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Abstract. Several methods and operational tools for assessing the sustainability
and corresponding aspects can be identified in the current literature. At interna-
tional level, the use of synthetic indices is clearly established through analyti-
cal indicators capable of expressing multiple aspects from an economic, social
and environmental perspective. By a literature review, the construction of indices
through a multi-criteria approach can be placed in the weights assignment and in
construction processes based on the geometric and arithmetic average of values.
The allocation of appropriate weights to performance indicators lacks, in particu-
lar, an objective methodology and subjective elements linked, e.g., to the decision-
makers involved and corresponding interests. This research aims to describe a
methodological frame for indices constructing through the multi-criteria approach
of the Choquet Integral. The use of Choquet’s integral supports the evaluations of
multiple aspects of sustainability as monitoring of the relative unbalanced values,
and the weights assignment occurs through analytical functions well-established,
as the Shapley function.
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1 Introduction

The sustainable assessment of urban networks in changing perspective has become a
central issue for the development and implementation of effective planning strategies.
In world-wide context, the political agenda has been rating the impacts of sustainable
investments on citizens’ well-being, environmental quality, economic growth within
the decision-systems for territories growing. The well-being “sustainable foot-print” at
territorial and urban scale steers to revise the income by integrating multiple aspects,
also related to the society and environment [1–4].
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In light of this, the use of Gross Domestic Product (GDP) as an effective represen-
tative measure of the urban/territorial well-being is becoming less obvious in economic
terms too. The limits of GDP are recognized in the inability to distinguish among events
that could have positive and negative impacts on well-being – e.g., reconstruction fol-
lowing a natural disaster or war –, so to appear an effective indicator that summarizes a
country’s economic activity in a comprehensive manner, not in view of environmental
impacts, working conditions, health, and human-social capital.

An analysis of the current literature revealed several research focused on alterna-
tive quantification of well-being, quality of life, sustainable development and societal
progress. Namely, alternative methodological approaches to GDP have been defined
[5]. To date (2022), the "Istanbul Declaration" - signed by the European Commission,
the Organization of the Islamic Conference, the United Nations, the United Nations
Development Program (UNDP) and the World Bank in June 2007, at the end of the 2nd
Organization for Economic Co-operation and Development World Forum - has stated
that there is the need to go “beyondGDP” for assessing thewell-being at scale of territory
and city [6–9].

Methodological approaches to measure the progress of a society with relative well-
being state are advisable in the reference literature. There is search for methods and tools
aimed to integrate financial values with social and environmental items not detected in
GDP [10]. With a view to moving beyond the use of GDP as the main performance
indicator for expressing the well-being state, alternative composite indices have been
proposed to enable the societal welfare declined in the dimensions of the sustainability
(economic, social and environmental) [11].

The UNDP implements the Human Development Index (HDI), which considers
health, income and education information data [12]. Similarly, the Environmental Per-
formance Index (EPI) is developed based on primarily environmental-natural indicators
[13]. Dobrovolskiene et al. (2017) in the specific Lithuanian context, develop a com-
posite index to verify the sustainability of real estate projects [14], and Attardi et al.
propose the Land Use Policy Efficiency Index for the assessment of the environmental
and social performance of urban and regional planning policies [15]. Many of these are
obtained by aggregating weighted averages related to the different dimensions of well-
being, in such a way as to express the appropriate weight for each dimension [16–20].
Furthermore, Ravallion proposes an alternative aggregation function based on the gen-
eralized aggregation formula of Chakravarty [21, 22], which allows for a more effective
weighting of dimensions than geometric mean [23]. On the other hand, further studies
analyze the strength of weights by implementing linear programming processes capable
of evaluating the accuracy of rankings with alternative weights [24–29]. These works
do not consider the potential interaction among dimensions, but focus on the impact of
alternative weight allocation among well-being dimensions on ranking accuracy.

In order to attempt to express particular sustainable statement with specific indices
of environmental, social and economic nature, the current research work proposes the
adoption of a method of aggregation - the Choquet Integral (CI) - capable of considering
the synergies among the sustainable dimensions for the construction of evaluation indices
[30]. The CI has been developed by Murufushi and Sugeno as a powerful aggregation
operator over an established set of elements [31], and it has been used in selection cases,



A Methodological Approach Based on the Choquet Integral 5

particularly attracting the fuzzy principles. A critical issue encountered in the application
of fuzzy measures consists in the exponential complexity in terms of real number for
each subset of the criteria and means to evaluate these through appropriate elicitation
of interviewed experts or optimization methods [32, 33]. In this sense, Mazziotta and
Pareto (2016) propose the structuring of a method to calculate a non-compensatory
index, which penalizes the unbalanced values of indicators through the relative standard
deviation measurement [34].

