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Abstract

Stochastic multi-attribute acceptability analysis (SMAA) has become a popular tool for
dealing with uncertainties in multi-criteria decision aid. SMAA relies on a simulation
process to analyze the performance of a set of alternative options over multiple scenarios
for the parameters of an evaluation model and/or the data. The sigma-mu efficiency analy-
sis has been proposed to aggregate the simulation results through a data-driven process
that relies on ideas from data envelopment analysis (DEA). In this paper, we extend the
sigma-mu efficiency analysis considering not only the mean and the variability of the
alternatives’ performance over the simulation scenarios, but also skewness and kurtosis.
To model the uncertainty in criteria weights, we employ the flexible Dirichlet distribution,
which allows the modeling of the variations in the relative importance of the evaluation
criteria. The empirical findings, derived from a dataset of European small and medium-
sized enterprises (SMEs) spanning from 2018 to 2022, show that incorporating kurtosis
and skewness into the analysis enables a more comprehensive comparison of alternatives.
However, this added depth also weakens the dominance relationships between alternatives
when considering all four statistical moments.
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1 Introduction

Nowadays, sustainable finance is a theme of growing interest, spanning many contexts
including, for example: asset portfolio allocation, sustainable financial instruments, or sus-
tainable funding access to firms. It also involves the definition of augmented ratings includ-
ing, beyond financial factors, Environmental, Social and Governance criteria (ESG, Un,
2004). Such topics have to be considered in the context of the European Green Deal, a set
of policy initiatives settled by the European Commission (EC) with the aim of obtaining
climate neutrality by 2050. To monitor companies’ sustainability, the EC has required to
publish regular reports on the social and environmental risks they face. EC has settled some
rules in the Corporate Sustainability Reporting Directive (CSRD) released on 5 January,
2023 (see European Commission, 2024a).

Large companies, as well as listed Small and Medium-sized Enterprises (SMEs), will
now report on sustainability. The former will start publishing sustainability reports in 2026.
Large companies will follow the European Sustainability Reporting Standards (ESRS),
developed by the European Financial Reporting Advisory Group (EFRAG), while for listed
SMEs, CSRD is slated to take effect in 2027. In particular, based on some recommendations
developed by the European Securities and Markets Authority (ESMA), EFRAG has settled
some simplified ESRS specifically for listed European SMEs and some voluntary ESRS
for the rest of SMEs. Moreover, a non-binding EU taxonomy is also considered. However,
only a small proportion of SMEs are compelled to adhere to the simplified ESRS, or the
Voluntary SME ESRS (VSME), released on 12 December 2024 (see EFRAG, 2024), or any
simplified ESG reporting framework.

Currently, non-listed SMEs are not obliged to report on their sustainability from the EU
Green Deal. Due to the lack of mandatory rules, most SMEs delay starting any initiative
to promote sustainability reporting. It can be seen that there are different competitive ben-
efits for SMEs in providing such reports. Good ESG performance will be a prerequisite for
accessing financing and maintaining good relations with customers (see Leempoel, 2023).

At the same time, European SMEs face several difficulties in ESG reporting that can be
synthesized as follows:

e Financial constraints related to the SMEs’ resources to disclose ESG data, for example
high expenses for consultancy;

e Lack of expertise: very often SMEs are micro enterprises also young with limited
knowledge and skills to collect data;

e Absence of existing data: data for SMEs are often incomplete or missing. There aren’t
historical data;

e Lack of incentive: at the moment, reporting sustainability is only seen as a burden/cost
without a clear benefit for small enterprises.

Considering the crucial role of SMEs, assessing their performance through both financial
and environmental sustainability criteria has become increasingly important. To this end,
various methodologies combining elements from multi-criteria decision aid (MCDA) with
principles of data envelopment analysis (DEA) have been developed to support such multi-
dimensional evaluations through a composite indicator.
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A key challenge in constructing composite indicators lies in defining appropriate weight-
ing schemes that accurately reflect the decision-makers’ preferences and the relative impor-
tance of each criterion.

The literature offers a variety of weighting approaches (EU and JRC, 2008). Equal
weighting is the simplest and most widely applied method. However, it has often been
criticized for lacking a solid theoretical foundation and for being more subjective than it
appears. Alternative methods are generally classified as either subjective, based on: (i)
expert judgments, such as the Analytic Hierarchy Process-AHP (Saaty, 1980) and the Bud-
get Allocation Process-BAP (EU and JRC, 2008, p.96), and (ii) objective, relying on data-
driven techniques, such as principal component analysis (Abdi & Williams, 2010), factor
analysis (Spearman, 1961), and DEA (Charnes et al., 1978). However, both approaches,
typically produce a single weight vector, that represents the preferences of all stakeholders,
a strong assumption given the wide diversity of real-world perspectives. To overcome this
limitation, within the MCDA context the Stochastic Multicriteria Acceptability Analysis
(SMAA), proposed by Lahdelma et al. (1998), was introduced as a more flexible framework
as it explores multiple possible weight combinations, thereby accounting for uncertainty of
the different perspectives involved in the evaluation process.

Building on this framework, Greco et al. (2019), used the SMAA framework in the
Sigma—Mu efficiency analys to summarize the distribution of the composite indicators
through two key parameters, namely the mean (@) and the standard deviation (o). The key
advantage of this method is its ability to incorporate all possible viewpoints in building a
composite indicator, while also accounting for the distance of each unit from all Pareto—
Koopmans frontiers on the ¢ — p plane. These distances are then combined into a single
global efficiency score, offering a more comprehensive assessment of performance and
robustness.

Recognizing the advantages and flexibility of this methodology in capturing the complex
nature of SME sustainability performance, the present paper applies the sigma-mu efficient
analysis to aggregate the different points of view (financial and environmental, social, gov-
ernance criteria) of each SME through a composite weighted sum indicator. A probability
distribution for the performance of each SME is obtained by simulating the criteria weights
and it is described by the first two moments, i.e., the mean and the variance.

Despite its strengths, the o — ¢ method of Greco et al. (2019) presents two main limita-
tions. First, its results do not always align with the Pareto dominance relations in the o —
plane. Second, it does not consider higher-order moments of the composite indicator distri-
bution, such as skewness and kurtosis, which capture asymmetry and tail behavior, essential
aspects for understanding performance variability and risk.

Therefore, subsequent studies have extended and refined the o — i framework. Angile-
lla et al. (2024) developed an iterative algorithm designed to ensure consistency with the
dominance relation, thereby enhancing the robustness of the efficiency evaluation. Gaganis
et al. (2021) applied the sigma-mu method using a hierarchical structure of criteria, consist-
ing of some principal nodes (the main criteria) and some children nodes (the sub-criteria).
In this approach, weights were simulated independently at each level of the hierarchy. More
recently, Dias et al. (2025) introduced further methodological refinements by computing
only two statistics, i.e. the mean and the variance, specifically for mutual fund portfolio
selection. Their contribution represents a significant innovation concerning the sigma-mu
framework, introducing a matrix-based weight structure that distinguishes between finan-
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cial indicators and investment periods, thereby involving two independent sets of weights.
This innovation, allows decision-makers to discern whether deviations from the mean are
primarily due to the weighting of indicators or that of the time periods. These developments
highlight the flexibility and adaptability of the sigma-mu method across different applica-
tion domains and underscore its potential as a robust tool for performance assessment under
uncertainty.

While recent advances have addressed the dominance consistency issue (Angilella et al.,
2024), the incorporation of higher-order moments remains largely unexplored.

To address this gap, the methodological contribution of this study lies in three main
aspects. First, the sigma-mu efficiency analysis of Angilella et al. (2024) is extended by
incorporating skewness () and kurtosis (x). These higher-order moments provide valuable
insights that go beyond the simple measures of central tendency and dispersion captured by
the mean and variance in the classical sigma—mu method. They provide additional infor-
mation on the shape characteristics of the probability distribution of composite indicators,
specifically its symmetry and tailedness.

Such metrics have already been considered in several studies dealing with portfolio
selection problems (Jondeau & Rockinger, 2006; Kerstens et al., 2011) to better character-
ize the distribution of portfolio returns. For example, in a recent study, Le Courtois and Xu
(2023) have made a joint use of the Dirichlet distribution for the simulation of portfolio
weights considering a mean-variance-skewness-kurtosis (MVSK) portfolio optimization
problem. In this setting, skewness and kurtosis are not redundant with variance; rather,
they provide complementary information about the likelihood and direction of extreme out-
comes, which are crucial for risk assessment. Kurtosis captures the magnitude of extreme
deviations (downside and upside movements), and can be useful for risk averse investors.
Skewness, in turn, offers additional information about the asymmetry of return distributions.
While minimizing kurtosis helps reduce exposure to extreme fluctuations, investors typi-
cally seek to maximize skewness to mitigate excessive losses.

