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Abstract

There is no lack of studies dealing with the consistency of evaluations performed by
pairwise comparison in the decision-making literature. Mostly, these studies offer
algorithms for reducing the inconsistency of evaluations and indices to measure the
evaluation’s consistency degree. The focus on these two research fronts does not
cover all the gaps associated with the inconsistent evaluation problem. The existing
algorithms are difficult to implement and do not preserve the original evaluations
since the original evaluation matrix is replaced with a new matrix. Furthermore,
the inconsistency of pairwise comparison has been associated with the specialist’s
bounded rationality only at the theoretical-conceptual level. This research investi-
gates the relationship between the lack of specialist knowledge and the inconsistency
of evaluations, as well as introduces an approach that ensures the evaluation’s con-
sistency by reducing the specialist’s cognitive stress when comparing a high num-
ber of alternatives. The results reveal that the specialist’s limited knowledge about
the topic does not impact the degree of consistency of the evaluations as expected.
The evaluation’s consistency degree is 59% lower when the specialist does have no
knowledge about the decision topic but has theoretical knowledge and experience in
evaluating alternatives by pairwise comparison. This is a remarkable contribution
with a high degree of universality and applicability because instructing decision-
makers on the inconsistency problem is a cheaper, easier way to increase the evalua-
tion’s consistency degree without altering the original information. Furthermore, the
introduced approach reduces the number of evaluations and evaluation time by 8.0
and 7.8 times, respectively.

Keywords Pairwise comparison - Matrix consistency - Preference formats -
Transformation functions - Composite indicator - Group decision-making

JEL Classification C02 - C3 - C43 - C44

Extended author information available on the last page of the article

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12597-023-00689-2&domain=pdf
http://orcid.org/0000-0003-1411-0553
http://orcid.org/0000-0001-6372-2316
http://orcid.org/0000-0001-7429-0782
http://orcid.org/0000-0002-9413-7811
http://orcid.org/0000-0001-6288-2086

52 OPSEARCH (2024) 61:51-70

1 Introduction

Composite indicators are one-dimensional representations resulting from the math-
ematical aggregation of multiple sub-indicators associated with a multidimensional
phenomenon [26, 27, 38]. Studies on composite indicators have been gaining impor-
tance in the operational research literature and are already found in prominent jour-
nals in the area [43, 2, 11, 55, 7]. Composite indicators and operational research
have a close relationship as they both address problems of a multi-criteria nature
(El Gibari et al. [23]). Moreover, the construction of composite indicators involves
mathematical operations widely explored in the operational research literature: nor-
malization [34], weighting [46], and aggregation [26], as well as measuring the
uncertainty that each one of these operations generates results [13].

Weighting is one of the most critical mathematical operations in building com-
posite indicators [39, 3]. The sub-indicator weights are the same in the Equal
Weights weighting scheme, extracted from the data in the Data-Driven weight-
ing scheme and specialist opinion in the Participatory weighting scheme [28].
This research is focused on the Participatory weighting scheme and introduces an
approach to overcome the problem of inconsistency when specialists evaluate alter-
natives by pairwise comparison.

Evaluation by pairwise comparison is considered highly effective because it
decomposes the problem of evaluating all alternatives simultaneously into sub-prob-
lems in which only two are compared simultaneously [24]. However, such simplifi-
cation implies the redundancy of comparisons from intermediate comparisons [8].
Thus, any problem that involves comparing more than three alternatives is subject to
inconsistent evaluations [33].

For a better understanding of the problem of evaluation inconsistency, it is pos-
sible to use the example of the Cost of Doing Business Index (CDBI), detailed in
Sect. 3.1. In this example, the CDBI consists of only three sub-indicators: x; costs
of starting a business; x, import costs; x; building license costs. The pairwise com-
parison implies that the specialist must carry out n(n — 1)/2 evaluations, that is,
three evaluations. Considering that the specialist evaluates the sub-indicator x; has
a lower weight in the CDBI than the sub-indicator x, and a much smaller weight in
the CDBI than the sub-indicator x;, that is, x; < x; < x,. In a second moment, the
specialist evaluates that the sub-indicator x, has a lower weight in the CDBI than the
sub-indicator x5, that is, x, < x;. It is easy to see from this example that the second
evaluation is inconsistent with the first evaluation, which indicates that x, > x;.

The issue of inconsistency in evaluations is crucial in the decision-making pro-
cess, as the reliability of the priority vectors of the pairwise comparison matrices
depends on the inconsistency degree of the evaluations [8]. Although a certain
inconsistency degree is expected, highly inconsistent evaluations signal a lack of
competence and attention with this process and poor reliability of the results [9].

Researchers indicate that specialists must revise their evaluations to reach an
acceptable inconsistency degree when the number of alternatives to be evaluated by
pairwise comparison is greater than six [1]. Furthermore, the number of alternatives
must be less than ten for the comparisons to be performed acceptably [49, 28].
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There is no lack of studies on the consistency of evaluations performed by
pairwise comparison in the decision-making literature. However, this literature
focuses on only two lines. One line develops algorithms capable of improving the
consistency of the evaluations [33, 24, 4, 5, 9, 58]. Another line proposes indices
that measure the consistency of the evaluations performed by pairwise compari-
son [48, 17, 31, 50, 1]. These two lines of research offer solutions to the problem
of inconsistency of evaluations in pairwise comparison, but they do not cover all
the gaps associated with the problem.

