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Abstract: Effective risk management typically requires the evaluation of multiple consequences of different sources of 

risk, and multicriteria value models have been used for that purpose. The value of mitigating a risk impact is 

often considered by risk managers as dependent on the levels of other impacts, therefore there is a need for 

procedures to identify and model these interactions within a value measurement framework. The Choquet 

Integral (CI) has been used for this purpose, and several studies in the performance measurement literature 

have combined the 2-additive CI operator with the MACBETH approach to model interdependencies in real 

contexts. In this paper, we propose an alternative procedure to model interdependencies and determine the 

CI parameters from one single MACBETH global matrix. The procedure is illustrated with the construction 

of a descriptor of impacts to evaluate the risk impacts at ALSTOM Power. The paper further explains the 

questioning protocol to apply the proposed procedure, as well as how decision-makers can interpret the CI 

parameters.  

1 INTRODUCTION 

Risk management relates to all sources of risk that 

can affect an organization in terms of its goals and 

vision (Aven, 2008) (p. 6). Typically, risks are 

characterized in terms of their probability of 

occurrence and impact (or consequences) (Williams, 

1996) and depending on the context, the risk impact 

can be evaluated on a single concern or on multiple 

concerns – also described in the literature as 

dimensions or attributes (Aven, 2008) (p. 42). For 

example in a project management context, the 

concerns may be timely delivery, incurred costs 

within the budget envelope, and conformance to 

specifications of the project. Multicriteria value 

models can assist in evaluating those impacts 

(Linkov et al., 2006). Value models demand for the 

structuring of concerns in a value tree, with key 

concerns (or criteria) being independent axes for the 

evaluation of impacts. Very often, key concerns are 

a cluster of interdependent elementary concerns 

(EC) (Bana e Costa et al., 1999) (having also been 

described as interacting criteria (Clivillé et al., 

2007; Grabisch et al., 2010)), and therefore 

modelling should identify and account for possible 

value interdependencies between EC. This is a major 

challenge in Multiple Criteria Decision Analysis 

(MCDA) literature (Grabisch et al., 2010), and 

several studies have explored the use of Choquet 

integral (CI) operators in modelling 

interdependencies. In particular, many of them use 

an extension of MACBETH (Measuring 

Attractiveness by a Categorical Based Evaluation 

Technique) (Bana e Costa et al., 2012) with CI 

operators (Berrah et al., 2007; Clivillé et al., 2007; 

Brosig, 2012; Merad et al., 2013). Nonetheless, 

these applications entail methodological problems. 

With the aim of creating a tool to be easily used 

for decision aid in the context of multicriteria value 

measurement and to overcome pitfalls from previous 

studies, this paper exploits an alternative procedure 

to use MACBETH with the CI, through the use of a 



 

MACBETH global matrix. The use of the proposed 

procedure is illustrated with a case of evaluation of 

interdependent risk impacts at ALSTOM Power.  

This paper is organized in four sections. Section 

2 presents a literature review. Section 3 proposes the 

MACBETH global matrix with the CI to model 

interdependencies, being applied to the context of 

modelling interdependencies at ASTOM Power. 

Section 4 presents concluding remarks and describes 

ongoing research.  

2 LITERATURE REVIEW 

This section starts by clarifying key concepts and the 

nomenclature in use in this paper. It then reviews 

previous studies that have modelled 

interdependencies, emphasizing those that have used 

CI operators and MACBETH. 

2.1 Nomenclature 

Previous studies modelling interdependencies used a 

diverse terminology. We start by clarifying the 

nomenclature adopted in the remaining of this paper. 

Departing from the value-focused thinking 

framework of Keeney (1992), we adopt “the 

approach of structuring concerns” of Bana e Costa et 

al. (2005), which makes clear the difference between 

concerns, key concerns (KC) and elementary 

concerns. A concern (also called “point of view” by 

Bana e Costa et al. (1999) and “objective” by 

Keeney (1992) is any aspect within a specific 

decision context seen as relevant at the eyes of at 

least one actor for the analysis (Bana e Costa et al., 

2005). Stated objectives, points of view, active 

characteristics of the options and possible 

consequences of potential options are all concerns 

(Bana e Costa C. A. et al., 1998). Key concerns are 

the “ends objectives [concerns]” (Keeney, 1992) that 

emerge progressively from the structuring phase, 

and need to respect necessary preferential 

independence conditions (Bana e Costa et al., 2005), 

so that they can be isolated from the other KC. Each 

of them must be measurable and operational by 

assigning a natural, proxy or indirect, or a 

constructed descriptor of impacts (i.e., ordered set of 

plausible impact levels (Bana e Costa et al., 2002; 