Building on this rationale, the present study integrates these higher-order moments into
the sigma—mu framework to achieve a more refined depiction of uncertainty in firm per-
formance. In this setting, kurtosis has to be minimized since high positive values refer to
alternatives characterized by high extreme conditions in their performance. Conversely,
skewness has to be maximized as it represents alternatives with the best performance. In
fact, high kurtosis indicates “fat tails”, where extreme outcomes occur more frequently,
while positive skewness implies the potential for exceptionally high results; therefore, mini-
mizing kurtosis and maximizing skewness allows reducing downside risk while preserving
opportunities for extraordinary performance. It assumes a meaningful interpretation as a
bonus (for positive values) or penalty (for negative values), added to or subtracted from the
evaluation of each alternative.

By integrating skewness and kurtosis with the traditional mean and variance, the pro-
posed approach enables analysts to obtain a comprehensive and nuanced assessment of total
risk, capturing not only the magnitude of fluctuations, but also the likelihood and direction
of extreme events. In contrast, ignoring these higher order moments can lead to misleading
interpretations when data deviate from normality, producing models that fail to represent
critical features such as asymmetry, outliers, or heavy tails, thereby reducing the reliability
of comparisons across datasets and introducing bias into performance evaluations. There-
fore, incorporating these parameters aligns the analysis with the well-established MVSK
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framework, offering a richer characterization of performance distributions and producing
more informative and distinct ranking outcomes.

Second, the inclusion of these higher order moments requires a revision of the SMAA
framework, through a more flexible approach for simulating the criteria weights. To this
end, and inspired by the work of Le Courtois and Xu (2023), the proposed method adopts
the Dirichlet approach (see Jia et al., 1998). This versatile distribution provides a flexible
framework that can accommodate a wide range of probability distributions beyond the uni-
form case, enabling a more nuanced modeling of the criteria weights.

Third, the proposed methodology is empirically tested in a sample of 115 listed European
SMEs, to evaluate their performance with respect to financial and ESG criteria during the
period 2018-2022. This sample constitutes a central element of our study, as it enables the
evaluation of SMEs’ performance from a dual perspective, which has been overlooked by
traditional methods due to limited data availability and the absence of a formal and unified
directive on ESG disclosure for SMEs. The inclusion of ESG data is not merely illustra-
tive but essential for testing the applicability of the proposed methodology in a real-world,
multidimensional decision context, thereby filling a gap in the literature and supporting
policymakers and investors who are increasingly engaged in sustainability-oriented strate-
gic choices.

A sensitivity analysis has also been performed to assess the robustness of the resulting
rankings under different parameters of the Dirichlet distribution.

The rest of the paper is organized as follows: Sect. 2 presents a brief literature review
on studies about SMEs’ performance, specifically focusing on the most significant crite-
ria influencing SMEs’ creditworthiness and on the multicriteria approaches used for its
assessment. Section 3 presents the details of the methodological background of efficiency
analysis, while section 4 illustrates the proposed methodology. Section 5 is devoted to the
empirical analysis and the discussion of the results. Finally, Section 6 concludes the paper
and discusses some directions for future research.

2 Literature review

Small and Medium Enterprises (SMEs) are crucial to the EU’s modern economy. Studying
their performances is paramount due to several reasons. Firstly, SMEs, which account for
99.8% of all active European enterprises in the non-financial business sector, contribute
over 50% to European’s economy total value-added, employ about 67% of the workforce,
and drive 50% of private sector innovation (European Commission, 2024b). Secondly,
given their integral role in addressing urgent challenges such as climate change, resource
efficiency, and social cohesion through innovative solutions, they are essential for the EU’s
transition to a sustainable and digital economy. Moreover, fast-growing SMEs, defined as
scalers in OECD (2021), play a crucial role in job creation and economic growth.

In the past, SMEs’ performance was largely evaluated through a financial perspective,
involving an analysis of various financial ratios. These variables, compared to qualitative
information, were easily accessible and objectively measurable, allowing for a more straight-
forward evaluation and comparison. For instance, Altman and Sabato (2007) considered a
set of five financial ratios covering elements like leverage, liquidity, profitability, coverage,
and activity to assess SME’s creditworthiness. Similarly, Kyriazopoulos (2019) examined
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12 key financial factors, including liquidity, returns, turnover, and solvency, as fundamental
benchmarks for shaping the credit risk assessment of SMEs. The common thread across the
utilization of these ratios, which were subsequently aggregated into a comprehensive evalu-
ation index, lies in their capacity to provide a clear and measurable assessment of SMEs’
financial well-being. However, SMEs often struggle to access or maintain reliable finan-
cial data, making it insufficient for accurately assessing their creditworthiness (Grunert et
al., 2005). Hence, other researchers have emphasized the importance of incorporating non-
financial information into the analysis (Altman et al., 2010; Czarnitzki & Hottenrott, 2011),
as it enhances lenders’ confidence in extending credit (Moro & Fink, 2013). Non-financial
factors often refer to “soft" information on SMEs’ internal operations and market-related
aspects, such as management efficiency, governance, business, etc.

In this framework, Angilella and Mazzu (2015, 2019) have made important contribu-
tions by introducing non-financial risk areas tailored for innovative firms. These encompass
development, technological, market, and production risks, together with the scientific profi-
ciency of staff, which depends on their educational background and work experience.

Another stream of research has examined how internal and external characteristics,
including the size of firms (Nicolini, 2001), their age (Arend, 2014), the level of innovation
(Wolff & Pett, 2006), the position of the market (Gupta & Gregoriou, 2018), the planning
and strategy (Aragon-Sanchez & Sanchez-Marin, 2005; Leitner and Giildenberg, 2010),
and macroeconomic factors (Cicea et al., 2019), influence access to credit and therefore the
performance of SMEs (Hewa Wellalage et al., 2020).

In recent years, there has been a growing interest in sustainability-related topics, pri-
marily driven by the understanding that ESG practices impact firm value (Fatemi et al.,
2018; Harrison & Wicks, 2013) and financial performance (Friede et al., 2015; Lins et al.,
2017). Notably, a comprehensive literature review focusing on SMEs, has revealed that the
majority of analyzed articles provide empirical support for a positive correlation between
corporate sustainability practices and the performance and competitiveness of SMEs (Bar-
tolacci et al., 2020). Within this framework, the study of Bhattacharya and Sharma (2019)
underscores the importance of ESG disclosure as a critical intangible asset, that enhances
corporate reputation and leading to higher credit ratings. This finding is especially signifi-
cant for SMEs, which often lack of the financial stability enjoyed by larger corporations.
Additionally, unlike large publicly traded companies, unlisted SMEs are not currently obli-
gated to disclose sustainability information or their own ESG ratings (European Commis-
sion, 2024a), thus placing them at a disadvantage in terms of capital acquisition and investor
appeal.

Regarding models, various Multi-Criteria Decision Aid (MCDA) and efficiency-based
approaches, such as Data Envelopment Analysis (DEA), have been developed and applied
in recent years to evaluate the overall performance of SMEs.

DEA is a non-parametric, efficiency-based approach that constructs efficiency frontiers
and can simultaneously handle multiple inputs and outputs (Charnes et al., 1978). This
makes it particularly well-suited for evaluating the performance of decision-making units
(DMUs), such as SMEs. Early applications primarily focused on assessing SME efficiency
and productivity using financial (Balios et al., 2015; Halkos & Tzeremes, 2012) and com-
petitive variables (Enis Bulak & Turkyilmaz, 2014). More recent studies have started to
incorporate ESG factors (Iazzolino et al., 2023); however these analyses generally focus on
portfolio selection rather than on SMEs.
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Variants of traditional DEA, such as two-stage DEA, have been proposed in SME’s eval-
uation to provide greater comparability across DMUs (Floros et al., 2023). However, both
standard and more sophisticated DEA models face some limitations such as sensitivity to
outliers and challenges in handling missing data, a very common issue in ESG evaluation.
Additionally, all DEA models require the number of inputs and outputs to be significantly
smaller than the number of observations. This requirement presents a major challenge in
ESG assessments, where a large set of ESG indicators must be considered, but the pool of
SMEs reporting such data remains limited.

MCDA techniques provide a robust alternative to DEA approaches by incorporating
decision maker (DM) preferences and qualitative judgments. Their flexibility, transparency,
and ability to assess both financial and non-financial criteria make them well-suited for eval-
uating SME performance (Doumpos & Figueira, 2019), with applications often focusing on
either financial metrics or sustainability dimensions. For instance, one of the first attempts
is provided by Voulgaris et al. (2000), who applied the UTADIS method (Jacquet-Lagreze,
1995) to estimate the performance of a sample of Greek industrial SMEs using financial
ratios and to classify them into homogenous classes.