In order to capture synergies among dimensions for an index construction, theUNDP
moved from the Arithmetic Mean (AM) to the Geometric one (GM) [12]. However, the
GM aggregation method doesn’t allow to capture the complementarity and synergies
among dimensions. A relatively weak performance in one of the dimensions is counted
similarly in the composite score obtained. Compared to the UNDP experimentation,
the proposed methodological approach develops an alternative and flexible aggregation
process able to perceive a set of interactions among the sustainable dimensions, in order
to allow different synergies and to detect unbalanced performance among them.

The use and implementation of the CI for obtaining multivariate and composite
indices improved in recent years. E.g., Meyer and Pontheire [37] have employed the
CI to show that individual preferences could not be effectively described by an addi-
tive model (i.e., weighted average aggregation methods) because of com-plementarities
and redundancies among analysis dimensions [38–40]. Many of the other authors take
advantage of the CI in the optic to assemble indices that allow different interactions
among indicators [41–46], namely Campagnolo et al. [47] applied the CI aggregation
method to capture interactions across diverse sustainable factors.

1.1 Aim

The research carried out develops a methodology based on the CI, in order to establish a
composite index that could be used: i) to assess, from a macro-economic point of view,
a well-being level of a country and/or its sub-scale; ii) to value, from a micro-economic
one, the sustainability of territorial investments. The CI is a general methodology that
allows interactions across dimensions (economic, environmental, social) while allocat-
ing different relative importance to them. This allows to consider if and how balanced (or
unbalanced) the accomplishments across dimensions are and to reveal these differences
in the composite score [35, 36].

The paper is organized as follows: in Sect. 2, the methodological approach is illus-
trated; in Sect. 3, a brief discussion about the CI highlights is reported; in Sect. 4, the
conclusions of the research are drawn.

2 Methodological Approach

2.1 Overview

The CI aggregation method [30] is able to support multiple decision-making processes
thanks to its ability to collect and synthesize different inputs. Figure 1 describes the four
steps of the logical protocol that defines the methodology.
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I. Capacities identification

II. Weighting process through the Shapley function

IV. Calculation of the final Index

Eliciting representative capacity

Calculating three 

performance indices

Relative Importance
index (RI)

Orness Index (OI)

Interaction index (I)

III. T-test of interdependencies

Fig. 1. Logical protocol summary chart for structuring the methodology

Let {n1, n2, …, nd} be the values of the dimensions described by a set T = {1, 2, 3}.
The «capacities» are a set of functions where 2T is all possible subsets of the criteria,
which assigns a weight from 0 to 1 to each one.
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The set function (λ) has to satisfy border and monotonicity conditions as described
hereafter:

i. λ (0) = 0; λ(T) = 1;
ii. for any A, B ⊆ T, A ⊆ B ⊆ T → λ(A) ≤ λ(B) ≤ λ(T).

The i) characterizes scenarios in which all dimensions are - respectively - unsatisfactory
(i.e., achievements in all dimensions are zero) and satisfactory (i.e., achievements in all
dimensions are full). The ii) implies that the value of λ(A) signifies the capacity (weight)
of dimensions belonging to the subset A in T. This can be interpreted as the weight
(importance) that one assigns to the fully satisfactory performances of the dimensions
belonging to the subset A, and with fully unsatisfactory performances by the residual
dimensions.

Specifically, if a subset has two out of three dimensions, then ({Dimension1,
Dimension2}) would signify the weight assigned to the scenario where two-dimension
achievements are fully satisfactory, and the other one is fully unsatisfactory.

2.2 Capacities Identification

The CI methodology firstly requires to identify the set of capacities. Though, eliciting
representative capacity (monotonic weight sets) for the CI method is quite complex task
because of the difficulties in identifying the specific issue to be investigated.