Bana e Costa et al., 2005)). Very often, a KC is 

defined by a cluster of several interrelated 

elementary concerns which are usually seen as 

means to achieve ends (Bana e Costa et al., 1999). It 

is on the level of the EC that value dependencies (to 

be modelled with the CI) occur. 

Since there is no agreement in literature 

regarding the meaning of concept of interaction or 

judgmental dependencies, it is useful to clarify this 

concept. There are two main types of preferential 

independence conditions: (1) ordinal independence 

and (2) cardinal independence. The first one is 

verified when options or alternatives can be ranked 

with respect to one KC independent of their impact 

in other aspects; the second one is verified, when, 

additionally, the difference in attractiveness between 

the options can be measured with respect to one KC 

independently of their impact in other aspects (Bana 

e Costa et al., 2005). For instance, consider the 

following two concerns “peak noise level during the 

night” and “noise level during the whole day” (Bana 

e Costa et al., 2005). Whichever the average noise 

during the day, low peaks during the night are 

always preferred to high peaks - this is an example 

of ordinal independence. However, if the difference 

of attractiveness between two night peak levels 

depends of the average noise level during the whole 

day, cardinal dependence occurs (Bana e Costa et 

al., 2005). In this sense, interactions are related to 

preferential dependence, and these can be expressed 

in different ways (Bana e Costa et al., 2005), for 

instance by antagonism (in which the combined 

impacts are valued less than the sum of the values of 

impacts) and by synergism (with the combined 

impact valuing more than the sum). 

Marichal (2000) suggests the existence of three 

types of interactions: (1) correlation, (2) 

complementarity/substitutiveness and (3) 

preferential dependence. In the scope of our study 

we suggest that correlations should not be 

considered because they refer to environmental 

(physical or statistical) and not judgmental relations 

between concerns (von Winterfeldt D. et al., 1986). 

E.g., the costs and safety of a road infrastructure are 

statically correlated, in the sense that higher safety 

usually requires higher investments, but they can be 

taken as two (judgmentally independent) key 

concerns, because the DM is able to rank levels from 

one KC and can judge the difference in 

attractiveness between any two impact levels from 

one KC without knowing their impact on the other 

KC. Hence, in contrast to what it is stated in other 

studies such as Shah et al. (2013) and Marichal 

(2000), correlations can be ignored unless they are 

redundant (Bana e Costa et al., 2005). On the other 

hand, we believe that substitutiveness and 

complementarity are types of preferential 

dependence, more precisely extreme situations of 

antagonism and synergism, respectively. For 

example, substitutiveness corresponds to a situation 



 

when the combined impact is valued less than the 

sum of individual impacts, being the value of the 

individual impacts close to the value of the 

combined impact (Grabisch et al., 2004). Hence, 

there is no need to distinguish between preferential 

or value dependence and substitutiveness/ 

complementarity. 

2.2 MACBETH basics  

MACBETH is a multicriteria decision analysis 

approach that requires only non-numerical 

judgments about differences in attractiveness 

between options to help the decision maker (DM) 

measure the relative attractiveness or value of 

options (Bana e Costa et al., 2012). Within a 

multicriteria value measurement framework, 

MACBETH has been most commonly used to build 

value functions and weight criteria in additive 

models. For building value functions, the 

MACBETH questioning protocol consists in asking 

the DM to qualitatively judge the difference in 

attractiveness between impact levels, two at a time, 

based on seven semantic categories: “is there no 

difference, or is the difference very weak, weak, 

moderate, strong, very strong, or extreme?” (Bana e 

Costa et al., 2012). During this questioning protocol, 

a matrix with the categorical judgments of the DM is 

populated. Each time a qualitative judgment is 

introduced in the matrix, the M-MACBETH DSS 

verifies its consistency and offers suggestions to 

solve eventual inconsistencies (Bana e Costa et al., 

2008). After the consistency verification, the 

software derives, by mathematical programming, an 

interval numerical scale which has to be analysed 

and validated by the DM (Bana e Costa et al., 2012). 