More recently, attention has shifted toward hybrid MCDA methodologies that combine
multiple techniques. For example, Angilella and Mazzu (2015, 2019) proposed an inte-
grated approach using ELECTRE-TRI (Yu, 1992) and SMAA-TRI methods (Tervonen et
al., 2009) to assess the risk levels of Italian innovative SMEs across different scenarios.
This approach facilitated the incorporation of a credit class override in instances of insuf-
ficient data availability or when a judgmental rating model, utilizing non-financial informa-
tion, was suggested. Similarly, Roy et al. (2023) combined the best-worst method (BWM)
(Rezaei, 2015) and a variant of the TOPSIS model (Hwang & Yoon, 2012) integrated with
fuzzy set theory, to classify SMEs into risk categories. In a related study, Roy and Shaw
(2023) replace the BWM approach with a hybrid AHP (Saaty, 1980) for weight assessment,
while retained TOPSIS for determining the credit score of SMEs.

Recently, Barro et al. (2025) applied the MURAME outranking methodology of Golet-
sis et al. (2003) to evaluate a sample of European listed SMEs based on their ESG efforts.
This method, which integrates two well-established MCDA techniques, i.e. ELECTRE III
(Figueira et al., 2016) and PROMETHEE II (Brans & Vincke, 1985) is particularly well-
suited for ESG analysis. It requires minimal assumptions about the decision-maker’s pref-
erences and effectively manage missing ESG data. While MURAME allows for a detailed
assessment of both qualitative and quantitative ESG indicators and generates robust rank-
ings that identify ESG leaders and laggards across different model configurations, its main
limitations lie in its sensitivity to subjective parameter settings (preference, indifference,
and veto thresholds, as well as criteria weights) and limited comparability across studies
without standardized criteria.

3 Methodological background
3.1 Preliminary concepts and definitions

To construct a composite index for assessing the performance of SMEs, we consider a
very well known and simple aggregation scheme, where the overall value of an alterna-
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tive a,, belonging to a set 4 with |A| = m, is given, on the basis of a set of n criteria,
G = {917927 s 7gn} by

Viw.a,) =3 gilag)ui, M
i=1

with g;(a,) denoting the performance of a, on criterion g; and w; denoting the criterion
weight, defined such that w = (w1, wa, ..., w,) € R™ belongs to the unit simplex (i.e.
w; > 0 and Z:?=1 w; = 1).

We consider an additive value function since it has been widely used for the construction
of composite indicators in various contexts and it is easily comprehensible.

3.2 Sigma-mu efficiency analysis

The sigma-mu efficiency analysis, firstly introduced in Greco et al. (2019) and extended in
Angilella et al. (2024), is a methodology which combines elements from efficiency mea-
surement and multicriteria decision aid.

The analysis relies on estimates for the expected performance scores of the alterna-
tives and their variability, assessed over all uncertainties that are entailed in the evaluation
process. These uncertainties may involve the preferences of the decision maker and/or the
characteristics of the alternatives (i.e., the evaluation data). The estimates are obtained by
simulating these uncertainties, thus leading to performance scores for the alternatives over
multiple evaluation scenarios. The simulation results are typically described through the
mean (u) and standard deviation (o) of the performance scores, which are the inputs to the
sigma-mu efficiency analysis.

As pointed out in Dias (2024), if the considered uncertainties only involve the weights of
the criteria, then assuming that the weights are uniformly distributed over the unit simplex
and the composite indicator is the weighted sum, 1 and o can be derived analytically with-
out needing to resort to simulation.

In the same spirit of the seminal work of Markowitz (1952), we recall the Pareto domi-
nance relation, in terms of o and p, defined for any a,, a, € A, as follows:

azDay < [y — by, 0y — 0] 2 0, 2)

where = means no less than and not equal to and O is a zero vector of the same dimension
of [tz — iy, 0y — 04]. Thus, [z — py, 0y — 05| indicates that each element is no less than
zero and at least one element is not zero.

The sigma-mu Pareto efficiency is tightened by a stricter concept, called sigma-mu
Pareto-Koopmans efficiency under which an alternative a, is efficient if there is no convex
combination z = (y,0,) of the remaining alternatives, with

/LZ:Z)\j/Lj and UZ:Z)\jUj7

J# J#i

such that a, D a,, where A\1,..., A\, > 0and Ay +---+ A\, = 1.
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To verify if an alternative a,, is sigma-mu Pareto-Koopmans efficient, one has to solve
the following linear programming (LP) problem:

a+f=1 3)

Uxafo'mﬁzﬂyafo'yﬁ‘i'(smvy#x
maxd; s.t
a,B>0,0, €R.

If there exists a solution of the previous LP and §, > 0, then a, is Pareto-Koopmans effi-
cient. Let us observe that the signs of a an /3 in the first constraint are in accordance with
the direction of preference of 1 and o, respectively, to be maximized and minimized. The
efficiency/inefficiency of an alternative is implicitly obtained from the sign (positive/nega-
tive) of 9.

The idea underlying the sigma-mu efficiency analysis, introduced in Greco et al. (2019),
stems from the remark that in many cases an alternative is quite far from the sigma-mu
Pareto-Koopmans frontier (PKF), i.e. the set of best-performing alternatives that offer the
most efficient trade-offs between expected performance (1) and variability (o). For this
reason, Greco et al. (2019), following the idea originally introduced by Seiford and Zhu
(2003), consider a sequence of sigma-mu Pareto Koopmans Frontiers (PFKs), denoted by
P B, .. B

Each frontier Fj, at level k consists of alternatives that are efficient (in terms of the
Pareto-Koopmans efficiency concept) compared to the rest of the alternatives, excluding
those belonging to “higher” (lower level) frontiers, i.e. to Fr—1 = {F1 U---U Fi_1}.

Then, to test the local efficiency of an alternative with respect to the set of peers
Pr = I\ Fi—1 relative to frontier k, the following optimization procedure is considered:

Uxafo'mﬁzﬂyafo'yﬁJF(SmkVy7é$ay€7)k
maxdg, st.{ a+pf=1 4)
a,B > 0.

Let 0},. be the maximum value of d,, derived from the solution of (4). All the alternatives
not belonging to Fj_1, such that 6%, > 0, form the local frontier Fj,.
Finally, a global efficiency score s, for each alternative is given by s, = Y, d%,, that is
normalized on [0, 1] by the following formula:
S, — ming S,

5y = 5)

max; S; — ming S,

To take into consideration also the Pareto dominance relation, Angilella et al. (2024) have
enhanced the idea of Greco et al. (2019), assessing the local efficiency, differently, for the
following two cases of alternatives:

(1) Alternatives from higher-level frontiers that do not dominate any of the remaining
alternatives;

(2) Alternatives not assigned to a higher-level frontier that dominate at least one of the
remaining alternatives.
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The set of alternatives defined by D, = {ay € Fp—1 such that ayDaz} is introduced to
synthesize the above cases as follows:

(]) Dz - (D’
(2) Dy #0.

For the first case, the standard model of the sigma-mu efficiency analysis (see formula 4)
is applied. For the second case, after considering the set of peers against which the perfor-
mance of an alternative a,, is evaluated, the same set of peers are used for comparison for
all alternatives that dominate a,. Following this reasoning, an alternative a,, that dominates
a, may also dominate other alternatives at level &, thus leading to multiple local efficiency
scores, denoted by A7, ,, each corresponding to the evaluation of a, based on the set of
peers defined by the dominated alternative a,;.

The final performance score for such comparisons examined at level £ is defined by the
maximum of all the different results that are obtained at this level. The maximum is selected
in order to ensure that the results will be consistent with the dominance relation.

4 The proposed methodology

Having presented in the introduction the main reasons to include the high order moments of
probability distribution for the assessment of SMEs’ performance score, this section pres-
ents the proposed approach. In Sect. 4.1 we illustrate the algorithm used for simulating
the criteria weights with the Dirichlet distribution. In Sect. 4.2 the enhanced simulation
approach is described.

4.1 Sampling of the criteria weights

The simulation process considered in this paper resembles the one described in the paper
of Jia et al. (1998). Many decision problems are characterized by decision maker’s uncer-
tainty about her/his own preferences. For these reasons, it is useful to represent the criterion
weights by means of a probability distribution. The starting point of this process is the
choice of the true weights, which are generally unknown. For this reason, the true weights
(w1, ... ,wy,) are generated uniformly on the whole unit simplex of weights.

