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CARD GAME ANALYSIS FOR FAST MULTI-CRITERIA DECISION MAKING

VALENTINO SANGIORGIOM*, BEATRICE DI PIERRO!, MICHELE ROCCOTELLI?
AND BARTOLOMEO SILVESTRI?

Abstract. Multi-criteria decision methods are very popular in decision-making for many application
fields thanks to their versatility and ability to involve qualitative and quantitative data in the analysis.
On the other hand, the many of these techniques requires time consuming analysis and the involvement
of expert users in the decision-making process. In this paper, a novel method named Card Game Analysis
(CGA) is proposed to perform Multi-criteria Decision Making (MCDM) analysis. Such methodology
uses a set of cards and a suitable game procedure to perform the analysis, allowing to determine
indirectly tabulated weights of involved parameters (criteria, sub-criteria, alternatives, etc.) and obtain
the ranking of priorities. The CGA is defined following the footsteps of the “structuring of the problem”,
typical of the Analytic Hierarchy Process (AHP), and takes inspiration from an evaluation procedure
presented in the related literature. In particular, the CGA is composed by the following steps: (1)
structuring of the problem, (2) card setting, (3) card game weights evaluation, (4) synthesis of priorities.
Finally, a validation through a comparison with the AHP procedure is performed by exploiting 25 case
studies regarding the desirability of the enabling technologies of the Industry 4.0 for a set of companies
in the Adriatic Ionian area.
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1. INTRODUCTION

Decision-making is the action that humans perform every day in different fields of real life and is a very
important part of human daily activities both in private life and professional work. In this context, some
decisions can be taken relatively easily, especially if the consequences of wrong decisions are not critical, while
others can be very complex and have important effects. Real-life decision problems are complex problems that
involve several conflicting criteria that should be taken into account simultaneously, in order to achieve a
reasonable decision [21].

In this framework and in the field of operational research, management and decision science, multi-criteria
decision-making (MCDM) approaches have been widely studied from the academic world. In particular, several
MCDM methods have been proposed and applied to decision problems in different areas, dealing with the design
of computational and mathematical tools for supporting the subjective evaluation of performance criteria by

Keywords. Decision science, multi-criteria decision methods, card game analysis.

1 DICATECH, Politecnico di Bari, Via Edoardo Orabona 4, Bari, Italy.

2 DEI, Politecnico di Bari, Via Edoardo Orabona 4, Bari, Italy.
*Corresponding author: valentino.sangiorgio@poliba.it

Article published by EDP Sciences © EDP Sciences, ROADEF, SMAI 2021


https://doi.org/10.1051/ro/2021059
https://www.rairo-ro.org
mailto:valentino.sangiorgio@poliba.it
https://www.edpsciences.org

1214 VALENTINO SANGIORGIO ET AL.

decision-makers [21,26]. In this context, MCDM methods have been designed to classify alternatives in a small
number of categories, choose preferred alternative, and rank alternatives in a subjective preference order. More
generally, MCDM methods help the decision maker to clarify their preferences in cases where there are conflicting
criteria [24]. In particular, MCDM methods allow decomposing complex problems into their basic components
in order to analyze each aspect individually on the basis of different criteria. After each component is weighted
and judged, all the problem parts can be reassembled to recompose the whole problem puzzle and give it to
the decision maker. The majority of MCDM methods are based on discrete alternatives, described by a set of
criteria. The values of criteria can be determined as an ordinal or cardinal information and each information
can be determined exactly or with a fuzzy logic. Considering that the daily life decisions are based on several
criteria, a decision can be made by assigning weights to each criterion by means of group of experts. To this aim,
it is essential to select the structure of the decision problem and clearly evaluate all the criteria. Furthermore,
all the alternatives should have common criteria so to lead the DM to better and more informed decisions.

There are different classifications of MCDM methods that have been proposed in the related literature.
According to the nature of the information that can be cardinal, ordinal and mixed scales, it is possible to
distinguish among quantitative (or hard), qualitative and mixed (or soft) MCDM methods. For instance, MCDM
quantitative methods are the weighted sum [27,42] and the elimination and choice expressing reality (ELECTRE)
[13,19]. Among the qualitative methods there are the REGIME methods [23], the lexicographic technique [41]
and the multidimensional scaling analysis [14].

The mixed methods are the most diffused MCDM approaches such as the Evaluation of Mixed Data
(EVAMIX) method [15], the Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) [8,38],
the Analytic Hierarchy Process (AHP) [17,26,32,33], the Analytic Network Process (ANP) [11,34], the multi-
objective optimization by ratio analysis (MOORA) [10], and multiple objective optimization on the basis of ratio
analysis plus full multiplicative form (MULTIMOORA) [6,25], the weighted aggregated sum product assessment
(WASPAS) [3,12].