A slightly different procedure than the one just 

described has been used for weighting EC with CI 

and MACBETH. Previous studies have shown that 

MACBETH provides a simple and transparent 

approach in modelling complex multidimensional 

problems, and hence its wide applicability in MCDA 

(examples are (Bana e Costa et al., 1999; Bana e 

Costa et al., 2002; Carnero, 2006; Bana e Costa et 

al., 2008; Barin et al., 2012)).  

As described above, in its most common use, 

MACBETH applications use an additive value 

model by taking “difference independence” as a 

modelling hypothesis (Bana e Costa et al., 2012). As 

mentioned in Edwards et al. (1994) (p. 315) 

“violations of conditional monotonicity, usually easy 

to detect judgmentally, mean that additive models 

should not be used”, and interdependent EC should 

be combined/aggregated to form a KC (Bana e Costa 

et al., 2005).  

2.3 Modelling interdependent EC  

For cases of interdependent EC, there has been an 

increase in studies using procedures with operators 

of CI family that belong to the non-additive measure 

family. These CI operators are represented by a 

mathematical expression that aggregates impact 

values of multiple interdependent EC into a single 

global score (Mayag et al., 2011). 

Several studies have applied these CI operators 

in many evaluation contexts such as to: (i) evaluate 

supplier’s performance (Clivillé et al., 2006; Berrah 

et al., 2007; Feyziog̃lu et al., 2010), employees’ 

performance (Gürbüz, 2010) and action plans in an 

organization in industrial contexts (Clivillé et al., 

2007; Merad et al., 2013); (ii) assess academic 

performance of faculty members in the education 

sector (Cardin et al., 2013); (iii) evaluate classical 

swine fever control strategies in the animal health 

literature (Brosig, 2012), (iv) evaluate a new waste 

incinerator plant location in the environment context 

(Bottero et al., 2013); and (iv) more recently, in the 

risk management context, to build a value- and risk-

based performance measurement and management 

system (Vernadat et al., 2013). 

Some of these studies lack information about the 

questioning protocol applied and do not explain how 

to convert impacts into value or how to determine 

the CI parameters (Feyziog̃lu et al., 2010). Other 

studies convert quantitative impacts into values 

linearly and therefore presuppose that a unit of 

impact has always the same value, which is a strong 

assumption (in other words, problems on the 

interpretation of commensurate scales - see section 

3.1)  (Bottero et al., 2013; Cardin et al., 2013). Other 

studies weight EC based only on the notion of 

importance (Labreuche C. et al., 2005; Brosig, 2012) 

with no reference to impact ranges – in fact, this has 

been described as the most common critical mistake 

in decision analysis (Keeney, 1992). Some studies 

require a direct elicitation of numerical information 

about the overall value of each option from the DM 

(Grabisch M. et al., 2000; Grabisch M. et al., 2008; 

Merad et al., 2013), there being many practical and 

theoretical issues regarding this type of elicitation, 

as discussed by Morton et al. (2009). Several studies 

make use of local judgments, instead of global 

judgments, to model interdependencies between EC 

– examples are (Clivillé et al., 2006; Clivillé et al., 

2007; Gürbüz, 2010; Merad et al., 2013; Vernadat et 

al., 2013), with most of these studies using the CI 



 

with MACBETH. By local judgment we mean a 

judgment involving one EC alone; by global 

judgment we mean a judgment involving the 

interrelated EC all together. Nonetheless, the use of 

local judgments is incoherent because under the 

presence of interdependencies between several EC, 

one cannot assess local judgments in an EC without 

considering the levels of impact in the remaining 

EC. To illustrate this problem, we recall the study by 

Clivillé et al. (2007) that evaluates four actions to 

improve the profit margins of a company using CI 

with MACBETH. One KC concern of this study is 

“service rate”, composed by three EC: “average 

delay”, “order receive time” and “accuracy 

shipments”. Regarding local judgments for the 

“average delay” EC, the DM evaluated as “extreme” 

(“6”, see the highlighted judgment in Fig. 1(a)) the 

difference in attractiveness between an action “TI” 

and a “neutral” action (N). However, if there exist 

interdependencies between EC, that judgment may 

change with the impacts in the remaining EC and 

therefore these should be fixed before the 

questioning (a further explanation on this is provided 

in sections 2.4 and 3.3). In addition to the previous 

problem, some studies such as Clivillé et al. (2006), 

Clivillé et al. (2007) and Gürbüz (2010) make use of 

two types of matrices – a first matrix with local 

judgments (see Fig. 1(a)) and a second with global 

judgments (see Fig. 1(b)) – that can be problematic. 