Then, the assessed weights are sampled from a Dirichlet distribution whose single-attri-
bute means correspond to the true weights. In this way, the assessed weights are unbiased,
but subject to a random error.

In accordance with Jia et al. (1998), the generation of random criteria weights starts with
the generation of a set of Gamma variables d; ~ I'(Aw;, 1), where w; is the true weight for
attribute 7 and )\ is the scaling parameter, which controls the precision and level of uncer-
tainty of the assessed weights. The criteria weights are then obtained through the normaliza-

tionw; =d;/(d1 + ...+ dy), i =1...,n. These normalized weights follow the n-variate
Dirichlet distribution with parameters (Aw1, ..., Awy,). The mean and the variance of the
weights are defined by:
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Wi (1 — w,—)
Elw;] = w;, VAR [w;] = A
The parameter A\ can be interpreted as a concentration factor. The higher is the value of )\,
the lower is the variability of the sampled weights. For example, considering a set of three
criteria (n = 3), with equal true weights (i.e., w1 = wy = w3 = 1/3), the case A = 3 corre-
sponds to criteria weights that are uniformly distributed over the unit simplex (see Fig. 1a).
Increasing the \ parameter, reduces the variance, thus leading to more concentrated weights
around their mean values wj, as illustrated in Fig. 1b—c. For the purpose of the analysis and
the examination of the robustness of the results, we consider three scenarios for the scaling
parameter, namely A € {3, 18,36}, in accordance with Jia et al. (1998).

4.2 Dominance relation in terms of kurtosis and skewness

With a set of S criteria weight vectors {w1,...,wg} generated through the process
described in the previous subsection, each representing a different point of view for the eval-
uation of the alternatives, the additive model (1) is used to derive S evaluations V(w,., a,),
r=1,... 5, for each alternative a,. As explained in subsection 3.2, the standard sigma-mu
efficiency analysis approach relies on the mean and the standard deviation of the evaluation
results across all weight vectors, i.e.:

(©)A=12

Fig. 1 Examples of random criteria weight vectors generated through the Dirichlet distribution with
n=3
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K S
Z w,,aQL Oy = Z w,,ax )L‘LL] : (6

0)\
03\

In the proposed methodology, we enhance this setting by incorporating the skewness and
kurtosis parameters, which are defined as follows:

i (Wryaz) — 1
|: T ’E $i| ,

0}\
O)\

s 4
Z[ (Wr,ag) *Mm} . %

Thus, the distribution of an alternative’s performance score is described by a quadruplet
of parameters (p, 0y, Yz, £z ). Resembling the approach of the paper Le Courtois and Xu
(2023), the Pareto dominance relation D, defined in equation (2), can be enhanced including
skewness and kurtosis.

With this enhanced representation, the comparison of the distributions of the performance
scores of two alternatives a,,a, € A is performed in terms of the high-order moments
(tzy Oz, Y, Kz ), by considering the following vector:

MVSKz,y = [Mz — My, Oy — Ogy Yo — Yy, Ky — K:z]a

from which we can define the following dominance relation R, in terms of the four moments
(i, 0,7, k), for any ag, ay € A:

azRay, < MVSK,, = 0, (8)

meaning that each element of MV .SK, , is no less than zero and at least one element is
not zero.

Proposition 1 If (as, ay) € R, then (az, ay) € D for any a, ay € A.
Proof Straightforward (]
Note that the opposite of proposition 1 is not true.

To assess the local efficiency of an alternative in terms of the four moments, we introduce
the following definition:

Ry = {ay € Fr_1 such that ayRag}.
Similarly to Angilella et al. (2024), we distinguish two cases:

(]) Rz - (D’
Q) R, # 0.

In the first case, the sigma-mu efficiency analysis (see Eq. 4) is extended by incorporating
the two aforementioned shape indices (skewness and kurtosis) as follows:
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a>B>0>¢>0, 9
at+pf+0+¢=1.

{ [zt = 0B+ 700 — Kp > prya — 0y B+ 70 — iy + ay Yy £ 2,y € Py
maxdz, s.t

where P, = 7\ Fj._1 is the set of peers for evaluating the local efficiency of the alternatives
with respect to frontier k. If there exists a quadruplet (o, 5,6, ¢) with a non-negative 0,
which verifies the LP (9), then a, has an evaluation not worse than the remaining alterna-
tives. The signs of («, 3, 0, ¢) are in accordance with the interpretation of (u, o, v, k) given
in the introduction. Moreover, we have specified the ordering of the coefficients («, 3, 6, ¢)
such that o« > 3 > 6 > ¢. This prioritization places stronger emphasis on the mean perfor-
mance of the SMEs, followed by volatility, while the two higher moments are given lower
importance. This specification avoids situations where an SME will be considered to be in a
sound position because its good results on the skewness or kurtosis indicators, while having
a low average performance.

In the second case, the set of peers against which a,, is compared, is also used for compar-
ison for the alternatives that dominate a, considering the four moments. Since an alternative
a, that dominates alternative a, can dominate other alternatives, this gives rise to multiple
local efficiency scores denoted by A7 ;. The final performance score for such comparisons
examined at level & is given by the maximum of all the different results that are obtained at
this level to ensure that the results will be consistent with the dominance relation.

If (ag,ay) € D, but (az,ay) ¢ R, then a, and a, do not belong to the same frontier
obtained after solving the LP (4) in terms of ¢ and p, but they can be on the same frontier on
the basis of the LP (9), which takes into account higher-order moments. In such a case, kur-
tosis and skewness have an impact on the results of the evaluation process, thus enriching
the analysis with further information on the alternatives’ risk. This concept is also supported
by the cumulative distribution of the performances of the alternatives. If (a5, a,) € R, then
az is better than a, in terms of cumulative distribution. For illustrating the proposed MVSK
model, an extensive application is considered in the following section.

4.3 An example

To illustrate the process of the proposed methodology, let us consider the following didactic
example with five alternatives evaluated on the four moments p, o, v and «, shown in Table
1. These alternatives are characterized for their similarity in the first two moments (¢ and
o) and substantial differences in the last two ones (v and x). This example highlights how
including them in the MVSK approach can aid in making more informed decisions based
on a full understanding of the data’s characteristics. Interestingly, the results of the MVSK
model, significantly change the alternatives’ ranking relative to the traditional MV method.

To provide a synthetic overview of the example, the alternatives in terms of 1 and o, as
well as in terms of the four moments u, o, 7, and «, are also visualized in Figs. 2 and 3,
respectively.

Table 1 Alternatives with Alt L p y K

#, 0,7, rv evaluations a1 0.723 0.024 0.255 0.355
as 0.721 0.024 0.710 0.237
as 0.714 0.034 0.005 0.856
as 0.665 0.021 0.761 0.169
as 0.709 0.076 0.737 0.085
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Fig.3 A graphical representation of the alternatives in terms of the four moments

By performing the MV model of Angilella et al. (2024), we obtain the results reported
in Table 2, including three PKFs (0,1, 042, 0,3) and the global efficiency score s, which
allows us to rank all five alternatives from the best to the worst.

From Table 1, it is evident that considering only p and o, alternative a; dominates all
others due to its higher mean (0.723) and lower variance (0.024). As shown in Table 2, this
enables alternative a1, to achieve the maximum efficiency score (57 = 1) and be ranked first
in the MV model, followed by alternative as, which presents a slightly lower mean (0.721)
and the same variance than a; (with an efficiency score s5 = 0.978).
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Table 2 Efficiency scores accord- At 51 522 523 Su
ing to the MV efficiency analysis
procedure for the example @ . 0.01 . !
as —0.0001 0.01 0.052 0.978
as —0.009 —0.007 0.042 0.6
a4 0.003 0.003 0.013 0.526
as —0.014 —0.012 —0.005 0
Table 3 Efficiency scores ac- Alt o1 5o
cording to the MVSK effi-
ciency analysis procedure for the o 0.002 0.3159
example az 0.0258 1
a3 —0.009 0
a4 0.0046 0.3904
as 0.0195 0.8177
Table 4 Comparison between the A MV Ranking MVSK Ranking
two rankings obtained with both
ai 1 4
the procedures
a2 2 1
as 3 5
aq 4 3
as 5 2

However, when « and « are also included in the model, alternative a; no longer domi-
nates the others due to its low skewness (0.255), which should be maximized, and its moder-
ate kurtosis (0.355), which should be minimized.