A second classification can be done based on the level of compensation that is allowed by the method. In this
context, the MCDM methods can be compensatory (such as Multi-Attribute Utility Theory [40], AHP and the
ANP), partially-compensatory (such as Preference Ranking Organization Method for Enrichment Evaluation
[7,39], the REGIME and the Novel Approach to Imprecise Assessment and Decision Environments [28]) and
non-compensatory (for instance Dominance method [9]).

In particular, all these MCDM methods are applied in many areas such as: construction and project manage-
ment, energy, environment, sustainability, supply chain, ICT, safety and risk management, operation research
and soft computing and other fields [1,4, 26, 43].

There are some issues that affect some of the aforementioned MCDM approaches such as the choice of the
aggregation procedure, the linear trade-offs among factors (dependent on the problem structure), the zero as a
natural scale of factors, and the achievement of subjective judgments before the decision-making process [26].
Other important limitations that are common to all the MCDM methods are the following: (1) the MCDM
process is time-consuming that collide with the few time available by the users; (2) the user needs to be expert
in the specific field of analysis; (3) the user needs to keep high concentration in all the process phases in order
to obtain good and consistent results. Because of these issues, it is rare to obtain reliable results in complex
and extensive problems.

In particular, also the AHP method, that is one of the most adopted MCDM tools by decision makers and
researchers in different areas [16,30], is affected by those limitations. The AHP is a method of “measurement
through pairwise comparisons and relies on the judgments of experts to derive priority scales” [33]. The AHP
methodology is based on a hierarchical structure able to hierarchically measure a multiplicity of factors of a
complex process, allowing to simply recompose the parts in a whole. In order to have a good decision, the
decision maker should define the problem, the needs and goals of the decision, the criteria and sub-criteria to
evaluate the alternatives, the actions to be taken and the interested stakeholders [33]. The AHP method is
basically based on three consecutive phases [16,33]: (1) Define the problem, the decision criteria and hierarchy;
(2) Build matrices to determine a set of pairwise comparison and calculate the elements weights; (3) Sensitivity
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analysis. Even if the AHP method is largely used, its main limitation, like for other cited methods, is that
the selection of criteria and the determination of the weights basically depends on the expertise knowledge.
Therefore, people involved in the AHP process should be expert in the field of analysis and dedicate time to
efficiently accomplish all the process tasks and ensure the success of the methodology application.

In this paper, a novel approach, named Card Game Analysis (CGA), is proposed in order to overcome some
of the cited limitations affecting the most common MCDM methods. The CGA falls in the set of mixed and
compensatory methods. It is based on a multi-step procedure that allows achieving similar results of AHP but
by means of the card game approach that is more user-friendly and less time consuming. In particular, the
CGA is defined on the basis of the problem structuring of the AHP methodology and takes inspiration from
the Simos—-Roy—Figueira method (SRF) [18] for the weight’s evaluation. In particular, the weight evaluation is
reworked by a new equation and a consistency check for fast and effective decision making. The CGA represents
a technique devoted to allowing any DM (not essentially familiar with multi-criteria decision tools) to explain
the way in which he/she wants to rank the different criteria in a given context.

Unlike the methods from which it is inspired, the proposed CGA overcomes some drawbacks by reworking
the positive aspects of both AHP and SRF techniques in a new process. In particular, this work proposes a
very simple procedure, using a set of cards to determine indirectly the weights of parameters based on the
following steps: (1) structuring the problem; (2) setting the cards; (3) evaluating the card game weights, (4)
synthesis of priorities. After the problem has been structured, the user, which carries out the weighting, uses a
specific and suitable designed card sets: the name of each criterion is written on each card together with other
(complementary) information. Moreover, the user receives a set of white cards with the same size. Therefore,
users can start the card game by sorting the cards based on the importance of the represented criteria and uses
the blank cards to increase the distance between two consecutive cards. Local weights are then extracted from
the ranking of the cards and suitable consistency tests are performed.

The novelties of the proposed method are listed in the following items.

(i) Compared to AHP, the CGA method is completely based on a visual, fast and intuitive procedure in a card
play approach. For these reasons, the CGA method is especially suitable for problems involving non-expert
users who can carry out the procedure successfully thanks to the useful information stored in the cards.