Even if the local judgments, present in the first 

matrix, were asked to the DM in the form of global 

judgments, the use of two matrices could entail 

incoherence and inconsistency problems. To expose 

these problems, we recall once again the study by 

Clivillé et al. (2007). If the “good” and “neutral” 

actions present in Fig. 1(a) were taken as being 

“neutral” in the remaining EC, i.e. globally 

comparing the difference in attractiveness between 

two actions (G1N2N3) and (N1N2N3), the same global 

judgment is also present in Fig. 1(b) – see the 

highlighted judgment (“weak”). However, that 

judgment is inconsistent with the highlighted 

judgment in Fig. 1(a). In fact, the difference in 

attractiveness between an action “TI” (which is less 

attractive than a “good” action in terms of “average 

delay”) and a “neutral” action (N) is “extreme”, 

which implies that the difference in attractiveness 

between a “good” and a “neutral” action needs to be 

“extreme”, being inconsistent with the previous 

“weak” judgment. Taking into account the limitation 

associated to the use of separated matrices, this 

paper exploits the use of global judgments within 

one single MACBETH global matrix. In addition, it 

is worthwhile to note that some studies such as 

Clivillé et al. (2006), Clivillé et al. (2007) and 

Vernadat et al. (2013) apply MACBETH to build 

value functions based just on the set of local 

judgments between consecutive ordered levels given 

by the DM (diagonal of the MACBETH matrix Fig. 

1(a)). However, according to Bana e Costa et al. 

(2008), “it is recommended to ask for some 

additional judgments to perform a number of 

consistency checks”. If MACBETH is only applied 

to the diagonal of the matrix, the procedure does not 

make use of all the potential of the MACBETH 

method and DSS. Thus, no consistency checks are 

made and the MACBETH judgments are used to 

solve an equation system by attributing a single 

number to each semantic category (with ‘very 

weak’=1, ‘weak’=2,..., and ‘extreme’=6) – see Fig. 1 

– which is an arbitrary assumption. Therefore, it 

seems also important to overcome these issues, as 

other numerical values or ranges can be attributed to 

each semantic category, and consistency checks are 

also a key feature for a procedure to be used in real 

decision aid settings.  

This study exploits the use of MACBETH with 

the CI to model interdependencies and overcoming 

the limitations pointed above, using a single 

MACBETH matrix with global judgments and all 

the features of the MACBETH method and DSS. 

The aim is to propose a tool that can easily be used 

for decision support, as it will be described in 

section 3. 

2.4 Choquet integral operators  

This section introduces basic concepts regarding CI 

operators, and a brief explanation of the meaning of 

CI parameters. The operators of the CI family, 

introduced by Choquet (1953), belong to the non-

additive measures family and are being applied to 

model interdependencies between EC. Since we are 

dealing with interdependencies, the basic idea 

behind these operators consists in questioning the 

DM about their preferences on a set of “binary 

options” to determine the value of the CI parameters 

– Shapley and interaction parameters, which we 

describe below. As suggested by the name, these 

binary options must perform with superior and 

inferior reference levels on each EC. Depending on 

the context, best and worst, or good and neutral 

references, or other superior and inferior references 

can be used (for instance, the good corresponds to an 

undoubtedly attractive level and neutral to a level 

which is neither attractive nor repulsive 



 

 
 

Figure 1: (a) Local judgments used to build the value function on the EC “average delay” and (b) the matrix that compares 

interdependent EC (global judgments). Note that HR, CI, QE and TI are abbreviations of the actions that are being 

evaluated, 'human resources', 'continuous improvement', 'quality and environment' and 'technical investment', respectively 

(Clivillé et al., 2007).