Consequently, applying the MVSK model to the same alternatives produces different
outcomes. As shown in Table 3, which reports the results after the MVSK implementa-
tion, the model yields a single PKF (d,1) and efficiency scores that differ entirely from
those obtained with the MV approach. Specifically, the highest efficiency score (s, = 1) is
now achieved by alternative as, due to its combination of high mean (0.721) and skewness
(0.710) with low variance (0.024) and kurtosis (0.237).

Finally, Table 4 compares the two rankings obtained with the implementation of the two
models. It is evident that the alternatives’ ranking differs, leading in some cases to rank
reversals. For example, alternative a;, which was ranked first under the MV model, drops to
fourth in the MVSK model due to its moderate value in skewness, while alternative as rises
to first place thanks to its high value in the skewness moment.

5 Application

This section presents the empirical analysis of the proposed methodology to assess the
performance evaluation of a sample of European SMEs. The presentation starts with the
description of the considered dataset (Sect. 5.1) and then proceeds in Sect. 5.2 with an
overall overview on the trade-offs of the different moments. The discussion of the results
obtained is given in Sect. 5.3.
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5.1 Data description

The empirical analysis relies on a dataset of 115 listed European SMEs extracted from the
Refinitiv Eikon Datastream database to consider their sustainability practices over the last
5 years available (i.e. 2018-2022).

The selection of the sample was based on the European scheme for the classification of
firms by their size, according to which:

e Small enterprises have between 10 and 49 employees and annual turnover or annual
balance sheet total greater than €2 M but not exceeding €10 M;

o Medium enterprises have between 50 and 249 employees and annual turnover not ex-
ceeding €50 M or annual balance sheet total not greater than €43 M.

Starting with these EU definitions, we selected only SMEs located in Europe with an annual
turnover between €2 M and €50 M, with available ESG scores in the lastest available year
(2022), and operating in all sectors except financial and real estate, due to their budgeting
specificity. The details of the sample selection strategy are illustrated in Table 5.

Moreover, since the original sample of SMEs was strongly biased in favor of Sweden
(52.17%), a stratification was applied by sector to balance the number of SMEs across
countries.

To this end, all companies were first classified by country and sector. Then the total num-
ber of Swedish SMEs was estimated using a stratified resampling method, based on the sum
of the averages of non-Swedish SMEs per sector.

Therefore, the total number of SMEs was reduced to 66, and Table 6 shows the country
distribution of SMEs after the stratified resampling. In this process, the specific 11 Swed-
ish SMEs out of 60 were selected because their total revenues closely matched the average
revenues of non-Swedish companies within the same industry.

Finally, to be aligned as much as possible with the aforementioned EU definition of
SMEs, the remaining sample of companies, has been further reduced to 46 and classified
into small and medium-size enterprises based on their average number of employees in the
last 5 years (2018-2022).

The complete list of companies, along with their sectors and countries of incorporation,
is reported in Table 15 of the Appendix, while details on the specific criteria used to assess
corporate performance are outlined in Table 7. The selection of these criteria was guided by
a review of the most relevant literature on the key factors influencing SMEs’ performance.
For financial criteria, we incorporated financial ratios presented in the paper of Altman and
Sabato (2007) for its proven effectiveness in predicting SMEs’ defaults. We then focused
on criteria related to innovation and future growth opportunities, recognizing their critical

Table 5 Search strategy applied Search strategy Companies
to the Refinitiv database to select

the sample of SMEs

1. Public and private companies 70,600
2. Companies with ESG score data in the last available 14,163

year (2022)

3. Country of incorporation: Europe 3123
4. Total operating revenues (Turnover): €2-50 M 173
5. GICS sectors: All sectors except financial and real 115
estate
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Table 6 Distribution of the final Country No of companies Country distribution (%)

sample by country Sweden 1 16.67
UK 15 22.73
Greece 4 6.06
France 9 13.64
Switzerland 11 16.67
Italy 5 7.58
Denmark 3 4.55
Netherlands 3 4.55
Finland 2 3.03
Ireland 1 1.52
Bulgaria 1 1.52
Norway 1 1.52
Total 66 100.00

role in SME’s development, expansion, and competitiveness. For instance, R&D spending,
promotes diversification and enhances export capacity; however, it can also pose risks to a
SME’s financial stability and long-term profitability if anticipated returns are not realized,
especially as it increases the proportion of intangible assets (Nunes et al., 2012). To assess
these factors, we considered the ratio of R&D expenses to total revenue (R&D _Intensity)
(Sciascia et al., 2015; Nunes et al., 2012) and the proportion of intangible assets to total
assets (Future_Growth) (Mateev & Anastasov, 2010). Finally, since good ESG performance
in SMEs can enhance capital access and strengthen long-term stability and resilience, ESG
factors were also incorporated in our analysis (OECD, 2020).

Table 16 in the appendix, provides the performance matrix for all companies in the
sample,' while Table 8 presents the summary statistics based on the evaluation criteria for
each year.

5.2 Descriptive findings about two-dimensional representations

Representing companies in two-dimensional subspaces can better display the pairwise
trade-off among moments. In this study, such moments, i.e. mean (mu), volatility (sigma),
skewness, and kurtosis, have been normalized to enhance both the robustness and interpret-
ability of the results. For example, Fig. 4 illustrates pairwise comparisons between volatility
and skewness (top left), volatility and kurtosis (top right) and, skewness and kurtosis (bot-
tom center) for SMEs across countries from 2018 to 2022, with A = 36.

The relationship between volatility and skewness does not exhibit any clear pattern, as
the companies are scattered rather randomly. However, certain SMEs show a higher density
around specific volatility levels, for example 0.4 < o < 1 on the x-axis, indicating that most
observations are concentrated within this range. Skewness (y) shows greater variability at
lower volatility levels. When ¢ is low (0 < o < 0.4), the skewness values are more widely
spread, with some reaching as high as 1. As volatility increases (0.4 < o < 1), skewness
tends to cluster more around intermediate values (0.2 < v < 0.6).

The relationship between volatility and kurtosis is typically negative and nonlinear: as
the volatility of SMEs’ performance increases, kurtosis tends to decrease. This pattern is
noticeable when o falls between 0.6 and 1, where most companies are concentrated in the

!'Outliers have been handled through the interquartile range method as proposed in Gasser et al. (2020).
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Table 7 Description of the selected ESG, R&D and GROWTH, and FINANCIAL criteria

Type of Variable Variable Description Unit of Source Prefer-
criteria acronym name measure ence
direction
ESG E score Environ- Aggregate score of [0-100]  Refinitiv Max
CRITERIA mental Pillar Refinitiv ESG ESG scores
Score - Refinitiv ESG

Emission score
- Innovation score
- Resource use score

S_score Social Pillar Aggregate score of [0-100] Refinitiv. =~ Max
Score Refinitiv ESG ESG scores
- Refinitiv ESG

Community score

- Human rights score
- Product
responsibility score
- Workforce score

G_score Governance Aggregate score of [0-100]  Refinitiv Max
Pillar Score  Refinitiv ESG ESG scores
- Refinitiv ESG

Corporate social
responsibility strategy
score

- Management score

- Shareholders score

R&Dand RD_Intensity R&D R&D Expenditures/  n. Refinitiv Max
GROWTH Intensity Total revenues
Fut_Growth Future Intangible assets/ n. Refinitiv Max
Growth
Opportunity Total assets
FINAN-  Leverage Total debt to Total debt/ n. Refinitiv Min
CIAL Total assets  Total assets
CRITERIA ratio
Liquidity Cash to Cash/Total assets n. Refinitiv Max
Total
Asset ratio
Profitability EBITDA EBITDA/Total assets n Refinitiv Max
Margin
Coverage Retained Retained earning/ n. Refinitiv Max
Earning
to Total As-  Total assets
sets ratio
Activity EBITDAto EBITDA/ n. Refinitiv Max
Interest
Coverage interest expenses
Ratio
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Table 8 Summary statistics for the evaluation criteria

Year Statistics E_score S _score G_score RD_ Fut_ Lev. Liq. Profit. Cov. Activ.
Inten- Growth
sity

2018 Mean 9.42 27.08 26.68 1.03  0.15 0.14 0.38 —0.68 —0.12 —13.88
St. Dev 10.71 19.08 17.39 1.50  0.18 0.19 031 1.12 0.28 5475
Min 0 2.85 3.57 0 0 0 0.00 —-3.25 —-0.79 —99.92
Max 37.17 82.64 72.66 3.86 0.56 0.65 096 0.73 035 77.59

2019 Mean 8.68 25.85 26.61 092 0.15 0.16 0.38 —0.64 —0.12 -16.46
St. Dev  9.93 19.17 18.58 142 0.17 0.16 026 120 0.26 50.25
Min 0 1.15 3.57 0 0 0 0.00 —-3.25 —0.78 —99.92
Max 31.02 82.64 73.97 386 056 0.61 095 1.04 028 77.59