(ii) Compared to SRF card method, the card game procedure can be applied several times to obtain all the
weights defined in the hierarchical structure of the problem. In addition, a novel algorithm for weights
evaluation is proposed, based on the aggregation principles of local weights of the AHP.

(iii) Compared with other MCDM, the proposed approach is particularly effective in order to evaluate human
behaviors, priorities and beliefs. In addition, the CGA can be applied in decision processes where an expert
is not necessary in the process.

Furthermore, thanks to the simple and quick steps of the decision process, the card game can be played in short
time, since the necessary information is included in the cards.

In order to validate the proposed method, the paper performs a comparison with the AHP by carrying out
the application to 25 case studies.

The paper is organized as follows. Section 2 describes the CGA approach specifying the step-based procedure;
Section 3 presents the comparison with the AHP methodology in several case studies for CGA validation while
Section 4 discusses the limitations of the method and the future perspectives. Finally, Section 5 draws the
conclusions.

2. THE CARD GAME ANALYSIS

2.1. Overview of the method: the four steps of the CGA

In this section the novel procedure of the CGA is described on the basis of the following 4-steps: (1) structuring
the problem (CGA Step 1); (2) card setting (CGA Step 2); (3) card game weights evaluation (CGA Step 3),
(4) synthesis of priorities (CGA Step 4).



1216 VALENTINO SANGIORGIO ET AL.

Card Game Analysis

} _

Structuring the problem in a | CGA
hierarchy Step1
ared g CGA
Card gume setiing Step 2
P(;;f:;’i ] B First card ranking
Game - . .
Phase 57 White card introduction
- CGA
" ¢ " Step 3
Local weights evaluation
Game
Phase 3 | ) J
Consistency local test
= = 8 .
[No] --.:::'_::__;&;'c all the criteria, sub-criteria, cte Wcight(}&i__:_::__:::-
[¥es)
h
Synthests of priovity: Global
weights evaluation
CGA
v Step 4
Consistency global test

FIGURE 1. The flowchart of the CGA procedure.

In particular, Step 1 follows in the footsteps of the AHP [33] and is devoted to decomposing and structuring
the problem in a flowchart to obtain a complete overview of the involved parameters, which are classified as
criteria, sub criteria and alternatives. In Step 2, the card game is set by following a specific procedure to create
the cards and a suitable local consistency test is defined. Step 3 regards the application of the card game in three
game phases to perform multi criteria evaluation: firstly (Game Phase 1) the users employ the cards to perform
a first ranking; secondly (Game Phase 2) the ranking and the importance of the cards are expressed; thirdly
(Game Phase 3) the local weights are extracted and a local consistency test is performed to verify the coherence
of the results. Finally, in Step 4, if all parameters are weighted, the synthesis of priorities is performed to obtain
the global weights and a global consistency test can be performed. If the parameters are not all verified by the
tests, the procedure goes back to Game Phase 1. In the rare case that the DM is unable to reach consistency
numerous times, he/she can be considered not reliable, similarly to the AHP, and therefore not considered in
the analysis results [35].
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FIGURE 2. The generic structure of the problem according to a hierarchical flowchart.

Figure 1 shows an overview of the method and illustrates the fundamental steps and phases in a flowchart.

2.2. CGA step 1: Definition of goal, criteria, sub criteria and alternatives

The CGA Step 1 comprises the identification of the goal and the structuring of the problem according
to a hierarchical scheme composed by different levels. This step provides a detailed, simple and systematic
decomposition of the problem parameters into its basic components. This scheme represents the goal of the
analytical process, the involved criteria, sub-criteria, alternatives (that are generally called parameters in this
paper) that are classified in different levels, to have a complete description of the considered phenomenon. It is
worth noting that there are no-limits to the number of levels to the hierarchical scheme (Fig. 2).

2.3. CGA step 2: The card setting

The CGA Step 2 is of basic importance for the CGA and in this phase the cards are proposed. The number
of necessary cards is equal to the total number of criteria, sub-criteria and alternatives structured in the
flowchart of CGA Step 1. In particular, a card is designed for each parameter involved in the analysis (i.e.,
criteria, sub criteria or alternative): the name of each parameter is written on each card together with additional
(complementary) information.

In particular, every single card needs to enclose the following information to be effective: (i) the name of
the parameter that refers to the problem structure of CGA Step 1; (ii) a representative photo or scheme; (iii)
a synthetic description; (iv) quantitative data, which can be typological, functional, characteristic or economic
data; (v) advantages; (vi) disadvantages; (vii) other information. Figure 3 shows the generic card layout.