Researchers indicate that existing algorithms are difficult to implement and
do not preserve the original comparison information once they replace the origi-
nal matrix with a new matrix (Ergu et al. [24]). Besides, current studies are not
concerned with a deeper understanding of the causes of evaluation inconsistency.
These studies suggest that the problem occurs due to limitations in knowledge
about the decision topic [24] and due to the cognitive stress of specialists when
evaluating many alternatives [29, 30, 28, 8].

The object of this research is twofold. First, to investigate the relationship
between the inconsistency of the evaluations and the specialists’ knowledge of
the decision topic. Second, to introduce a simple approach capable of reducing
cognitive stress on specialists in evaluating the weights of sub-indicators of a
composite indicator.

This research intends to contribute to advancing the existing literature in three
ways. Firstly, expanding and deepening the current literature that relates the spe-
cialist’s knowledge about the decision topic with the inconsistency of evalua-
tions in pairwise comparison, as this relationship has only been explored from a
theoretical-conceptual point of view. Secondly, exploring the impact of specialist
knowledge on the problem of inconsistency of evaluations in pairwise compari-
son with the inconsistency degree in evaluations. Therefore, this study is a pio-
neer in providing empirical evidence of the relationship between the evaluation
inconsistency degree and two different knowledge types. Thirdly, filling a gap in
the current literature by offering an approach that reduces cognitive stress on spe-
cialists when the number of alternatives to be evaluated by pairwise comparison
is high. This approach has high applicability and universality as it can be used
in multi-criteria decision-making problems involving pairwise comparison. This
contribution has important practical implications for operational research, espe-
cially for composite indicators, as it reconciles simplicity and rigor to the weight-
ing process of sub-indicators based on specialist opinion.

The remaining parts of this research are structured as follows. The second sec-
tion discusses the inconsistency of evaluations performed by pairwise compari-
son, the cognitive stress exerted on specialists during this evaluation process, and
the theoretical-conceptual foundations of the approach introduced to solve this
problem. The third section presents the materials and methods used to investigate
the impact of limited specialist knowledge on the inconsistency degree in evalua-
tions and the implementation of the proposed approach. The fourth and fifth sec-
tions present and analyze the results and highlight the main findings and contri-
butions of the research. Finally, the conclusions are presented in section six.
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2 Theoretical background

Specialists express opinions about alternatives in decision-making problems in
different ways. In the specialized literature, these ways of expressing opinions are
known as the preferences format. There is an expressive number of studies on pref-
erence formats. The works performed by Chiclana et al. [14, 15], Pedrycz et al. [41],
Ramalho et al. [44], and Ekel et al. [20] provide abundant information on the main
theoretical, methodological, and practical aspects of the topic, supporting the fol-
lowing discussion.

The most commonly used preference formats are Ordering of Alternatives (OA),
Utility Values (UV), Multiplicative Relations (MR), Hesitant Linguistic Preference
Relation (HLPR), Probabilistic Preference Relation (PLPR), Distribution Linguistic
Preference Relation (DLPR), Fuzzy Estimations (FE), and Fuzzy Relations, which
can be Additive Reciprocal (RR), and Non-Reciprocal (RN). The decision on which
format to use is associated with the: level of information uncertainty, the psycholog-
ical disposition of the specialist, the specialist domain on the topic, and the nature of
information, e.g., qualitative or quantitative [41].

No preferred format is free from limitations. However, the operationalization of
the OA format is considered simpler than the other formats. Decision-makers find
it more challenging to evaluate alternatives quantitatively than to rank them. First,
decision-makers have more confidence in the rankings of alternatives than in their
respective values. Second, decision-makers often struggle to express how much one
alternative is better. Third, the evaluation effectiveness is impaired due to differ-
ences between the specialists’ numerical interpretation of linguistic terms and the
numerical representation of the model. Fourth, the quantitative evaluation of many
alternatives exerts cognitive stress on decision-makers, resulting in inconsistent
evaluations. This problem is potentiated when specialists evaluate alternatives by
pairwise comparison through the MR, HLPR, PLPR, DLPR, FE, RR, and RN for-
mats (Zhou et al. [58]). This cognitive stress is greater in the pairwise comparison as
evaluating of n alternatives requires n(n — 1)/2 evaluations.

Pairwise comparison of alternatives is a robust and reliable form of evaluation,
as its quality can be verified through indices that estimate the consistency of evalua-
tions [8, 58]. Numerous indices that estimate the inconsistency degree of evaluations
by pairwise comparison are reported in the literature: Consistency Index and the
Consistency Ratio [48], Consistency Measure [31, 50]", and Geometric Consistency
Index [17]. In short, these indices provide a degree of the association of pairwise
comparisons with a real number representing the evaluation’s inconsistency degree
[9, 1]. A threshold value is applied for these indices to indicate whether the evalua-
tion’s inconsistency degree is acceptable. In particular, the Consistency Index (CI)

! Koczkodaj’s [31] Consistency Measure is calculated from a given element of the matrix and not on the
characteristics of the global matrix as an eigenvalue. Salo and Hédmaéldinen’s [50] Consistency Measure is
invariant to the scale and is calculated after transforming inconsistent responses into a non-empty set of
viable priorities.
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used in this research considers that a pairwise comparison matrix is consistent and
suitable for use when the CI < 0.10 [48].