(Mayag et al., 2011) at the eyes of the DM; and the 

best corresponds to the most attractive level and the 

worst to the most repulsive level (Grabisch et al., 

2004)). Using the best and worst references, options 

which are best and/or worst on all the m EC are used 

in the CI – for instance (B1B2W3...Wm), is a binary 

option which is in the best (B) level on EC 1 and 2 

and in the worst (W) level on the remainder EC, in a 

context of m EC. 

To better understand the reason why we should 

ask the DM about their preferences on the set of 

binary options, consider a case with three EC and 

two swings: (i) a swing from an option (W1W2W3) 

to an option (B1W2W3) and (ii) another swing from 

(W1B2W3) to (B1B2W3). These swings just differ on 

the level of EC 2 - worst and best in the first and 

second swings, respectively. In the context of 

independent EC, both swings are equally valued, and 

there is no need to take into account of the different 

baselines. Under the presence of value 

interdependencies, these swings are differently 

judged and one needs to consider all the swings with 

different baselines. 

To apply these operators, the monotonicity 

condition is required. E.g., consider the following 

sets of elementary concerns S, T and M, and their 

corresponding complement sets S
c
, T

c
 and M

c
; if S  

T  M, the option which is at the best level in all the 

EC present in T and at the worst level in the EC 

present in T
c
 (BT,WT

c
) dominates the option 

(BS,WS
c
) which is in the best level in all the EC from 

S and in the worst level in the EC from S
c
, because 

the former is at least as attractive as the latter, then: 

 

)W,B(V)W,B(VMTS cc SSAgTTAg   (1) 

 

This condition illustrates that the EC cannot be 

modelled as ordinally dependent. After having 

information from the DM regarding the numerical 

values of the binary options, the CI is applied, 

making use of the following formula – eq. system 

(2), the general formulation of CI operators. 
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Where VAg represents the aggregated value (global 

score) of an option u, v(i) corresponds to the i-th 

overall value of the option u in ascending order 

thatis related to a specific EC and baseline (for 

instance, all worst or all best) in the other EC, x(i)u 

represents the impact level of the option u in the EC 

i and VAg({B(i)}) the aggregated value of an option 

which is in the best level in the EC i and in the worst 

level in the other EC. Note that this mathematical 

formulation is coherent with the impact values (VAg 

and v(i)) on an unipolar scale i.e. the impact values 

are in the [0,1] range (Grabisch, 2005). 

The exponential complexity of the general 

formula of the CI has shown to be prohibitive in 

many applications (Grabisch, 2005; Grabisch et al., 

2010), as 2
m
–2 variables need to be determined, 

corresponding to  the aggregated value of all the 

binary options (2
m
) excluding the known aggregated 

values of the options which are worst all over and 

best all over, that for convention, value 0 and 1, 

respectively (Grabisch et al., 2010). To overcome 

this issue, particular CI operators have been 

proposed, such as the k-additive ones, highly spread 

in decision analysis literature. K-additivity fixes the 

degree of interaction between EC: 1-additivity does 
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not allow interaction between EC (corresponding to 

an additive model); 2- additivity allows interaction 

up to 2 EC, etc. Note that a k-additive operator, that 

allows interaction up to k EC, requires the definition 

of   






k

1a a

m
 parameters, which makes, in practice, 

the 2-additivity the best compromise between 

complexity and richness of the model (Grabisch et 

al., 2010). In the 2-additivity case the mathematical 

formulation is given by a linear part, identical to the 

additive model, modified by effects coming from the 

interaction represented by the second parcel (see the 

first equation of the eq. system (3)). Grabisch (1997) 

explains how to obtain the eq. system (3) from (2). 
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where vi corresponds to the overall value of the 

option u on the EC i considering a specific baseline 

(for instance, all worst or all best) in the other EC; si 

corresponds to the Shapley parameter of the EC i 

(see section 3.3); Iij the interaction parameter 

between the EC i and j.  

The Shapley and the interactions parameters are 

key concepts for the understanding and analysis of 

interdependencies between EC. As remarked in 

Grabisch (1997) (p. 171), the Shapley value “can be 

interpreted as a kind of average value of the 

contribution of element i [EC i in our study] alone in 

all coalitions [considering different baselines in the 

other EC]”. With regard to the interaction parameter 

between 2 EC for instance, it “can be interpreted as a 

kind of average value of the added value given by 

putting i and j together, all coalitions being 

considered” (Grabisch, 1997) (p. 171), i.e. an 

average of the added value given by putting together 

the 2 EC together, being all the baselines considered. 