2.4. CGA step 3: Card game for weights evaluation

Once all the cards have been created, it is possible to play the card game to analyze every single aspect
of the decision problem. Following the hierarchical flowchart, a set of games is performed for every level until
all criteria, sub criteria and alternatives are weighted. In the following, the card game with relative weight
extraction and consistency test is explained.

2.4.1. Card game

Let us assume that a set of cards is defined to evaluate a set of criteria, sub criteria or alternatives. Since
the method is based on human judgments, every user can start the game following the described three game
phases. Such procedure allows identifying perception, priorities and beliefs of the involved users (or DMs) about
the structured problem.

In Game Phase 1 (Fig. 4), the user is asked to rank the cards from the less important to the most important
according to his/her perception. So, the user orders the cards by assigning to them an ascending importance
(parameter): the first card in the rank is the less important and the last card is the most important. If the user
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FIGURE 4. Example of Game Phase 1: first card ranking from less important to most important.

decides that some parameters have the same importance (i.e., the same weight), the user can assign the same
position to a subset of cards. Consequently, the output of Game Phase 1 is a complete pre-order basis on the
considered parameters.

In Game Phase 2, the user can decide about the importance of two successive cards (or subsets of cards)
in the ranking. Indeed, users can introduce white cards between two consecutive cards (or subsets of cards) in
order to increase the differences in the ranking: the absence of white cards between two consecutive cards means
small difference. The greater the number of used white cards is, the greater is the ranking difference between
the two cards. The Game Phase 2 goes to an end when with the assignment of a rank, both to the card, white

cards, and subsets of cards (Fig. 5).
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2.4.2. Weights determination

In the Game Phase 3 it is possible to derive weights from the result of Game phase 2.

Let us assume that a set N = {p|p =1,...,n} of n parameters are analyzed through the card game and let
us denote C' = {¢p|p = 1,...,n} the set of cards ¢, where ¢, is associated to the pth parameter for p =1,...,n.
Moreover, we define the set Cw = {cwq|g =n+1,...,m} (with m > n) of white cards and the set CT = CUCw
includes the cards associated to parameters and the white cards. In addition, a rank r, € N (for ¢ =1,...,m)
is assigned to each card in C'T during CG phase 2, where N is the set of natural numbers. The local weight
v, € RT associated to each card ¢, € C, and then to each parameter p, is computed by the following formula:

Tp
Z;n:1 Ty’

where R* is the set of real positive numbers and it holds v, € [0,1] with >/, v, = 1.

vp = for p=1,...,n (2.1)

2.4.3. Local consistency test

The consistency local test is performed in order to verify if the user is aware of the choices made during the
card game and to verify that the resulting weights are coherent. The test is used to verify that the DM correctly
reflected his/her perception with the game of cards. Being based exclusively on the DM perception, there is no
need for particular expertise to carry out this verification. In particular, the user randomly draws two cards and
performs a card pair comparison expressing numerically how much one card is more important than the other.
Let us assume that the user extracts the cards ¢, and ¢, and assigns a value k, , € RT to this pair comparison.
The Local Consistency between ¢, and ¢4, denoted as LC,, 4, is evaluated by the following formula:

kp.q — (0p/v4)

LC,, =
P Up/ Vg

, for pg=1,....,n,p#q (2.2)

On the basis of several empirical studies, it is possible to assume that the values 0 < LC, ; < 0.3 are acceptable
[32]. It is worth noting that this first local consistency test does not ensure that the final result is reliable, but
it indicates whether the user has a good perception of the importance of the analyzed parameters.

2.5. CGA step 4: Synthesis of priorities

In the final CGA step 4, the synthesis of priorities (or weights aggregation) is performed to determine the
rankings and the global weights for each alternative by following the approaches used in related literature for
the MCDMs.

To this aim, the weights of each criterion and sub-criterion are combined with the weights of the alternatives
in order to obtain the global weights. The global weights are typically organized in tabulated weights useful to
complete the multi criteria analysis and obtain chart to get a visual overview of the results.
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In the related literature there are many equations to perform the weights aggregation and the use of a specific
equation depends from the investigated problem [35-37]. This work uses the widespread weights aggregation
presented in the related literature: the global weights are obtained by multiplying each criteria weight by the
alternative weight and totaling the results for each alternative [22].

2.5.1. Global consistency test

In order to obtain a complete feedback about the coherence of the analysis, a global consistency test can be set
and applied to conclude the Game Phase 4. Unlike the consistency local test carries out a quantitative verification
(Game Phase 3), a qualitative test is proposed to verify the global weights. Note that this subsection presents
a generic description of the global consistency test that has to be customized in each particular application of
the CGA.