The evaluation of a high number of alternatives increases the cognitive stress on
specialists and the chances of the inconsistency degree of the evaluations exceed-
ing the acceptance thresholds of the index. In these situations, evaluating alterna-
tives using the OA format is a simpler and faster strategy to obtain a ranking of
alternatives.

However, many methods of multi-criteria decision-making problems require the
scores of alternatives. The weighting of sub-indicators is not performed from the
sub-indicators ordered by importance. The weights are scores representing the rela-
tive importance of the sub-indicators in the composite indicator and cannot be rep-
resented by a ranking. Furthermore, the OA format is problematic when it is neces-
sary to aggregate orderings performed by different decision-makers in a collective
ordering, as the literature considers this operation very controversial (Bustince et al.
(10D).

These two limitations substantially reduce the range of problems that can be
solved by applying the OA format. For example, the evaluation by OA does not offer
a viable solution for defining the weights of the sub-indicators of the composite indi-
cator. So, how to weigh the sub-indicators taking advantage of the simplicity and
speed of evaluating alternatives using the OA format?

The literature on preference format transformation functions provides some
indications to answer this question. Employing different preference formats offers
psychological comfort to the decision-maker in evaluating alternatives, but simul-
taneously, it results in heterogeneous information. Several studies in the operational
research field offer the means for treating heterogeneous information. In particular,
the studies by Zhang et al. [56, 57]; Chen et al. [12]; Li et al. [35]; Figueiredo et al.
[25]; Wu and Liao [53]; Libdrio et al. [36, 37] show that it is possible to homog-
enize evaluations in different formats applying transformation functions.

Initially conceived to homogenize evaluations performed in different formats,
the transformation functions allow the conversion of evaluations in QA formats to
other formats, enabling the definition of weights from the converted evaluations.
This approach allows taking advantage of the ease and speed of evaluating alterna-
tives using the OA format to define the sub-indicator weights from the evaluations
converted to other formats. However, this approach is not limited to simplifying the
process of defining the weights of the sub-indicators, as its application guarantees
the consistency of the evaluations [14, 44].

3 Application example: weighting of sub-indicators based
on specialist opinion

The development of this research is divided into two parts. The first part investigates
the impact of specialist knowledge on the inconsistency of the evaluations. The
second part describes the approach introduced for reducing the cognitive stress on
specialists when comparing a large number of alternatives by pairwise comparison.
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These two parts are associated with assigning weights to the 17 sub-indicators of the
composite indicator Cost of Doing Business Index.

3.1 Cost of doing Business Index (CDBI)

The CDBI was proposed by Bernardes et al. [6] as an alternative to the Ease of
Doing Business Index (EDBI). The EDBI was first published in 2003 by the World
Bank to investigate the relationship between the effect of costs arising from exces-
sive regulation on economic development and its impact on the poorest [19]. The
index aggregates sub-indicators that reflect the ease of doing business in 190 coun-
tries. It is widely used to analyze the quality of the business environment, its rela-
tionship with economic growth [32], and foreign direct investment [16]. Although
very popular in the business literature, the EDBI has several flaws and limitations
that are widely known: unreliable data, constructs with low explanatory power, and
the absence of sub-indicator weights [42, 6]. These flaws and limitations were rec-
ognized by the World Bank itself in 2021, which decided to end the index disclosure
[52].

The theoretical and operational framework of the CDBI offers three solutions to
the limitations and failures of the EDBI. First, it uses only sub-indicators whose data
are controlled by governments [21]. Second, the construct resulting from these data
exceeds Cronbach’s alpha test acceptance threshold of 0.50 (Bernardes et al. [6]).
Third, it considers the relative importance of the sub-indicators in the index [36, 37].
This research is dedicated particularly to the improvement of this last solution.

The CDBI provides information on the quality of the institutional and business
environment (Bernardes et al. [6]), serving as a measure of economic transaction
costs, which strongly correlate with the Gross Domestic Product of countries [22].
In addition, CDBI offers the possibility of identifying which costs most impact the
business environment and which reforms governments should prioritize to boost
economic development [21].

The index aggregates 17 sub-indicators that reflect the following cost groups:
construction permits, enforcing contracts, getting electricity, paying taxes, resolving
insolvency, registering property, starting a business, and trading across borders [6].
This large number of sub-indicators makes the CDBI an appropriate example for
this research because the evaluation inconsistency is directly and positively related
to the number of alternatives. The data was collected from the World Bank Data-
Bank: Doing Business [51].

3.2 Impact of specialist knowledge on the inconsistency of evaluations

The development of this part of the research consists of selecting specialists with
two types of knowledge. The first type of knowledge is associated with the decision
topic: the cost of doing business. The second type of knowledge is associated with
the problem of inconsistency of evaluations in pairwise comparison.

Two groups of specialists were formed based on these two types of knowledge.
Group A was formed by five specialists with knowledge about the costs of doing
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business, with more than five years of professional experience in the business field
and academic background of a bachelor’s degree in business or higher. Five special-
ists without knowledge about the costs of doing business formed Group B. In turn,
this group was formed by specialists with theoretical knowledge about the problem
of inconsistency of evaluations in pairwise comparison, as well as practical experi-
ence in evaluating alternatives using the MR format.