The interaction parameters Iij range in the interval [-

1,1] with: (a) Iij > 0 for a synergistic behaviour 

between EC i and j, (b) Iij < 0 for an antagonistic 

behaviour between EC i and j, and (c) Iij = 0 when 

there is no interaction between EC i and j. In the 

next section, the mathematical formulations – see 

Eqs. (4) and (7) - of these CI parameters are 

represented and examples are used to illustrate these 

definitions to DM.  

3 METHODOLOGICAL 

FRAMEWORK 

Departing from a real case study in risk 

management, this section explains how the use of a 

global MACBETH matrix with the CI can be 

applicable to properly model interdependencies 

between EC. Special emphasis is also given to the 

protocol of questioning and to providing an intuitive 

interpretation of the parameters of the CI that can be 

explained to a DM. 

3.1 Structuring the evaluation problem 

A key business area of ALSTOM Power is to 

construct and commission power plants. When 

building power plants, ALSTOM needs to prioritize 

risks that can threaten the construction projects. In a 

real case study (Figueiredo et al., 2009) developed 

with a group of ALSTOM risk managers (the DM), 

one KC identified was” Health and Safety” which 

refers to injuries resulting from incidents that occur 

inside site barriers, and takes into account two 

interdependent EC: (a) number of injuries and (b) 

severity of the injury. 

For applying the CI, in each EC a descriptor of 

impacts and two reference levels within the 

descriptor need to be defined. The use of reference 

levels in every EC ensures commensurateness 

between EC (Grabisch et al., 2004). 

“Commensurateness means that one shall be able to 

compare any element of one point of view [EC in 

our study] with any element of any other point of 

view” (Grabisch et al., 2004) (p. 565), by 

considering a baseline defined by those reference 

levels since we are in the presence of 

interdependencies. As described in section 2.4, 

depending on the evaluation context, the reference 

levels can be defined as best and worst (Labreuche 

et al., 2003) or as good (G) and neutral (N) (Mayag 

et al., 2011) levels or as other superior and inferior 

references. It is important to note that in addition to 

the two reference levels – which in the ALSTOM 

example, are the “best” and the “worst” levels – 

other impact levels can be defined. This is the case 

of descriptors in tables 1 and 2. 

Table 1: Descriptor of impacts for the EC 1 “Number of 
injuries”. 

Levels of impact Description 

B= Best 0 

I 3 

W = Worst 10 



 

Table 2: Descriptor of impacts for the EC 2 “Severity of 
the injury”. 

Levels of impact Description 

B = Best First aid incident (FAI) 

M Medical treatment incident (MTI) 

L Loss time incident (LTI) 

W = Worst Fatality (Fatal.) 

 

Since we are dealing with interdependencies and 

global preference modelling, the next step is to 

define all the combinations of different impact levels 

across EC, from tables 1 and 2), being then pairwise 

compared in a global MACBETH matrix (see the 

next section). In our example, 12 combinations of 

impacts are considered (from crossing impact levels 

of tables 1 and 2, leading to table 3). Note in table 3 

that if there are no injuries, the impact level of the 

EC 2 is irrelevant, and so all levels in the 

constructed descriptor which have no injuries as a 

component are evaluated as being indifferent.   

Table 3: Constructed descriptor of impacts for the KC 

“Health and Safety” (B and W stand for Best and Worst, 

respectively; and the indices refer to the EC 1 and EC 2). 

Levels of impact Description 

B1B2; B1M2; B1L2; B1W2 No injury 

I1B2 3 FAI 

W1B2 10 FAI 

I1M2 3 MTI 

W1M2 10 MTI 

I1L2 3 LTI 

W1L2 10 LTI 

I1W2 3 fatalities 

W1W2 10 fatalities 

 

3.2 Value measurement with 
MACBETH 

Many studies, such as Berrah et al. (2007) and 

Clivillé et al. (2007), use MACBETH in a first step 

to build, what these authors name “elementary 

expressions” (value functions) in each EC by using 

local judgments (as shown in Fig. 1(a)); and in a 

second step to construct a matrix to compare pairs of 

EC (a matrix requiring global judgments - as shown 

in Fig. 1(b)). As described in detail in section 2.3, 

only a simplified version of MACBETH is used in 

these studies, and the judgments used in building 

‘value functions’ cannot be local judgments; and if 

they are global judgments, they coincide with some 

of the judgments used in the second step of ‘building 

weights’ (see Fig. 1(b)), which demand for 

consistency checks when filling the matrices. The 

use of a single MACBETH matrix of global 

judgments can avoid these judgmental 

inconsistencies. Also, using such a matrix allows for 

accounting for DM’s differences of opinion or 

hesitation that are relevant in real decision contexts. 