2020 Mean 8.25 26.18 26.46 1.05  0.15 0.20 0.38 —0.70 —0.13 —11.53
St. Dev  11.38 19.67 18.82 1.48 0.17 020 0.24 130 025 42.57
Min 0 1.10 4.28 0 0 0.00 0.01 —-3.25 —0.79 -99.92
Max 37.17 82.64 77.73 386 056 0.65 0.95 193 022 77.59

2021 Mean 8.24 29.80 28.41 1.00  0.15 0.18 0.41 —0.58 —0.10 —7.40
St. Dev  11.74 21.54 18.75 1.47  0.17 0.18 0.25 123 0.27 49.93
Min 0 2.30 2.32 0 0 0.00 0.03 -3.25 —0.79 -99.92
Max 37.17 82.64 71.88 386 056 0.65 0.95 1.86 030 77.59

2022 Mean 10.53 28.38 28.57 0.84 0.15 0.20 0.33 —0.57 —0.10 1.70
St. Dev 1247 20.13 19.45 135 0.17 020 0.25 1.23 023 43.92
Min 0 242 2.88 0 0 0.00 0.02 —3.25 —0.66 —99.92
Max 37.17 80.58 70.95 386 0.56 0.65 0.95 141 036 77.59

Volatility-Skewness plot across all countries and years

Volatility-Kurtosis plot across all countries and years

Skewness-Kurtosis plot across all countries and years

Fig. 4 Pairwise comparison of moments (volatility-Skewness, volatility-Kurtosis, Skewness-Kurtosis)
across all countries and years with A = 36
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lower range of kurtosis (0< « < 0.4). However, few SMEs display higher kurtosis values
(up to 1), particularly when volatility is low (below 0.5). This suggests that higher volatil-
ity is associated with distributions that have less extreme tail behavior, or lower kurtosis,
and the clustering of companies around low kurtosis indicates that most SMEs tend to have
distributions that are relatively normal or less heavy-tailed.

Finally, the relationship between skewness and kurtosis follows a parabolic, non-linear
pattern. Specifically, when skewness exceeds 0.6, kurtosis shows a positive association,
increasing proportionally (0.08 < x < 1). Similarly, when skewness drops below 0.4, kur-
tosis rises significantly (0 < x < 0.82). In contrast, when skewness is between 0.4 and 0.6,
kurtosis remains relatively low (0 < £ < 0.4). A notable outlier is the French company
Innate Pharma which, despite having a skewness value within the intermediate range of
0.4 <v<0.6 (i.e. v =0.5641) in 2021, exhibits the highest kurtosis value (i.e. K = 1).
The moderate skewness could suggest that most of Innate Pharma’s outcomes were rela-
tively stable. However, the high kurtosis could indicate that the company experienced sig-
nificant or rare events in 2021, which had a substantial impact on its overall performance.
As a biotech company, Innate Pharma may have seen key developments in its drug pipeline,
successful partnerships, licensing deals, or noteworthy market reactions, distinguishing its
performance from the broader industry trends.

5.3 Comprehensive evaluations results

The proposed model, incorporating higher-order moments, has been applied to the dataset
of European SMEs, to compute a MVSK performance score for each alternative. Following
the methodology proposed by Jia et al. (1998), the simulation process begins by generating
a single set of “true" weights for the n = 10 criteria used in our analysis. These weights are
generated over the unit simplex through algorithm 3 of Rubinstein (1982). Based on these
“true" weights, the simulation process described in Sect. 4.1 is employed to analyze the
inherent uncertainty with respect to the specification of a “true" vector of weights. This is
done by generating random weight vectors through the Dirichlet distribution, with scaling
parameters A = 3, 18, 36. The simulations performed for each specification of A, are based
on S = 10,000 random weight vectors, each having means equal to the “true" weights.
Using the simulated weights, the four statistical moments described in Egs. (6) and (7) are
computed for each SME, and a corresponding rank is assigned. To assess the impact of
incorporating skewness and kurtosis into the sigma-mu efficiency framework of Angilella
et al. (2024), the rankings generated by the MVSK model are then compared with those
obtained using the MV method across all A scenarios, highlighting both similarities or dis-
crepancies between the two approaches.

The full results are provided in the Supplementary material. Specifically, in the MVSK
model, the number of PKFs ranges from 8 to 10, with 9 PKFs being the most commonly
identified across various years and scenarios. This set of frontiers is slightly smaller than
those derived using the MV approach by Angilella et al. (2024), where the number of PKFs
ranges between 12 and 14 over the same periods.

For instance, in 2022 under the scenario A = 36, SMEs like OSE Immunotherapeutics
(a20), Dominion Hosting Holding (a32), Relief Therapeutics (a4), Asmallworld (ag), and
Meriaura Group (a12) are placed between PKF 1 and PKF 2 using the MVSK paradigm. In
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contrast, these same SMEs are distributed between the third and ninth PKFs when applying
the sigma-mu approach for the same year.

Table 9 shows the rankings of the SMEs based on normalized global efficiency scores
obtained using both the MVSK and MV methods. Table 9, emphasizes notable consistency
in rankings across the various scenarios using both methodologies, thereby adding robust-
ness to the analysis.

Table 10, instead, displays the positive and negative changes between the rankings rela-
tive to the two models across the three scenarios for each year. More specifically, in Table
10, red bars indicate that the MVSK model produces higher rankings than the MV model,
while blue bars show that the MV SK rankings are lower compared to those generated by
the MV method.

The MVSK model generally yields higher rankings compared to the MV model for most
SME:s in the intermediate positions, particularly in 2021, where approximately 60% of SMEs
improve their rankings. For instance, in 2022 under scenario A = 36, SMEs such as OSE
Immunotherapeutics (az) and Eleco (a21), placed in lower-middle positions by the MV
approach (positions 19 and 20, respectively), achieve significantly higher rankings with the
MVSK model (positions 9 and 12), with ranking improvements of 10 and 8 positions. Simi-
larly, Zealand Pharma (ag) and Phaxiam Therapeutics (a19), placed in intermediate positions
by the MV model (ranks 16 and 17), advance by 6 positions under the MVSK model.

In contrast, SMEs occupying top positions (1-5) in the MV model, such as Genfit (a;5),
Bactiguard Holding (a4;) and Innate Pharma (a14), as well as those in high-intermediate
positions (7-14), including Dominion Hosting (a32), Newron Pharmaceuticals (a31), and
Meriaura Group (a12), lose different positions under the proposed model in 2022. The top-
ranked SMEs slip down to ranks 8, 7, and 15, respectively, while the higher-intermediate
SMEs drop to positions 18, 27, and 24.

Table 11 highlights the discrepancies in ranking positions between the MVSK and MV
models by showing the average deviation across different ranking classes. Specifically, we
identified nine interval classes in our sample, with each class containing five rank positions,
except for the last, which included six positions. We then filtered the interval classes from
the MVSK model by year and scenario, calculated the average deviation from the MV model
rankings, and computed the overall mean of these deviations across the three scenarios.

In Table 11, bold values indicate significant average deviation (greater than 5 positions)
between the two models, while values marked with an asterisk * denote moderate similarity
(deviations between 3 and 5 positions). The table reveals strong similarities in the rankings
for the first class and last two classes (ranking positions 0-5, 36—40, and 41-46) during the
periods 2021-2019 (class 1), 2020-2018 (class 8), and 2022-2018 (class 9) with mean devi-
ations of less than three positions. Moderate similarities are observed in ranking class 1 for
2022 and 2018, as well as in classes 2, 6, and 7 for most years. In contrast, significant devia-
tions are more prevalent in the intermediate ranking classes (3 and 4) throughout the major-
ity of the years. Notably, 2020 exhibits the largest discrepancies in all classes, except for the
first and last three, reflecting the impact of the COVID-19 pandemic. The crisis significantly
reshaped the importance attributed to ESG indicators, influencing overall evaluations.

To corroborate the previous findings, the Szymkiewicz-Simpson® overlap coefficient, a
measure of similarity, was computed for each year and scenario. For comparison with the

2The Szymkiewicz-Simpson overlap coefficient, relative to the set of alternatives in two rankings R; and
R2, is defined as:
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average deviation, the average overlap coefficients between the different scenarios were also
calculated. Table 12 emphasizes in bold that the rankings produced by the MVSK and MV
models differ considerably (with an overlap coefficient < 0.50) across most ranking classes
(from 2 to 6), reflecting a minimal consensus on which SMEs fits into these categories. In
contrast, stronger alignment is observed in the extreme ranking classes, with overlap coef-
ficients > 0.50. Specifically, the models consistently agree on the top-ranking SMEs (first
class) for the years 2021-2019 and the lowest-ranking SMEs (ninth class) across all years.
This indicates that both models reliably identify SMEs in the top and bottom five positions
within these opposite ranking categories.