First, the five specialists from Group B evaluated the 17 CDBI sub-indicators
using the MR format through a matrix MR, , of positive and reciprocal preference
relationships m(x,x;), k, [ =1,...,n, where m(x;,x,) is the intensity of preference
for the alternative x; over x; according to Saaty’s [47] scale. Numerically, consider-
ing that the pairwise comparison of n alternatives requires n(n — 1)/2 evaluations
and that n=17, each specialist of Group A and B performed 136 evaluations.

Secondly, the individual weights were performed by normalizing the evaluation
matrices and extracting the arithmetic mean of the columns of each matrix row.
Then, the consistency index was calculated from these averages by the following
expression:

j'max_n
CR = <—1>/R1 (D

n—

where 4,,,, is the maximum eigenvalue of the matrix MR, ,, RI is the random index
associated with the number of alternatives n. For n=17, the RI value is equal to 1.59.

Finally, the collective weights were obtained by aggregating the individual
weights of each sub-indicator by the arithmetic mean. From these weights, the
individual CT and group C® consensus degree was obtained through the following
expressions:

n 0°(X;) - 0% (Xy)
B (Bl @

Za ¢

n

c¢ ©)
where O%(X, ) corresponds to the position of the k-th sub-indicator of the collective
opinion, OFi (Xk) corresponds to the k-th position of the sub-indicator of the special-

ist opinion E;.

3.3 Approach to reducing cognitive stress on specialists by comparing a large
number of alternatives

The development of this part of the research consists of converting the evaluations per-

formed in the OA format to the MR format and defining the weights sub-indicators
by processing the evaluations in MR format. This approach was implemented by ten
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specialists with knowledge about the costs of doing business and who met the same
requirements as Group A.

The ten specialists from the so-called Group C evaluated the sub-
indicators using the OA. The OA format is expressed through a vector
0 = [o(x,),0(x,), ..., 0(x;) ..., 0(x,)]. where o(x; ) is a swap function that indicates
the position of the sub-indicator x, among the integer values {1,2,3,...,n}. Among
these integer values, 1 is the sub-indicator that most impact the costs of doing business,
and n is the sub-indicator with the least impact. The ten evaluations in the OA format
were converted into the MR format through the transformation function:

01-0k

0A - MR(XX)) = ml ) > 1 )

where X, X is the preference relationship between X, and X;, O, and O, are the order
of the /-th and k-th alternative, m = 9, corresponding to the upper limit of the scale
proposed by Saaty [47], p. 246 for the construction of the multiplicative relationship
matrix MR (XX, ).

Let us now see the application of (4) in the conversion of the vector {x,, x5, x, } to
the MR format in the construction of the matrix MR,,,,:

9( mln:loxl ) 9( DXI,,:(])XZ ) 9< lenii?)g )
OA — MR(X,X,)| o 27 o(2572) o(*27) )
9( oﬁnjbl ) 9( 0,(3":(]),r2 ) 9< Ox:i‘:?/\'} )

OA — MR(Xle) = 9(E> 9(5) 9(E> 6)
o(5) o(F) o(F)
1.00 9.00 3.00
OA - MR(XkXZ) =10.11 1.00 0.33 )
0.33 3.00 1.00

This conversion allows obtaining ten matrices MR, , of reciprocal preference rela-
tions, with a consistency ratio equal to zero, since the transitivity of the evaluations is
preserved by the transform function [14, 20].

The CR of the matrices obtained through (4) is calculated in three steps. First,
the eigenvectors (w; the sub-indicators) weights are calculated. The eigenvectors are
obtained from the average of each of the rows of the matrix (7) normalized:

0.69 0.69 0.69| |0.69
w; = |0.08 0.08 0.08 | = |0.08 ®)
0.23023023| [0.23
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5 specialists 5 specialists 10 specialists

QHLHAER @oodDd @ oo

- aHhoHE
Knowledge of the specialist by group |
Inconsistency in pairwise comparison? No Yes Yes
Costs of doing business in countries? Yes No No
Objective | I |
Evaluate sub-indicator weights e fea [ s [eo Jos Jos [er oo [ Jero Jeun Jere Jens Jens foss [ens [ ]
|

Preference format used in the evaluation [ |

Ordering of Alternatives (0A) or @ @ @
Multiplicative Relations (MR)?

v v v
Compute the time Calculate the consistency index CR of the Convert evaluations in
spent to carry out evaluations performed in the MR format 0A into MR format

the evaluations

Calculate the consensus degree on the Obtain sub-indicator weights
sub-indicator weights in each group by specialist and by group

Fig. 1 An overview of the research’s operational framework

Then, each eigenvalue 4, is obtained considering the rows of the matrix (7) and the
eigenvectors w; of the matrix (8) divided by the eigenvector itself as follows:

0.69
A; =]1.00 9.00 3.00 | x|0.08]/0.69 =3 ®)
0.23

Finally, the CR consistency index is calculated considering the maximum eigen-
value (4,,,,=3) of (9), the number of sub-indicators (n=3) and the random index (R/
=0.58) as follows:

3-3

3-1

CR = ( ) /0.58 = 0.00 (10)

The transformation function (4) was also chosen so that the results of the two evalu-
ation formats are fully comparable. Besides, the MR format is associated with one of
the most popular multi-criteria decision-making methods in the literature: the Analytic
Hierarchy Process [48].