Accordingly, we propose using one global 

MACBETH matrix with all the judgments 

comparing all the levels of the constructed descriptor 

from Table 3. The rationale behind the use of a 

global matrix is as follows:  

 under the presence of interdependencies, all the 

judgments required to evaluate impact levels 

are global; 

 the use of a single global matrix allows for 

depicting cases of inconsistencies between 

judgments, as well as allows for a clear and 

simple protocol of questioning DM; also cases 

of differences of opinion or hesitation can 

populate the matrix; 

 and the numerical scales generated by applying 

the MACBETH approach to the global matrix 

can be used not only with the CI, but also to 

test whether other non-additive models are 

appropriate (we do not pursue this research line 

in this study). 

Thus, we propose using a single global matrix, 

such as the one depicted in Fig. 2(a) (making use of 

all the levels of impact of Table 3). MACBETH is 

then used with the DM to quantify the relative 

attractiveness of the impact levels through a 

qualitative pairwise comparison questioning mode 

similar to the one described in section 2.2. For 

instance, reading Fig. 2(a), the DM judged as 

“moderate” the difference of attractiveness between 

“no injury” and “3 FAI”. It should be emphasized 

that this is a global judgment for it involves the 

impact levels in the two EC, according to the 

constructed descriptors described in Table 3. 

Fig. 2 presents relevant information from the 

single global MACBETH matrix in the M-

MACBETH DSS: Fig. 2(a) presents the matrix of 

judgments filled with the DM. Note that 

disagreement or hesitation between two or more 

semantic categories when making judgments is 

allowed – e.g. ‘mod-strg’, ‘strg-vstrg’ and ‘vstrg-

'extr’ in Fig. 2(a), corresponding to ‘moderate or 

strong’, ‘strong or very strong’ and ‘very strong or 

extreme’, respectively. As this matrix is consistent, 

M-MACBETH DSS proposes a numerical scale that 

can be adjusted until an interval scale validated by 

the DM is achieved (Fig. 2(b)). Note that in Fig. 2(c) 

the semantic categories are quantified by more than 

one single number.  



 

Judgments in Fig. 2(a) show an example of 

judgmental dependencies between the two EC. For 

instance, the DM judged the difference in 

attractiveness between no FAI (B1B2) and  10 FAI 

(W1B2) to be ‘moderate or strong’; and the 

difference between no fatality (B1W2) and 10 

fatalities (W1W2) as ‘extreme’– see the highlighted 

judgments in Fig. 2(a). These judgments indicate 

that the EC “number of injuries” is cardinally value 

dependent with the EC “severity of the injury”; and 

other judgments also suggest that the EC “severity 

of the injury” is cardinally value dependent with the 

EC “number of injuries”.  

Once determined the value scores of all the 

combinations (see Fig. 2(b)), the next step consists 

in calculating and intuitively interpreting the CI 

parameters. 

3.3 Interpretation of the CI parameters 

The Shapley parameters can be interpreted as an 

average value of the contribution of EC i 

considering different baselines in the other EC (all 

worst, all best, all the combinations with worst and 

best levels). Its mathematical representation is given 

by eq. system (4). In the context of independency, 

the Shapley parameters act like ‘weights’ in the 

additive model (Grabisch et al., 2010), in the sense 

that the contribution of an EC i is the same, 

independently of the chosen baseline to the 

remainder EC. 
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To better explain this parameter to a DM, 

consider the EC “number of injuries” of our case 

study. The Shapley parameter for this EC is given by 

an average of the value of two swings, e.g., 

averaging the value from improving from 10 

fatalities (W1W2) to no fatality (B1W2) with the 

value from improving from 10 FAI (W1B2) to no 

FAI (B1B2), the two cases depicted in Fig. 3. Note 

that both swings depict the case from going to the 

worst to the best level in the first EC, and when 

different levels of the second EC are fixed. This 

means that with interdependent EC the same swing 

needs to be evaluated together with different 

baselines. Using the rescaled value scores (from Fig. 