More precisely, the test is composed by three steps: (i) a suitable and concise questionnaire is set in order
to obtain qualitative information regarding the user preferences; (ii) the user answers the questionnaire after
performing the card game phases and before becoming aware of results (global weights, ranking and charts);
(iii) a qualitative evaluation is performed to assess any incoherencies between the card game results and the
questionnaires answers.

A qualitative classification can be assigned to the CGA user: low coherence, medium coherence or good
coherence.

It is worth noting that the rationality of this test is based on the idea that the user after the card game
is played can reach a good knowledge of the problem, to this aim he/she should be able to express resolutely
his/her preferences through the questionnaire.

3. VALIDATION THROUGH CASE STUDIES AND AHP COMPARISON

In order to validate the proposed CGA, in this section a suitable comparison with the AHP, based on a set
of case studies, is proposed. The AHP is the most appropriate methodology to perform the comparison, indeed
the CGA Step 1 and Step 4 follows the footsteps of the methodology of [33]. Because of this, the two methods
provide similar results that can be easily compared as the global weights having the same normalization. In
this subsection, the case studies about the evaluation of the potentiality of the Industry 4.0 technologies in
the Adriatic-Ionian area are described. In particular, firstly the CGA is applied, secondly the AHP procedure
is briefly described and applied, and finally the results of the two methods are compared to validate the new
procedure.

3.1. The case studies

The application field concerns the fourth industrial revolution that in recent years became the key point of
research and innovation fields. To this aim an excellent knowledge of industrial change and enabling technologies
of Industry 4.0 became fundamental in the manufacturing sector in order to have a complete overview of the
potentiality and desirability of enabling technologies and to plan education and training governance models.

To this aim the choice of case studies regards the actual topic of the desirability of the enabling technologies of
the Industry 4.0 for a set of companies in the Adriatic Ionian area (Fig. 6). In particular, the persons responsible
of the management and the technological innovation of 25 companies are selected as the users of the MCDMs.

3.2. The Card Game Analysis application

The CGA step 1 is applied to structure the problem for the potentiality’s evaluation of the main Industry
4.0 enabling technologies.

To this aim the following six criteria ¢ (with ¢ = 1,...,6) are defined to consider the advantages and disad-
vantages of the technologies: (1) Professional skills required for using the technology; (2) Short-term economic
benefit; (3) Long-term economic benefit; (4) Initial costs to implement the technology; (5) Operating costs; (6)
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and Improvement of sustainability related with the use of the technology. In addition, six main enabling tech-
nologies are defined as alternative j (with j = 1,...,6) of the problem: (i) Advanced Manufacturing Solutions
(AS); (ii) Augmented Reality (AR); (iii) Cloud Computing (CC); (iv) Additive Manufacturing (AM); (v) Big
Data and Analytics (BD); (vi) Cyber-security (CS).

Figure 7 shows the problem structure regarding the potentialities of the Enabling technologies of Industry
4.0.

Once the problem is defined, the CGA step 2 is applied and the cards ¢; associated with alternative j (for
j=1,...,6) are specified. In particular, cards regarding the enabling technologies are showed: (i) the name of
the criterion or alternative, (ii) a representative photo or scheme of the technology; (iii) a synthetic description
of the technology; (iv) cost of implementation; (v) advantages, (vi) and required skills to use the technology.

Figure 8 shows the cards of the enabling technologies defined as alternatives.
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F1GURE 8. Cards of enabling technologies of Industry 4.0.

In CGA step 3 every criterion and alternative are analyzed in order to weight the involved parameters. Let
us define the set of criteria Ny = {i[i = 1,...,6} and the set of alternatives No = {j|j = 1,...,6}. The criteria
and alternatives local weights are defined as follows:

— v; is the local weight associated with the ¢th criterion Vi € Ny;
— w; ; is the local weight associated with the jth alternative related to the ith criterion, for Vi € Ny, Vj € Nj.

Starting from user 1 of the first considered company, the CGA step 3 allows the evaluation of local weights:
six games are used to identify the local weights w; ; and one to identify the weight of criteria v;. In particular,
local weights v; are computed on the basis of equation (2.1) by considering p = 7. In addition, local weights w; ;
are computed by reworking equation (2.1) as follows:

Wi 5 = ,:;j ,Vj € Ny, Vi € N;. (31)

Zq:l Tq

To provide an example, the first game is performed by user 1 that in the Game Phase 1 considers the
enabling technologies (all alternatives j € N3) in relation to the professional skills (¢ = 1). The user orders the
technologies from the one that requires fewer professional skills than the others. Subsequently, in Game Phase
2 a set of white cards are used to increase the differences between two consecutive technologies. Figure 9 shows
an example of the CGA in the end of the Game Phase 2.