Figure 1 offers an overview of the operational framework developed in the research.
It includes a description of the knowledge of the experts in each group, shows the
preference format used to evaluate the sub-indicators weights by the specialists in
each group, and defines the moment for converting the evaluations performed in OA
to the MR format. Figure 1 also presents the parameters used to analyze the results:
time spent to carry out the evaluations, consistency index of the matrices, sub-indicator
weights, and consensus degree on the weights.
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4 Presentation and analysis of the results

The research’s first set of results provides evidence of the direct and positive rela-
tionship between the lack of specialized knowledge about pairwise comparisons and
the inconsistency of the evaluations. The evaluations made by the five specialists
who know about business costs and do not know about pairwise comparisons are
highly inconsistent. The CR of the five evaluation matrices varies between 0.22 and
0.75, with an average of 0.40. The least inconsistent evaluations were performed by
Specialist 5. These assessments have a CR = 0.22, much higher than the threshold
of 0.10.

The analysis of the time spent on the evaluations also brings to light aspects that
had not been explored until then about the relationship between the specialist’s
knowledge of pairwise comparisons and evaluation inconsistency. Two specialists
needed more than forty minutes to complete the 136 evaluations in MR format. This
high amount of time specialists spend in evaluations indicates that cognitive stress is
a significant source of inconsistency in evaluations.

The CR and time spent evaluating each of the five experts in Group A are pre-
sented with the consensus degree among experts and the weights of the seventeen
sub-indicators obtained from the evaluations performed in MR format.

Table 2 presents the results of the evaluations performed by specialists from
Group B, revealing that the knowledge about the consistency of the evaluations
allows obtaining matrices with a lower consistency ratio than those obtained by
specialists from Group A. This is compelling empirical evidence of the direct and
positive effect of the lack of knowledge of the specialist in the inconsistency of
the evaluations carried out by paired comparisons.

A comparison of the two results presented in Tables 1 and 2 reveals a direct
and positive relationship between the time of evaluation and the evaluation’s
inconsistency. The consistency ratio of the matrixes and the time spent on the
evaluations are higher in Group A, which comprises specialists without any
knowledge of the inconsistent evaluations performed by pairwise comparisons.
Specialists from Group A spend an average of 31 min performing the evaluation,
generating matrices with CR = 0.40. Specialists from Group B performed the
evaluations in 20 min on average, generating matrices with CR = 0.23.

Finally, Tables 1 and 2 show that the consensus degree positively relates to the
specialist’s knowledge of business costs. Specialists with knowledge about busi-
ness costs (Group A) present 1.23 times more convergent evaluations than spe-
cialists without this knowledge (Group B).

The research’s second set of results provides evidence of the advantages of
evaluating the sub-indicators through the QA format and obtaining the weights by
converting the evaluations for the MR format. Table 3 shows the order of impor-
tance of sub-indicators in the cost of doing business according to the ten special-
ists of Group C.

The results in Table 3 indicate the order of importance of the sub-indicators in
constructing the Cost of Doing Business Index. However, this ordering does not
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Table 1 Sub-indicator weights,

. . ; Sub-indicator S| S2 S3 S4 S5 Group A
consistency ratio, evaluation

time, and consensus degree - Cpl 0.06 0.08 0.18 0.03 0.07 0.08

Group A
Ecl 0.10 008 0.15 0.06 0.14 O0.11
Ec2 0.15 006 008 0.06 0.18 0.10
Ec3 0.15 0.06 0.01 0.08 0.02 0.06
Ec4 0.12 0.05 0.01 0.11 0.04 0.07
Gel 0.03 0.13 0.07 0.09 0.08 0.08
Ptl 0.01 0.04 007 002 0.01 0.03
Pt2 0.01 0.02 0.02 0.01 0.02 0.02
Pt3 002 002 0.02 0.02 00l 002
Ril 0.09 004 003 0.12 0.12 0.08
Rpl 005 006 0.03 001 0.03 0.04
Stl 002 009 005 0.06 005 005
St2 0.02 009 005 007 003 0.05
Tbl 0.04 003 0.06 0.11 0.05 0.06
Tb2 006 006 006 0.12 0.06 0.07
Tb3 0.04 003 005 0.03 004 0.04
Tb4 0.05 006 005 0.03 0.04 0.05
CR 027 075 030 043 022 -
Time 420 280 19.0 220 460 314
(o 077 080 078 0.75 0.88 0.81

Time in decimal minutes. The sub-indicators are Cpl. Cost with
construction permits; Ecl. Attorney fees; Ec2. Cost of Enforcing
contracts; Ec3. Court fees; Ec4. Enforcement fees; Gel. Cost to get
connected to the electrical grid; Ptl. Labor tax and contributions;
Pt2. Profit tax; Pt3. Total tax rate; Ril. Cost with resolving insol-
vency; Rpl. Cost with registering property; Stl. Costs with starting
a business (% of men’s income); St2. Costs with starting a business
(% of women’s income); Tb1. Cost to export - border compliance;
Tb2. Cost to export - documentary compliance; Tb3. Cost to import
- border compliance; Tb4. Cost to import - documentary compliance

allow calculating the index, as it is built from aggregating weighted (normalized)
sub-indicators.