Many identifications methods in the current scientific literature have been elaborated
by an optimization problem where restrictions are obtained from the preferences of
the decision-makers involved. A review of methods employed for the identification of
capacities (i.e. maximum-split, minimum variance, minimum distance, least-squares-
based approaches) has been carried out by Grabisch et al. [48]. Other examples to be
considered in this phase of the construction of themethodology [49] specify how to elicit
capacity by representing decision-makers’ preferences. Additionally, Bertin et al. [43]
have elicited weights and parameters using a nominal group computer-based technique
to reduce the severely disagreeing valuations, to generate an ex-post consensus and to
mitigate the potential expert-selection bias. The expert elicitation method adapted by
Bertin et al. [43] is an effective method to reduce the potential expert-selection bias;
however, supposing the most expert selection involves high bias levels, the method
adopted may not lessen the potential expert-selection bias, whereas it could increase
such bias as the consensus weights are closer to the ones selected by the majority of the
experts.

2.3 Weighting Process Within the Choquet Integral

In addition to the need to define capabilities, three important features of the CI must
be defined to effectively describe the flexibility of the methodology, in order to include
decision-maker preferences in assessments related tomultiple aspects ofwell-being from
a sustainable perspective. The CI weighting process is based on the calculation of three
different performance indices that allow for consideration of the value of the weight of
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the assessment domains, specifically indices of: Relative Importance (RI), Orness (OI),
Interaction (I). An explanation is given as follows for each index.

Relative Importance Index (RI)
The RI of sustainable dimensions can be assessed using the Shapley value (sλ) [50]
of each dimension, calculated by comparing the weights in every set that includes that
dimension against every set that does not include it. Therefore, the overall importance
of dimension i ∈ T can be gained by calculating the average marginal contributions [51,
52] as follows:

s(i)λ =
∑

A⊆T/i

(t − 1 − a)!a!
a! [λ(A ∪ i) − λ(A)]

where t= card(T) and a= card(A) represent the cardinality of A and T. Hence, to obtain
the importance of a single dimension it is possible to compare the weights assigned
to subsets that include the single dimension, with the subsets that do not have the
dimension considered. In sustainable perspective, with reference to economic, social and
environmental dimensions, this would consist of four comparisons: i) weight attached
to a subset that has social dimension only vs. weight attached to an empty subset; ii)
weight attached to a subset that includes social and environmental dimensions vs. weight
attached to a subset that only includes economic dimension; iii) weight attached to a
subset that includes social and economic dimensions vs. weight attached to a subset that
only includes environmental dimension; iv) weight attached to a subset that includes all
dimensions vs. weight attached to a subset that includes social and economic dimensions.

In terms of the Möbius representation [53] (m) of λ, the Shapley value of dimension
i can be expressed as follows:

s(i)λ =
∑

A⊆T/i

1

a + 1
[m(A ∪ i)]

It is necessary to point out that, the specific importance of the dimensions (i.e.,
Shapley values) sums to one (

∑d
i=1 s

(i)
λ = 1), and higher Shapley values represent

higher relative importance.

Orness Index (OI)
The CI aggregation also permits to define if the choice of the weights by the decision-
maker is optimistic or pessimistic [54]. In other words, the OI determines if a decision-
maker assumes that a good performance in one dimension balances another one or not.
The OI varies between 0 and 1, and higher (lower) values of this index represent that the
decision-maker thinks that the dimensions are substitutes (complements) of each other. In
particular, ifOI equals to 1, the decision-maker judges a fully compensative situation and,
in this case, CI aggregation will be equal to the maximum operator. Otherwise, if OI is
equal to 0, then the decision-maker considers a fully non-compensative situation, and the
CI corresponds to the minimum operator (i.e., the dimensions are perfect complements),
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and the index outcome would be the lowest value amongst the dimensions. The OI is
calculated as follows:

OI (i) = 1

a − 1

∑

A⊆T/i

t − a

a + 1
m(A)

where t = card(T) and a = card (A) correspond to the cardinality of the subset of T and
A.

Interaction Index (I)
The main reason for using the CI to structure a composite index is the ability of CI
to consider the interaction and the synergies among sustainable dimensions. Taken the
three dimensions of the sustainability of i, j and k, an average Interaction index (I) among
the three dimensions i, j and k is determined as follows [55]:

I (ijk)λ =
∑

A⊆T/ijk

(t − a − 3)!a!
(t − 1)! [λ(A ∪ ijk) − λ(A ∪ i) − λ(A ∪ j) − λ(A ∪ k) − λ(T)]

where t = card(D) and a = card (A) represent, respectively, the cardinality of A and T.
The quantity I (ijk)λ can be explained as a measure of the average marginal interaction

among i, j and k. An important property is that I (ijk)λ ∈ [−1, 1] for all ijk ⊆ T. The value
1 (respectively −1) corresponding to maximum complementarity, and not, among i, j
and k [56]. In terms of the Möbius (m) representation [53] of I (ijk)λ , the interaction index
between the three dimensions i, j and k can be rewritten as:

I (ijk)λ =
∑

A⊆T/i

1

a + 1
m(A ∪ ijk)

3 Highlights of the Choquet Integral for Indices Construction

CI turns out to be an alternative method for defining evaluation indices based on the
interaction among the three dimensions of sustainability. The proposed methodological
approach takes into account the sustainable dimensions - economic, social and envi-
ronmental - by means of appropriate performance indicators and brings in itself the
functional linkages among the criteria adopted in the evaluation practice, overtaking the
weighting attributes to each one. The index achievable by the CI workflow is conse-
quently balanced against the relative weight among the attributes. The development of
CI facilitates the solution of the problems of ranking interventions on a territorial scale
among different contexts evaluated from the point of view of sustainability. In fact, CI
is effective in assessing balanced and unbalanced results across sustainable dimensions,
taking care to monitor the different degrees of interaction among them. CI is a general-
ization of the best known and most widely used weighted average operators (GM, AM),
but what distinguishes them as aggregation operators fromweighted average operators is
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their usefulness in the presence of interacting elements. Limits of the proposed method-
ology could be found in the possible difficulty of immediately replicating the proposed
method because of its intricate mathematical structuring.

However, the definition of an evaluation index with the CI method permits to take
into account the actual social, economic and environmental imbalances of each terri-
tory/context examined. This leads to interesting and significant implications in terms
of evaluation of sustainable performance, especially for the identification of political-
urban realities to be given priority in terms of investments in order to effectively allocate
financial resources among member countries of the same community (e.g. the European
Community) and to support the sustainable development of countries with unbalanced
realities, with a view to intergenerational equity [57]. Future research developments
are aimed at making the IC method as operable as possible to those who need the
realization of an evaluation index to be used in decision-making systems of interest,
such as those aimed at the selection of investments for sustainable land development.
Also, the CI methodological approach applied to different geographical contexts can be
effective in fostering the improvement of territorial realities, by considering the exist-
ing socio-economic and environmental inequalities, and not only the main performance
aspects.

4 Conclusions

In the design andmonitoring of policy strategies aimed at increasing global sustainability,
it is necessary that decision-makers are supported - at all stages - by tools, techniques and
methodologies that enable them to carry out synthetic assessments as quickly as possible.
It is also relevant that these tools could capture the complexity of available data and they
are able to integrate in a single assessment the many aspects related to the assessment
of sustainability, by involving characteristics of economic, social and environmental
sustainability. The use of composite indices, based on the aggregation of analytical
data, turns out - to date - to be very effective in supporting Public Administrations and
politicians in the identification and selection of sustainable project solutions consistent
with the objectives expressed in the 17SustainabilityGoals expressed in the 2030Agenda
[58, 59].

In this sense, the adoption of indices constitutes a relevant support for the Public
Administrations in the planning of sustainable strategies, as they allow to adequately
consider the multiple aspects of sustainability, as well as the effects generated by the
intervention in the reference context. In fact, the proposed methodology is particu-
larly effective in considering different degrees of positional interactions among pairs of
dimensions related to sustainability. Specifically, CI allows to highlight the preferences
of policy-makers and public agencies based on different sets of preferences, including a
variety of levels of interaction among pairs of dimensions and different relative impor-
tance of the dimensions (considering the logic of the Shapley function). Moreover, the
proposed methodology is able to determine the multiple positive interactions among
sustainable dimensions. In fact, the definition of an evaluation index with the CI method
permits to take into account the effective social, economic, and environmental unbal-
ances of each territory examined. This leads to interesting and significant implications



A Methodological Approach Based on the Choquet Integral 11

in terms of evaluating the sustainable performance, especially for the identification of
the political-urban realities to be prioritized in terms of sustainable investments.

In this perspective, further developments of the application of the proposed method-
ology to both the Italian and European contexts have already been planned, in order
to fully analyze the interactions among the sustainability indicators and to obtain a
representative measure of sustainability according to the factors of the urban contexts
considered: for example, taking into account the current pandemic contingence, it could
be possible to compare the effect of Covid-19 pandemic on the real estate market [60],
or the sustainability of the same urban context before and after the Covid-19 pandemic.
This will allow to carry out a constant monitoring of the conditions of sustainability of
the considered urban contexts, by contributing to the achievement of shared sustainable
objectives.
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