2(b)) in eq. system (4), the Shapley parameter for 

“number of injuries” is: 
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The same logic is applied to calculate the 

Shapley parameter for the EC “severity of the 

injury”. I.e., averaging the value of two swings: 

going from 10 fatalities (W1W2) to 10 FAI (W1B2)

  
 

 
 

Figure 2: (a) Global MACBETH matrix of judgments, (b) numerical scales (left: basic MACBETH scale; right: MACBETH 

scale rescaled), (c) values or ranges of numerical values for the seven MACBETH semantic categories. 

(a) (b) 

(c) 



 

 

Figure 3: Illustrative image to help the understanding of Shapley parameter of the EC 1 “number of injuries”. 

and going from no fatality (B1W2) to no FAI (B1B2). 

Mathematically, this parameter is given by: 
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Regarding the interaction parameter, IA, it can be 

interpreted as an average of the added value given 

by putting all the EC in a set A together (Grabisch, 

1997), when all the baselines are considered. 

Mathematically, it is expressed by (7). 
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In case of interdependencies, the combined effect of 

having two best levels is more or less than the sum 

of individual effects (Bana e Costa et al., 2005). 

Thus, there is a parameter to correct this situation, 

that is, an interaction parameter named I12 (in the 

domain [-1,1] with positive values standing for a 

synergistic behaviour between EC i and j, negative 

values for an antagonistic behaviour between EC i 

and j, and null values for no interaction between EC 

i and j), as computed in eq. (8). 
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Rewriting eq. (8) and using the rescaled value scores 

presented in Fig. 2(b), the I12 parameter assumes the 

value of -39/45. This value is negative, being in line 

with expectations since there is an antagonism 

between the two EC. I.e., according to the DM, 

independently of the EC, a single best level has 

almost the same attractiveness as two best levels, 

since there is a very low difference in value between 

the referred options - see Fig. 2(b). Said in another 

way, no injury of any type of incident or any number 

of FAI has almost the same attractiveness as no FAI. 

4 CONCLUSIONS 

There is scope for developing tools to assist the 

modelling of interdependent EC for decision aid. 

This paper has identified some problems (such as the 

use of local judgments to model interdependencies) 

and challenges from using CI operators, proposing a 

simple procedure to use the CI operators with 

MACBETH. We have shown how a single 

MACBETH matrix can be populated with global 

(qualitative) judgments, by applying the MACBETH 

protocol of questioning and method, and how it can 

be coupled with CI operators. This approach allows 

for: (i) detecting inconsistent judgments and 

modelling cases of differences in opinion or 

hesitation; (ii) including more judgments than the 

ones required in some of the previous studies 

(promoting more robust results), if that is found 

appropriate in the decision context; and (iii) using 

the M-MACBETH DSS to assist the whole process 

with the DM (for instance, detecting inconsistencies 

and including judgments of hesitation or of 

differences in opinion). This study has illustrated 

how one single MACBETH matrix can be the 

starting point to test the compatibility of judgments 

with the 2-additive CI formulation; and attempted to 

provide a more intuitive explanation on the values of 

the Shapley and interaction parameters. 



 

Many aspects related to the use of a global 

MACBETH matrix require further research. First, 

the proposed approach needs to be applied to real 

cases (and we are doing so in the health and safety 

context). Second, it is relevant to analyse how the 

global matrix can assist in cases in which there are 

infeasible combinations between impact levels of 

different EC, such as with the EC of the reputation 

case developed in Bana e Costa et al. (1999). In fact, 

some combinations of impact levels across EC can 

be infeasible, leading for instance that levels such as 

(W1W2B3), (W1B2W3) and (W1B2B3) cannot be 

observed in the decision context, and therefore it is 

not possible to build “elementary expressions” using 

the same baseline. Third, it is worth exploring the 

compatibility of the global MACBETH matrix with 

the general formulation of the CI operators for more 

than two EC and with other mathematical 

formulations, such as with the multilinear one. 

Finally, it seems pertinent to exploit the CI 

mathematical formulation to model non-monotonic 

decision problems which involve not only cardinally 

but also ordinally interdependent EC. 
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