At this point, it is relevant to highlight the advantages of evaluating the sub-
indicators using the QA format and converting these evaluations to the MR
to obtain the weights of the sub-indicators. First, the evaluation in OA format
requires less cognitive effort from specialists. Group C specialists spend an aver-
age of 04’,11” minutes to perform the evaluations. This evaluation time repre-
sents a drastic reduction of more than 15 minutes in relation to the evaluations
carried out in the MR format in Groups A and B, which spend an average of
31°, 24” and 21°, 00” minutes. Second, the matrices of the evaluations converted
from OA to MR formation through the transformation function have a consist-
ency ratio equal to zero. Third, obtaining weights indirectly does not affect the
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Table 2 Sub-indicator weights,

. . ; Sub-indicator  S1 S2 S3 S4 S5 Group B
consistency ratio, evaluation

time, and consensus degree - Cpl 0.21 003 002 003 000 006

Group B
Ecl 0.05 005 0.08 0.03 0.01 0.04
Ec2 0.06 002 005 0.15 0.01 0.06
Ec3 005 002 011 0.03 0.05 0.05
Ec4 0.05 005 0.10 0.03 0.02 0.05
Gel 0.03 0.18 002 001 0.15 0.08
Pt1 0.03 001 007 015 0.05 0.06
Pt2 0.05 0.17 007 0.03 0.02 0.07
Pt3 0.03 003 005 015 0.06 0.07
Ril 0.06 0.10 0.12 0.03 0.05 0.07
Rpl 0.06 005 009 0.07 0.05 0.06
Stl 0.06 008 004 003 0.14 0.07
St2 0.06 009 004 0.03 0.11 0.06
Tbl 006 004 002 0.07 0.11 0.06
Tb2 0.06 004 0.02 0.07 0.07 0.05
Tb3 0.06 002 005 0.05 0.07 0.05
Tb4 0.06 002 005 0.05 0.05 0.04
CR 0.15 0.18 022 0.04 058 -
Time 14.00 19.00 26.00 21.00 20.00 46.0
(o 068 075 057 0.63 0.61 0.67

Time in decimal minutes

convergence of opinions among specialists. The consensus degree among special-
ists in Group C is 0.78.

Table 4 presents the sub-indicator weights obtained from converting the evalu-
ations from the OA format to MR, the time specialists spent evaluating the sub-
indicators in the OA format, and the consensus degree among the ten specialists in
Group C.

5 Research findings and contributions

The simplification of the evaluation process that converts the sub-indicators ordered
by importance into weights allows for reaching four main findings. First, converting
evaluations in the QA format to the MR format eliminates the need to review incon-
sistent evaluations. Second, the transformation function that converts the evaluations
in theOA format to the MR format permits one to obtain matrices with a consist-
ency ratio greater than the 10% acceptance threshold. Third, the number of evalu-
ations drops significantly when opting for the OA format over the MR format. The
OA format requires 17 evaluations, while the MR format requires 136 evaluations.
Fourth, the evaluation process is simplified when specialists evaluate alternatives in
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Table 3 Order of importance

. . Sub-indicator S1 S2 S3 S4 S5 S6 S7 S8 S9 EIO
of sub-indicators in the cost of

doing Business Index - Group C Cpl 2 3 1 5 16 5 1 14 1 8
Ecl 4 15 17 17 10 8 13 17 12 5
Ec2 9 17 6 4 1 10 9 16 6
Ec3 7 12 10 13 11 7 12 12 7
Ec4 12 16 16 10 2 6 11 10 7 3
Gel 5 10 5 139 4 9 10 11
Ptl 1 2 2 3 3 2 5 3 6 4
Pt2 13 13 12 36 2 5 12
Pt3 31 8 1 2 1 4 10
Ril 1w 1 11 16 15 17 3 13 8 9
Rpl 100 14 15 6 17 4 7 15 9 13
Stl 5 4 11 6 15 8 4 16 2
St2 4 3 12 7 16 10 5 17
Tbl 4 9 13 14 9 13 17 8 11 14
Tb2 15 7 14 15 14 14 16 11 13 15
Tb3 16 8 7 8 11 15 14 16
Tb4 17 6 7 12 12 14 15 17

the OA format. On average, the ten specialists who ordered the sub-indicators in
order of importance evaluated the 17 alternatives in 4 min.

The transformation of evaluations in the OA format to the MR format reduces by
eight times the number of evaluations needed to assign weights to the sub-indica-
tors. This reduction allows Group C specialists to evaluate the 17 alternatives in less
time than Group A and Group B specialists. Group C specialists spend 7.5 and 4.8
times less time evaluating alternatives than Groups A and B specialists. The lower
cognitive stress on the specialists in Group C, resulting from simplifying the evalua-
tion process, allows for obtaining a satisfactory consensus degree.

Besides, the research’s main findings summarized in Table 5 indicate that sim-
plifying the evaluation process does not influence the consensus degree among spe-
cialists. The consensus degree among groups of specialists who have knowledge
about the costs of doing business is C6=0.78 for Group C and C¢=0.81 for Group
A. However, it is necessary to consider that Group C has twice as many specialists
as Group A and that the evaluations of the specialists of Group A are inconsistent.
Besides, the consensus degree is higher than 0.70 for the seventeen sub-indicators
in Group C and the sixteen sub-indicators in Group A. The consistency ratio of the
matrices generated by the evaluations of the specialists in Group A is, on average,
0.39, exceeding the acceptance threshold of 0.10.

