, supported 

by Wisedon. 

B. Problem definition 

The hypothetical problem consists in selecting a new 

treatment for a rare disease with a high fatality rate. Two 

reasonable ECs within this objective could consist on: 

effectiveness of the treatment (EFT) and affected population 

that can access the new treatment (APAT) [4]. For the sake of 

simplicity, it is assumed that the performance of options on all 

the remaining concerns is equal. 

A descriptor of impacts will be defined for each concern. 

The impact levels must cover a broad range, so it becomes 

easier and more intuitive for the evaluator to judge the 

difference in attractiveness between options. Within the 

descriptors, two references must be chosen. These references 

will be presented as the best and the worst possible impacts for 

each elementary concern. 

EFT can be described with a quantitative descriptor, for 

instance using the predictive probability of success (PPOS). 1% 

and 85% will be used as reference levels, with 1% standing for 

the worst impact and 85% for the best impact.  

APAT 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.  

One intermediate impact level was added on both concerns: 

10% for EFT and 60% for APAT. 

C. MACBETH-CI Process 

In order to verify if EFT is preference dependent of APAT, 

it is required to verify if the value of an improvement of EFT 

differs depending on the level of APAT. The questioning 

protocol to verify such condition could consist in: “What is the 

difference of attractiveness between a treatment that has 1% 

PPOS and a treatment that has 85% PPOS, being that both can 

be assessed by 5% of the people suffering from the disease?”; 

“What is the difference of attractiveness between a treatment 

that has 1% PPOS and a treatment that has 85% PPOS, being 

that both can be assessed by 90% of the people suffering from 

the disease?”. The evaluator must answer using one of the 

MACBETH categories. 

 

 

Figure 4 - Swings required to analyse if EFT is preference dependent of APAT. 

If the evaluator judges the swings on Figure 4 with 

different MACBETH categories, EFT is preference dependent 

of APAT. For 2-additive CI to be applicable, it is also required 

to verify if APAT is preference dependent of EFT. This is 

performed with a similar process, as represented in Figure 5. 

25 responders were asked to judge the attractiveness of the 

relevant swings to test for preference dependence between EFT 

and APAT. Results were analysed in terms of the categories 

assigned to each swing and the number of responders whose 

judgments reflected preference dependence between concerns. 

 



 
Figure 5 - Swings required to analyse if APAT is preference dependent of EFT. 

 

If preference dependence holds, a set of options is obtained 

by combining all impact levels of each concern. These must be 

ordered, and two reference options must be chosen. 

Monotonicity and 2-additivity constraints must be explained. 

Finally, the evaluator must pairwise compare some options 

using one or a mix of the MACBETH categories.  

VI. RESULTS 

A. Testing for preference dependence 

Individual judgments regarding the attractiveness of an 

improvement in EFT, with APAT being 5% or 90% are 

presented on Figure 6. 

 

Figure 6 - Individual judgments concerning the swings to detect if EFT is preference dependent of APAT. 

     Individual judgments regarding the attractiveness of an 

improvement in APAT, with EFT being fixed in 1% and 85% 

are presented in Figure 7. 

 

Figure 7- Individual judgments concerning the swings to detect if APAT is preference dependent of 

EFT. 

Most judgments are in line with preference dependence 

conditions, which proves that preference dependence situations 

occur in the context of health settings. Thus, it is relevant to 

develop and test tools that can address these situations. 

B. MACBETH-CI approach 

CI parameters and global scores obtained using CI 

aggregator are presented on Tables 2 and 3, respectively. 

 
Table 2 - CI Parameters: Interaction parameter of EFT and APAP, Shapley Parameter o EFT and Shapley 

Parameter of APAT. 

 

IEFT-APAT sEFT sAPAT 

0.4 0.65 0.35 

 

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. 

Table 3 - Global scores of options using CI aggregation formula. 

        Options               Global Scores 
(EFT-85%, APAT-90%) 100 

(EFT-85%, APAT-60%) 63.33 

(EFT-10%, APAT-90%) 52.77 

(EFT-85%, APAT-5%) 45.00 

(EFT-10%, APAT-60%) 38.33 

(EFT-10%, APAT-5%) 20.00 

(EFT-1%, APAT-90%) 15.00 

(EFT-1%, APAT-60%) 5.00 

(EFT-1%, APAT-5%) 0 

 

     The results are concordant with the statement presented in 

Morton, A. [4], "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).  

C. 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. 

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.  

The suggestions provided to improve the DSS were brief. 

The majority regarded the GUI. 

D. Comparison with the simple additive model 

In Table 4, the global scores obtained using the simple 

additive model implemented in Wisedon and the MACBETH-

CI formulation implemented in the proposed DSS are 

compared. 

 

 

 

 

 

 

 

 

 



 

 

 

Table 4- Comparison of the global scores obtained using the CI aggregator and the simple 

additive model. 

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 

 

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 E-(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 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 value using the CI aggregator, although EFT 

has a great weight using the simple additive model. Again, this 

occurs because the interdependency is modelled. 

The global score obtained with the CI aggregator is 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. 

EFT is also proven to be preference dependent of APAT, as 

the options that have the worst efficiency are the less valued. 

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. 
 

VII. DISCUSSION 

Testing for preference dependence made clear that 

preference dependence situations occur in the context of health 

settings. Effectiveness of the treatment is certainly a factor to 

have into account, and, as stated in Morton, A. [4] and proved 

in this thesis, the value of many other evaluation dimensions 

may depend on the performance on this evaluation dimension. 

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. 

 

VIII. CONCLUSIONS 

The developed DSS allows to fully apply the MACBETH-CI 

protocol, from the identification of preference dependence up 

to the attainment of a ranking of the options, taking 

interdependences between each pair of concerns into 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.    

The proposed DSS and questioning protocol address the 

pitfalls founded in previous studies trying to combine 

MACBETH-CI. 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 CI, are all methodological mistakes identified in 

previous studies trying to model interdependencies by 

combining MACBETH and CI. These are all overtaken in a 

simple and unified way.  

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 improved could 

consist in implement the constraints for the case of Multilinear. 

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. 

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. 
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