The observed disparities in the set of PKFs, the global efficiency scores, and consequently
the final rankings, stem from inherent variations in the methodologies of the two models. In
fact, the method proposed in this paper enhances the evaluation process by introducing addi-
tional moments, namely skewness and kurtosis, compared to the sigma-mu approach. With
the consideration of all four moments, the number of PKFs is slightly reduced compared to
the MV model, and the final performance scores are modified.

To emphasize this point further, Fig. 5 illustrates the probability distribution of normal-
ized scores with 10,000 simulated weights, while Table 13 provides four different pairwise
comparisons on a subset of SMEs from the sample. For comparison purpose of the two
methods, these SMEs were selected since they differ slightly for their values of y and o,
while they show more significant disparities in terms of -y and «.

For instance, in the first comparison, SMEs like Newron Pharmaceuticals (as3;) and
Meriaura Group (aj2), obtain high-intermediate positions with the MV model, hav-
ing ranks 11th and 14th, respectively. This is attributed to their comparable mean values
(u31 = 0.1585; p12 = 0.1409) and variances (031 = 0.1603; 012 = 0.1773). However, their
rankings decline under the MVSK model, falling to 27 and 24. This shift occurs because
Meriaura Group exhibits higher skewness and kurtosis (y12 = 0.5453; k12 = 0.0481) com-
pared to Newron Pharmaceuticals (731 = 0.2924; k37 = 0.0036). Indeed, as highlighted by
their probability distribution patterns (Fig. 5, first row), Newron Pharmaceuticals exhibits
a negative skewness, with its performance scores skewed to the left. This implies that the
distribution’s left tail is heavier than its right tail, and the majority of its performance scores
lies to the right of the mean, thus diminishing its ranking in terms of MVSK. Conversely,
the distribution of Meriaura Group, characterized by positive skewness, concentrates its
performance scores on the left side, thereby boosting its MVSK ranking.

In the second comparison, Micro Systemation (a37) and Evolva Holding (a3), which
are ranked similarly in the MV model (26 vs 28) based on their p-o values (u37; = 0.5557;
w2 = 0.5050 and 037 = 0.5502; o2 = 0.5554), also exhibit comparable ranking positions
in the MVSK approach (29 vs 28). However, a rank reversal occurs due to Evolva Hold-
ing’s higher skewness and lower kurtosis (72 = 0.4014; ko = 0.0326) compared to Micro
Systemation (37 = 0.2908; k37 = 0.2291). As shown in Fig. 5, second row, while Evolva
Holding’s distribution remains relatively stable, Micro Systemation exhibits a negatively

|R1I’7R2‘

S R 7R = min(RalRaD
kex (R, R2) min(|R1|, |Ra|) (19)

Rankings R and Ra correspond, respectively, to the MVSK and MV models, respectively, within a specific
ranking class k = 1, ..., 9, for the year t = 2022, . ..,2018, and scenario A = 3, 18, 36; | - | indicates the
cardinality of a set. It divides the size of the intersection of two sets by the size of the smaller set with the
purpose of indicating how similar the two sets are.
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Table 10 Variation of rankings between MVSK and MV model

SME Country A 2022 2021 2018
3 B-s =6
a;  Kuros Biosciences Switzerland 18 -4 |] -7
36 3 =7
3 2 Bs
a, EvolvaHolding Switzerland 18 -2 |] -5
36 0 B
Santhera 3 0 Ei -7
a3 Pharmaceuticals Switzerland 18 0 ks
Holding 36 0 -5
Relief Therapeutics . 3 5 0
a, Holding Switzerland 18 f-a 0
36 [B-s -1
Wisekey International . 3 g 1 2
as Holding Switzerland 18 07 0 29|
36 7 -1
3 -2 -1 E
as  ACImmune Switzerland 18 -1 0 -1 [] -6
36 2 -1 3 36
3 4 I 1 B4
a, Obseva Switzerland 18 [ -3 -2 -3
36 -1 -2 -2 -3
3 -6 0 0 2
ag  Asmallworld Switzerland 18 [&-8 2 2 4 27
36 [§-e 2 2 1
3 37 0 0 [E-3
ag  Zealand Pharma Denmark 18 [-2 0 0 E-3
36 [ke -2 1 [E-3
3 ] 7 i6
a;,  GreenMobility Denmark 18 13 7 E @
36 B 7 8 9
3 0 0 0 [}
a;; Everfuel Denmark 18 -3 3 0 0 [-2
36 1 -4 -1 0 -1
3 0 0 0
a;;  Meriaura Group Finland 18 0 0 0 ]
36 0 1 0 13|
3 1 2 -3 0
a;3  Nitro Games Finland 18 3 0 2 -1 0
36 1 2 -1 1
3 14 | 1 -1 0 -4
a;; Innate Pharma France 18 0 0 0 |1 -4
36 10 0 0 0 E-a
3 7 1 0 10 io
a;s  Genfit France 18 7 0 0 12 io
36 7 0 0 12 0
3 fol 4 2 §-3
a;s  Cellectis France 18 ig 7 67 -1 [‘ -6
36 7 6 io| 1 =7
3 B4 [+ 2 a 2
a;; Dbv Technologies France 18 -2 -2 -2 13 [‘ -7
36 -2 -2 -1 5 [
3 -1 0 0 -1 1
a;3  Wallix Group France 18 1 2 0 -2 0
36 1 1 1 -1 0
3 -7 0 -4 -1 -6
a;g  Phaxiam Therapeutics France 18 -4 -1 -5 -1 -6
36 -6 -1 6 -1 [® -6
3 1 -4 -7 §-s 5
OSE
0 Immunotherapeutics France 18 1 3 8 g—s |] S
36 10 -3 -9 -5 E-s
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Table 11 Average deviation of ranking positions between MVSK and MV model by ranking classes and year

Ranking classes 2022 2021 2020 2019 2018
1 0-5 4.27* 1.67 2.00 0.60 4.60*
2 6-10 6.47 3.87* 513 4.40* 4.40*
3 11-15 5.87 533 9.87 3.13% 8.07
4 16-20 6.13 6.53 6.27 4.33* 6.87
5 21-25 4.07* 8.80 8.00 2.73 4.93*
6 26-30 5.80 4.87* 5.67 4.67* 4.00*
7 31-35 2.60 3.27* 4.73* 3.80% 4.33*
8 36-40 3.60* 8.47 1.67 2.80 0.80
9 41-46 0.22 0.44 0.56 2.44 0.44

Table 12 Szymkiewicz-Simpson coefficient between MVSK and MV model by ranking classes and year

Ranking classes 2022 2021 2020 2019 2018
1 0-5 0.33 0.67 0.53 0.80 0.20
2 6-10 0.07 0.20 0.33 0.33 0.00
3 11-15 0.27 0.27 0.00 0.47 0.00
4 16-20 0.00 0.33 0.00 0.33 0.13
5 21-25 0.33 0.13 0.00 0.27 0.20
6 26-30 0.53 0.27 0.47 0.33 0.40
7 31-35 0.53 0.33 0.67 0.40 0.40
8 3640 0.60 0.40 0.93 0.27 0.80
9 41-46 1.00 0.89 1.00 0.67 1.00

skewed and leptokurtic distribution in its performance scores, leading to a slight decline in
its ranking within the proposed model.

Similar results are observed for the third and fourth comparisons, specifically between
Silence Therapeutics (a23) and Neurosoft Software (aso), as well as Oxford Metrics (a24)
and ITM Power (a26), where rank reversals between the MVSK and MV models also occur.
(Fig. 5, third and fourth row).

Thus, while the MV model identifies several dominance relationships (D) among alter-
natives because it relies solely on mean-variance criteria, the MVSK method reduces the
number of the dominance relationships (R) by incorporating a broader range of moments.
This added complexity allows the MVSK approach to offer a more nuanced analysis of
dominance. In this regard, Table 1 in the Supplementary material presents the complete set
of dominance relationships from both models in 2022, under scenario A = 36, while Table
14 lists the dominance relationships among SMEs derived from the MVSK method for the
same year and scenario.