The evaluations performed in the format MR take 26.7 min on average. How-
ever, the specialists of Group A spent 1.57 times more time evaluating the 17 sub-
indicators than the specialists of Group B. The specialists’ evaluations were per-
formed more quickly in Group B than in Group A. The consistency ratio of matrices
in Group B is 59% lower than Group A on average. These results suggest that the
consistency ratio depends more on knowledge about the problem of inconsistency of
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Table 4 Sub-indicator weights, consistency ratio, evaluation time, and consensus degree - Group C

Sub-indicator ~ S1 S2 S3 S4 S5 S6 S7 S8 S9 S10  GroupC

Cpl 0.12 0.10 0.3 007 0.03 008 0.13 0.04 0.14 0.05 0.09
Ecl 0.09 003 0.02 002 004 006 003 0.02 004 0.08 0.04
Ec2 0.06 0.02 007 008 013 004 0.05 002 0.10 0.07 0.07
Ec3 0.06 0.04 004 004 0.04 007 0.04 004 012 0.07 0.06
Ec4 0.04 0.02 002 005 0.12 007 0.04 004 0.07 0.10 0.06
Gel 009 0.05 008 005 004 005 010 005 005 0.05 0.06
Ptl 0.13 0.11 o0.11 0.10 0.10 0.11 0.09 0.09 007 0.09 0.10
Pt2 0.03 0.04 004 011 0.08 010 0.07 o0.11 008 0.04 0.07
Pt3 0.10 0.3 0.05 0.13 008 0.13 012 0.13 009 0.05 0.10
Ril 0.04 0.04 0.04 003 003 002 010 0.04 005 0.05 0.04
Rpl 0.05 0.03 0.03 006 002 009 006 004 005 0.03 0.04
Stl 0.07 0.08 0.09 004 0.07 002 005 0.08 002 0.11 0.06
St2 006 009 0.10 0.04 006 002 004 0.08 002 013 0.06
Tbl 0.02 005 0.04 004 004 003 002 0.05 004 0.02 0.04
Tb2 0.02 006 0.03 003 003 003 002 0.04 003 0.02 003
Tb3 0.02 005 005 006 005 004 002 0.07 002 0.02 0.04
Tb4 0.02 007 0.06 005 0.04 004 002 0.06 002 0.02 0.04
CR 0.00 000 0.00 000 0.00 000 000 0.00 000 0.00 -

Time 425 6775 4.00 250 350 400 275 6.75 150 4.00 525
C6 0.8 074 074 076 073 074 083 071 079 079 0.78

Time in decimal minutes

evaluations in pairwise comparison than on knowledge about the cost of doing busi-
ness. However, the results show that knowledge about the problem of inconsistency
of evaluations in pairwise comparison is not enough to obtain matrices with accept-
able consistency ratios when the number of pairwise comparisons is high.

Furthermore, the lack of knowledge about the cost of doing business impacts the
consensus degree drastically. The consensus degree among specialists in Group B
is only 0.67. These results show that knowing the cost of doing business increases
the consensus degree. The consensus degree among Group B specialists, who do
not know the cost of doing business field is 14% lower than Group C and 17% lower
than Group A.

The results presented in the research strongly indicate that transferring knowl-
edge about the problem of inconsistency of evaluations in pairwise comparison to
the decision maker is a strategy with a high potential for reducing the consistency
index of the matrices. However, reducing the inconsistency of evaluations may not
reach the threshold of 0.10, requiring a second strategy. This second strategy can
be: to invite the specialists for a second round of evaluations; or to implement the
approach proposed in this research.

However, inviting the specialists for a second round of evaluations does not guar-
antee that the consistency index of the matrices will reach the acceptance limit, as

@ Springer



OPSEARCH (2024) 61:51-70 65

Table5 Time for evaluation, consistency ratio, and consensus degree of Groups A—C.

Evalu- Number of Number of  Time for evaluation  Consistency ratio  Con-

ation specialists  evaluations sensus

format degree
Group A MR 5 136 317, 24" 0.39 0.81
GroupB MR 5 136 21', 00" 0.23 0.67
GroupC OA 10 17 04, 11" 0.00 0.78

it does not reduce the cognitive stress from evaluating a high number of alterna-
tives. This situation makes the proposed approach the natural strategy for solving the
problem, as it reduces the number of evaluations. In particular, transformation func-
tions allow converting the 17 evaluations in OA format into 136 evaluations inMR
format and then obtaining the sub-indicator’s weights quickly, consistently, and with
a satisfactory consensus degree. In short, the results show that the application of
the proposed approach has three important advantages in decision-making problems
involving the evaluation of a large number of alternatives:

e Obtaining fully consistent evaluations regardless of the number of alternatives,
resulting from the application of a transformation function that guarantees the
transitivity of the evaluations;

e Drastic reduction of cognitive effort on experts when evaluating a large number
of alternatives, represented by the time spent in the evaluation;

e The simplification of the evaluation process of alternatives does not interfere
with the convergence of opinion among specialists, reflected in a high degree of
consensus among specialists.