In the Game Phase 3 the weights w, ; are determined by equation (3.1). Figure 10 shows the rank assigned
to every card and the extraction of weights wy ; by equation (3.1).

In addition, the local consistency check is performed. For instance, according to phase 3 the user extracts
the card of Additive manufacturing (c2) and Big data and analytics (c3) and assign a value of k3o = 3: i.e.,
in the user perception Big data and analytics has a weight 3 times greater than Additive manufacturing. By
reworking equation (2.2), to the extracted cards, it is possible to verify the Local Consistency.

LCs, = ‘3 = (wis/wiz) |, (3.2)
’ w1 3/wi 2

0 < LCs,2 =0.068 < 0.3 and it is possible to consider that user 1 has consistently applied the card game phase.
Analogously, the card game three phases are performed for all the criteria and alternatives. In this way, all
values of v; and w; j Vj € No, Vi € Ny are determined.
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FIGURE 9. User 1 performs the card game on enabling technologies (alternatives) in relation
with professional skills (first criterion).
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FIGURE 10. Rank and local weights w; ; of alternatives for the first criterion.

After obtaining all the weights of criteria and alternatives related to each criterion, it is possible to evaluate
the global weights w’ (CGA step 4) representing the effective preferences of the user 1 with regard to the
enabling technologies. In particular, the following equation is used to obtain the synthesis of the priority.

6
U}; = Z’Ui X wi,j,Vj € Ny (33)
i=1

The resulting values of w; of user 1 are showed in Figure 11 through a pie chart expressing the global weight
as a percentage.

Finally, the consistency global test is set and applied. In order to validate the obtained weights, a set of
questionnaires is organized to understand if the analyzed company just employ or intends to employ some of
the enabling technologies (in Fig. 11 if company 1 uses the enabling technology is indicated with “yes”).

In particular, if the technologies with the highest weights (it means most desirable technologies according to
the company needs) result also those that are just applied (or will be applied shortly) the global weights are
coherent. Figure 11 shows the resulting global weights w; expressed in percentage and the technologies used in
company 1. It is worth noting how in this case the global consistency is perfectly respected since the technologies
with the greatest potential are also the most used in company 1. A qualitative classification of the consistency
is expressed as Good coherence.

The procedure is applied to 25 users and companies.

3.3. The AHP evaluation

In this subsection, in order to compare the results obtained by the CGA method in the 25 companies, the
AHP is applied to the same case studies of Section 3.2, by following the well-known Saaty 3-steps Method [33]:
(i) structuring the problem in a hierarchy, (ii) weight evaluation, (iii) global weight evaluation.
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FIGURE 12. The generic matrix of judgments A.

TABLE 1. Fundamental scale of Saaty [32].

Qij Verbal scale

aij = Equal importance

ai; =3 Moderate importance of one over another

ai; =5 Strong importance

ai; =17 Very strong importance

ai; =9 Extreme importance

1.5-4-6-8 Intermediate value

1/9,1/8,---,1/2 The reciprocal expresses an opposite judgement

The first AHP step comprises the identification of the goal and the structuring of the problem according to a
hierarchical flowchart as already described for the CGA method. In the presented case study, the step consists
of determining the structure of the problem analogously to the CGA step 1 (see Fig. 7): potentialities of the
enabling technologies of Industry 4.0.

The second AHP step of local weight evaluation is the main step of the method and provides the weights
of every criterion and alternative. Such operation allows analyzing each characteristic of the phenomenon and
examining qualitative and quantitative parameters. In particular, a n xn judgments matrix A (Fig. 12) is defined
by considering the n criteria of comparison (i.e., criteria, sub-criteria or alternatives): the upper diagonal element
ai; > 0 is determined by comparing the ith element with the jth one by taking into account the fundamental
scale of Saaty (Tab. 1).