6 Conclusions

The adoption of sustainability principles in the corporate world has been a major policy
goal, particularly in Europe. To this end, various regulatory directives have been recently
issued by European authorities to introduce common practices on reporting of sustainabil-
ity practices by firms in the context of the ESG framework. These rules apply not only to
large companies, but also to SMEs, which constitute the backbone of EU’s economy. For
instance, the 2023 Corporate Sustainability Reporting Directive (European Commission,
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Fig. 5 Probability distribution of normalized scores with 10,000 simulated weights for a sub-sample of
SMEs in 2022, scenario A = 36, with quite similar values of x and o, but different in the values of

and k

2024a), requires that all European listed SMEs will start publishing sustainability reports

by 2027, while non-listed SMEs will publish sustainability reports on a voluntary basis, in
accordance with the Voluntary Sustainability Reporting Standard (EFRAG, 2024).

pringer

A's



Annals of Operations Research

Table 13 Pairwise comparison of MVSK and MV rankings for a subset of SMEs in 2022, scenario A = 36,
with quite similar values of p and o, but different values of v and x

SME “w o o K MVSK ranking MV ranking
a31 Newron Pharmaceuticals  0.1585  0.1603  0.2924  0.0036 27 11
a12Meriaura Group 0.1409 0.1773 0.5453 0.0481 24 14
a3z7Micro Systemation 0.5557 0.5502 0.2908 0.2291 29 26
a2 Evolva Holding 0.5050 0.5554 0.4014 0.0326 28 28
az3 Silence Therapeutics 0.4691  0.7451 0.6247 0.2671 42 41
a3zo Neurosoft Software 0.4495 0.7453 0.5596 0.0667 41 42
a24 Oxford Metrics 0.6028 0.8148 0.5282 0.0662 30 36
a261TM Power 0.6288 0.8173  0.3772 0.0972 34 33

Table 14 List of all SMEs’ dominance relationships with the MVSK model in 2022, scenario A = 36

Dominance SME o o ¥ K MVSK ranking MYV ranking
relationship
a1 Raig a1 Kuros Biosciences 0.7428 0.3726 0.1851 0.3084 6 9
a9 Phaxiam 0.7369 0.4404 0.0000 0.4658 11 17
Therapeutics
ag R ag as AC Immune 1.0000 0.5453 0.2195 0.1926 1 3
a9 Zealand Pharma 0.8067 0.5875 0.1793 0.2993 10 16
agRai7 as AC Immune 1.0000 0.5453 0.2195 0.1926 1 3
a17 Dbv Technologies 0.9975 0.9870 0.0572 0.1935 2 4
asg Rass a28 Cerillion 0.5489 0.6930 0.4694 0.0705 31 35
a3s ProQR 0.5452 0.7022 0.4487 0.1110 36 38
Therapeutics
asg Raszr a3s Genovis 0.6020 0.5228 0.4601 0.2178 19 23
a37 Micro Systemation 0.5557 0.5502 0.2908 0.2291 29 26
ass Rag  ass MAG Interactive  0.8300 0.5324 0.2063 0.1999 5 10
ag Zealand Pharma 0.8067 0.5875 0.1793 0.2993 10 16

These policies have increased the focus on ESG reporting by SMEs. For these reasons, there is
a great debate among financial experts on methods for evaluating the performance of SMEs with
respect to both financial and ESG factors.

To address the growing interest in ESG reporting by SMEs, this paper introduced a multicri-
teria methodology for evaluating the performance of European SMEs by synthesizing the distri-
bution of composite indicator values, based on ESG, growth and financial factors, incorporating
additional parameters beyond ¢ and p, namely skewness and kurtosis. These parameters offer
valuable insights into the shape characteristics of the probability distribution of composite indica-
tors, i.e. tailedness and symmetry. We proposed revisiting the SMA A model by adopting the ver-
satile Dirichlet distribution for the criteria weights to capture skewness and kurtosis through the
change of some shape parameters. The MVSK performance score was computed for each SME,
under various modeling parameter settings on the precision of the assessed weights. Results have
been compared with the MV score of Angilella et al. (2024).

The key results derived from the empirical analysis and their primary implications can be sum-
marized as follows:

e In the MVSK model, the number of PKFs varies between 8 and 10, with 9 PKFs being the

@ Springer
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most frequently observed across different years and scenarios. This set of frontiers is slightly
smaller than those derived using the MV approach;

e [ ocal and normalized global efficiency scores reveal significant disparities in SME evalua-
tions between the two approaches, especially those in intermediate ranking positions, indicat-
ing that higher-order moments substantially influence the performance rankings;

e The enrichment of the analysis with kurtosis and symmetry allows for a more comprehensive
comparison of alternatives, while also impoverishing their inherent dominance relationship
in terms of the four moments.

Therefore, the inclusion of skewness and kurtosis allows a more realistic and nuanced differ-
entiation between SMEs. The MVSK approach refines the performance evaluation of compa-
nies by capturing distributional asymmetries and tail risks that are overlooked in the sigma-mu
analysis. This leads to differences in ranking, or even rank reversals, between the two approaches,
particularly for companies with similar mean and standard deviation values but differing in the
symmetry and tail behavior of their performance distributions. In such cases, SMEs with higher
skewness and lower kurtosis, indicating better and less extreme performance, are preferred under
the MVSK model, often improving their ranking compared to the classical sigma-mu method.

Generally, the enhanced methodology offers valuable insights for both investors and policy-
makers when assessing firm performance. For investors, the comprehensive understanding of
risk-performance perspective, enables more informed investment decisions, helping to identify
top performer firms that are more stable and less risky in the long run. It allows investors to
accurately differentiate between firms that may appear similar under traditional sigma-mu
analysis but differ significantly in terms of extreme performance, thus providing a clearer
picture of firm stability. For policymakers, MVSK helps identify which SMEs are strong
and resilient by considering both financial and ESG metrics. This supports more targeted
green policies, promotes fairer regulations, improves access to financing, and contributes to
a more sustainable and competitive European economy. The adoption of the flexible Dirich-
let distribution for simulating criteria weights, demonstrates its capacity to accommodate
complex decision-making scenarios thereby contributing to the improvement of both investment
strategies and public policy formulation.

Finally, we envisage the following potential directions for future research:

e Data management of undisclosed data in the ESG assessment problem;
Using the PKF frontiers from the MV and MSVK models to establish credit ratings classes
for SMEs;

e Testing the robustness of the scoring model obtained with a combination of random selection
of alternatives and criteria.

Appendix
See the Excel file Supplementary material for results about:
e Pareto-Koopmans efficiency, normalized scores and rankings with the MVKS (for all sce-

narios \) and MV models for all criteria in all considered years (i.e. 2018-2022)
e the SMEs’ dominance relationships in both MV and MVSK models in 2022, scenario A = 36.
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See Tables 15, 16.

Table 15 Basic information about the SMEs in the sample

Company name Size class Sector Country
Kuros Biosciences AG Small Health care CH
Evolva Holding SA Medium Materials CH
Santhera Pharmaceuticals Holding AG Medium Health care CH
Relief Therapeutics Holding SA Small Health care CH
Wisekey International Holding AG Medium Information technology CH
AC Immune SA Medium Health care CH
Obseva SA Small Health care CH
Asmallworld AG Medium Communication services CH
Zealand Pharma A/S Medium Health care DK
GreenMobility A/S Small Industrials DK
Everfuel A/S Small Energy DK
Meriaura Group Oyj Medium Industrials FI
Nitro Games Oyj Small Communication services FI
Innate Pharma SA Medium Health care FR
Genfit SA Medium Health care FR
Cellectis SA Medium Health care FR
Dbv Technologies SA Medium Health care FR
Wallix Group SA Medium Information technology FR
Phaxiam Therapeutics SA Medium Health care FR
OSE Immunotherapeutics SA Small Health care FR
Eleco Medium Information technology GB
Netcall Medium Information technology GB
Silence Therapeutics Medium Health care GB
Oxford Metrics Medium Information technology GB
Eckoh Medium Information technology GB
ITM Power Medium Industrials GB
PureTech Health Medium Health care GB
Cerillion Medium Information technology GB
Technical Olympic Medium Consumer discretionary GR
Neurosoft Software Production Medium Information technology GR
Newron Pharmaceuticals SpA Small Health care 1T
Dominion Hosting Holding SpA Medium Information technology 1T
Doxee SpA Medium Information technology IT
Affimed NV Medium Health care NL
ProQR Therapeutics NV Medium Health care NL
TagMaster AB Medium Information technology SE
Micro Systemation AB Medium Information technology SE
Genovis AB Small Health care SE
Acroud AB Medium Consumer discretionary SE
Crown Energy AB Small Energy SE
Bactiguard Holding AB Medium Health care SE
Polygiene Group AB Small Materials SE
Oxe Marine AB Small Industrials SE
BioArctic AB Small Health care SE
MAG Interactive AB Medium Communication services SE
Mentice AB Medium Health care SE
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