Besides, the research results offer two important novelties for the decision-mak-
ing literature:

e The process of evaluating alternatives must include a stage of knowledge transfer
about the problem of intransitivity of evaluations;

e A third justification for the problem of matrix inconsistency is the specialist’s
lack of knowledge about the problem of intransitivity of evaluations when these
are performed by pairwise comparison.

Transferring knowledge about the problem of intransitivity of evaluations has
great potential to reduce the need to reassess alternatives or to apply algorithms to
reduce matrix inconsistency. This finding is an important novelty for the multicrite-
ria decision-making literature, which has focused exclusively on solving the prob-
lem of inconsistency of matrices after evaluating alternatives. This finding expands
the literature that discusses possible causes of inconsistencies in evaluations per-
formed by pairwise comparisons [24, 41, 20]. This discovery makes this research a
pioneer in pointing out that the inconsistency of evaluations is not caused solely by
the cognitive stress of evaluating many alternatives [29, 30, 28, 8], adding the lack
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of knowledge about the intransitivity of evaluations by pairwise comparison as a
relevant cause of the inconsistency of the evaluations.

The approach that allows defining the weights of the sub-indicators based on their
ordering is also a point of originality and an important novelty for the composite
indicators literature as it offers a new way of evaluating sub-indicator weights, espe-
cially useful when the number of alternatives and the chance of matrix inconsistency
is high.

6 Conclusions

The results of this research permit us to conclude that knowledge about the consist-
ency of evaluations allows obtaining matrices with a lower consistency ratio (CR
=0.23) than knowledge about the problem of the cost of doing business (CR=0.39).
This knowledge does not prevent the consistency ratio of the matrices from exceed-
ing the acceptance threshold of 0.10. However, transferring the knowledge about the
consistency of evaluations to specialists who do not have this knowledge is a helpful
strategy to reduce the consistency ratio of matrices.

The simplification of the evaluation process in which the alternatives ordered by
importance are converted into weights has the advantage of obtaining reliable matri-
ces in a shorter time and with a satisfactory consensus degree. The transformation of
evaluations in the OA format to the MR format has as one of its main properties the
maintenance of consistency of evaluations. Specialists who know the cost of doing
business field need 31 min and 24 s to evaluate the seventeen alternatives in the
MR format and 4 min and 11 s in the OA format. The consensus degree reached
by this simplified process is satisfactory, considering the time taken for the evalu-
ations and the number of specialists who evaluated the alternatives. The consensus
degree among the ten specialists in Group C who evaluated the seventeen alterna-
tives in 4 min and 11 s was C®=0.78. This result is 0.03 lower than the five special-
ists in Group A, who needed 26 min and 47 s longer to evaluate the same seventeen
alternatives. Besides, the seventeen sub-indicators of Group C present a consensus
degree higher than 0.70. This number drops to sixteen sub-indicators for Group A
and six sub-indicators for Group B.

The contributions of this research have a high degree of universality and appli-
cability in decision-making problems involving pairwise comparisons and a high
potential for appropriation by researchers and practitioners in the operational
research field. The decision maker’s lack of knowledge about the problem of incon-
sistency in pairwise comparisons strongly impacts the consistency index of evalu-
ations. Instructing the decision maker about this problem increases the consist-
ency of their evaluations, being an alternative solution to inconsistency reduction
algorithms, which are challenging to implement and modify the original evaluation
matrix. Reducing the inconsistency of evaluations through knowledge transfer is
extremely easy but remarkably important for weighting sub-indicators by special-
ist opinion because it allows for more accurate evaluations and reduces the need for
reevaluations.
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The benefit of instructing the decision-maker on the problem of inconsistent
evaluations is limited in scope. Problems involving a large number of alternatives
increase the chances that the acceptance threshold of the inconsistency index will be
exceeded. These situations are especially adherent to the approach introduced in this
research, which makes it possible to obtain the sub-indicator weights by ordering the
alternatives and converting them to pairwise comparison matrices. The possibilities
of implementing this approach in the weighting of sub-indicators are extensive and
relevant. Composite indicators are usually constructed with over ten sub-indicators
(e.g., Ease of Doing Business Index, Sustainable Development Goals Index, and
Global Innovation Index). Besides, composite indicator scores are highly sensitive
to weights, and even slight differences in weights change countries’ positions in the
ranking.

The results of this research open an avenue for further investigations with a high
potential to contribute to the multicriteria decision-making and composite indica-
tors literature. The transfer of knowledge about the intransitivity problem of pair-
wise comparison evaluations will require a deeper analysis of the limited number of
alternatives in which specialists can perform evaluations without significant prob-
lems. In this line, it is interesting to investigate to what extent the transfer of knowl-
edge about intransitivity from pairwise comparison evaluations can reduce cognitive
stress on experts.

The research results also indicate the possibility of using multiple preference for-
mats to evaluate the sub-indicators’ weights in the composite indicator. This pos-
sibility stimulates the development of new preference format transformation func-
tions. The budget allocation, for example, is a preference format widely used to
define sub-indicator weights in the composite indicators literature [18]. Transfor-
mation functions from the budget allocation format to other formats have not been
identified in the specialized literature [14, 15, 41, 20], being a novelty with high
application power within the multicriteria decision-making literature.
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