At this point the ratio scale priority vectors are derived by determining the principal eigenvalues and the
corresponding eigenvectors of the positive reciprocal matrices as follows:

Aw = ApaxW (3.4)
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TABLE 2. Random consistency index of Noble [29].

n 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
RI 0 O 049 082 103 116 125 131 136 139 142 144 146 148 149

A, 45 AR CC _ 4AM BD (S CR wif'”
Advanced Manufacturing Solutions (A8} 1.0 5.0 0.5 1.0 0.5 0.7 0.13
Augmented Reality (AR} 0.z 1.0 0.1 0.2 0.1 0.1 0.03
Cloud Computing (CCl 2.0 9.0 1.0 1.5 0.8 1.3 0.002 0.24
Additive Manufacturing (AM) 1.0 3.0 0.7 1.0 0.5 0.7 014
Big Duia and Analvtics (BD) 2.0 9.0 1.3 2.0 1.0 1.5 0.27
Cyber-security (C5) 1.4 8.0 0.8 1.4 0.7 1.0 0.19

FIGURE 13. Judgment Matrix Ay, weights, and CR obtained for the professional skills criterion.

where A ax is the principal eigenvalue and w is the corresponding eigenvector. Moreover, in order to check the
coherence of the obtained weights, Saaty defines the consistency index CI. Such index increases proportionally
with the inconsistency of the paired comparisons:

CI:M.

" (3.5)

Operationally, to verify the coherence of the matrix and the result with a parameter that is independent of the
matrix order, the Consistency Ratio (CR) [32] is determined. More precisely, the value of CR is computed as the
ratio between CI and random consistency index RI(n). In particular, RI(n) is determined by considering a large
number of positive reciprocal matrices of order n, whose entries are randomly chosen in the set {1,2,...,15}.
The following relationship holds:

CI

~ RI(n)

In order to consider a large number of alternatives, we assume RI(n) for 1 <n < 15 and the values of Noble
and Sanchez [29] are used (Tab. 2) [2]. Furthermore, on the basis of the empirical studies of Saaty [32], the value
of CR < 0.10 is acceptable.

Referring to the considered case study, the second AHP step provides the local weights that are defined as
follows:

CR (3.6)

— vAP s the local weight associated with each ith criterion Vi € Ny;

- wfjHP is the local weight associated with the alternative jth Vj € Ny related to the ¢ criterion Vi € Nj.
In the same way of the CGA, the procedure starts from user 1 of the first analyzed company and the second
AHP step allows the evaluation of local weights: six matrices are evaluated to derive the local weights w%HP
and one to identify the weight of criteria vAHP

O
To this aim a pairwise comparisons of the enabling technologies in relation with the professional skills is
carried out to achieve the judgment matrix A;. Solving the eigenvector problem of equation (3.4) for matrix A;

the local weights are obtained.

The resulting matrix satisfies the CR requirement CR < 0.1 and derives consistent weights w{*jHP (see Fig. 13).

Analogously, the AHP second step is performed for all the criteria and alternatives. In this way, all values of v;
and w; ;Vj € No,Vi € N; are determined.

Finally, the third AHP step, i.e., the global weight evaluation, is performed to evaluate the global weights

w’l?HP representing the effective preferences of the user 1 with regard to the enabling technologies. In particular,
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FIGURE 14. Comparison results: global weights, ranking, index of comparison and consistency tests.

the following equation is used to obtain the synthesis of priority:
6
w;AHP = Z v AP wZAjHP. (3.7)
i=1

3.4. Results and validation

To validate the proposed CGA approach, it is necessary to compare the resulting global weights with the
outputs of the AHP approach. The approach to compare the two methodologies considers two aspects: (i) the
ranking preservation, that is one of the most important results of a MCDM; (ii) the differences of the global
weights, that are fundamental to obtain a reliable numerical result in many typologies of decision problems.

The ranking preservation of the results of the two methods can be judged as follows: (i) respected, when the
ranking obtained by the two methods is the same; (ii) partially respected, if there are only two criteria with
different ranking; (iii) not respected if more than two criteria are different in the comparison.

Moreover, in order to compare the global weights of the two methods, an additional Index of comparison (I,.)
is defined as the average of the differences between the local weights of the two methodologies and is expressed
by the following equation:

e w AP — w;|
6

Figure 14 shows a set of data resulting from the 25 case studies: the global weights of CGA and AHP for
every alternative (enabling technology), the two aspects of the comparison, and the consistency test results of
both methods.

It is possible to point out the following consideration by comparing the two methods:

I, = (3.8)

— The rows in red (User 6; 9; 19; 21; 23) show the results that do not respect the AHP consistency test.
Therefore, they cannot be acceptable and are excluded from other comparisons. On the other hand, it is
possible to compare the CGA consistency check with these rows. The data show an excellent behavior of
the new consistency tests and both the Average Local consistency index in CGA and the Global qualitative
consistency in CGA indicate a low coherence of the user in accordance with the AHP.

— The ranking preservation column shows that (for consistent results) the 95% of the ranking of the two
methods is perfectly equal.

— The Index of comparison I. points out that the differences of the weights of the two methods are less than
6% for all the consistent results and the average of the differences is about 3% (considering all the 25 users).

In addition, other useful data are reported in order to compare the two methodologies:
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F1GURE 15. Global desirability of enabling technologies in Adriatic Ionian area expressed in
percentage.

— The time to perform the CGA (7 card games to obtain all global weights) are 20 min on average, on the
contrary the AHP requires 1h on average. This is a very important parameter to consider the level of
attention of the user that remains high in all the phases of the CGA.

— The users find much easier to assign a judgment in the CGA thanks to the effectiveness of the visual
(card-based) procedure and the useful information about criteria and alternatives stored in the card.

— The result and validation test shows that in this type of problem the CGA has the same reliability as
the AHP, in addition the comparison result confirms a greater simplicity and speed of application of the
proposed method.

In order to show an example of the results obtained by these procedures, the proposed case studies are
discussed in the following.

The obtained analysis of the industrial changes provides a complete overview of the desirability of enabling
technologies of the fourth industrial revolution in the manufacturing sector. The results allow obtaining a
structured ranking of the current technological framework in the Adriatic and Ionian area. The global desirability
of enabling technologies in Adriatic Ionian is expressed in Figure 15.

These results will be useful in the future research in order to realize a platform to provide a smart learning
model. This strategy will be implemented and validated through local pilot actions, encompassing an effective
industrial education and training for innovation by enhancing the University-Industry cooperation. The results
of this study can be the lay for the designing of knowledge, competence and skills training/learning hub involving
universities and training organizations, companies and authorities.

4. LIMITATIONS OF THE METHOD

The proposed CGA method does not overcome all the limitations of other standard MCDM methodologies.
In particular, some typical limitations of the MCDM, observable also in the described procedure are listed as
follows: (1) the linear trade-offs among factors (dependent on the structure of the problem), (2) the zero as
a natural scale of factors, and (3) the accomplishment of subjective judgments earlier in the decision-making
process. It is worth noting that the same described limitations are identified in related literature also for the
AHP method [5]. In addition, the CGA method is actually not able to specify the maximum number of cards in
the same game to perform effective results (in the AHP the limit of the human mind for simultaneous comparison
is equal 74 2). Unlike other MCDMs which are applied for more than fifty years in different fields of application,
the CGA will need many years of applications to state that there are not some specific fields in which some
critical issues could arise to define some limitations in the number of simultaneous cards in a game.
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5. CONCLUDING REMARKS

This paper proposes a novel approach named Card Game Analysis (CGA) based on a multi-step procedure
inspired by the AHP and exploiting a visual based comparison of parameters, introduced for the first time in
the Simos—Roy-Figueira method [18]. This ambitious research project is carried out in three phases: (i) the
definition of the novel CGA 4-steps; (ii) the application and test of the CGA 4-steps by 25 users to analyze
complex decision problem of the “desirability of enabling technologies of Industry 4.0 in Adriatic Ionian”; (iii)
the validation and comparison of the CGA with the AHP method in order to assess the effectiveness of the new
approach.

The resulting method is based on a very simple procedure, using a set of cards, allowing to determine indirectly
numerical values for weights. Moreover, the card set is suitably designed to be helpful in the understanding of
the parameters involved in the problem. In addition, the method is provided with two consistency tests: (i) the
first one is a quantitative test and allows verifying the coherence of the local weights; (ii) the second one is
a qualitative test and is devoted to verifying any incoherencies of the global weights. The peculiarities of the
CGA method allow overcoming some of the drawbacks of the most common MCDM, such as: (i) the difficulty
of applying a MCDM even by users who do not have a complete knowledge of the problem; (ii) the difficulty
to carry out the complete method in a short time to allow a high concentration of the user in all the steps; (iii)
the possibility of verifying local and global consistency.

In addition, the results of this work show how the differences of the CGA and AHP methods are less than
6% demonstrating a good effectiveness of the proposed approach.

In conclusion, this method opens up new possibilities to apply MCDM in a simpler, faster and more accessible
way, in order to be able to carry out analysis with an ever-increasing number of users.

Future research will focus on a complete analysis of the possibility of applying the method in different MCDA
application fields. In addition, in order to increase the applicability, the CGA will be implemented in DSS and
smart devices, in order to obtain a fast and customized method applicable on a large scale.
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