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almost each and every kind of decision-making. Evaluation criteria are considered as 

sources of information used to compare alternatives and, as a result, make selection 

easier. Seeing their direct effect on the solution, weighting methods that most 

accurately determine criteria weights are needed. Unfortunately, the crisp values are 

insufficient to model real life problems due to the lack of complete information and the 

vagueness arising from linguistic assessments of decision-makers. Therefore, this 

paper proposes a novel subjective weighting method called the Fuzzy Full Consistency 

Method (FUCOM-F) for determining weights as accurately as possible under 

fuzziness. The most prominent feature of the proposed method is obtaining the most 

accurate weight values with very few pairwise comparisons. Consequently, thanks to 

this model, consistency and reliability of the results increase while the processing time 

and effort decrease. Moreover, an illustrative example related to the green supplier 

evaluation problem is performed. Finally, the robustness and effectiveness of the 

proposed fuzzy model is demonstrated by comparing it with fuzzy best-worst method 

(F-BWM) and fuzzy AHP (F-AHP) models. 
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1. INTRODUCTION 

Multi-criteria decision-making (MCDM), which is a very important component of the 

decision-making theory, is usually divided into two classes with regard to the solution 

area of the problem, as continuous and discrete. In order to address continuous problems, 

multi-objective decision-making (MODM) methods are adopted. However, discrete 

problems are solved by using multi-attribute decision-making (MADM) methods. 

Nonetheless, MCDM is widely used to describe the discrete MCDM i.e. MADM in existing 

literature [1]. 

The MCDM methods aim at selecting the best alternative among those available. One 

of the two main components of the MCDM methods is represented by the weights of the 

criteria that define the process under consideration. The weights of the criteria express the 

importance and the effects of the criteria on the evaluation results. Criterion weights can 

be determined subjectively or objectively. Moreover, opinions, thoughts, and experiences 

of experts play a crucial role whilst criterion weights are subjectively determined [2]. 

As mentioned above, determining the weights of the criteria is one of the key problems 

that arise in multi-criteria analysis models. The problem of selecting an appropriate method 

for defining the weight coefficients of criteria is a very important step in the models of 

MCDM. The impartial determination of weight coefficients and the transformation of stated 

expert preferences into weight coefficients are basic requirements that are posed before the 

subjective group of models. If we bear in mind that the weight coefficients significantly 

influence the outcome of a decision-making process, it is clear that particular attention has to 

be paid to the models for determining the weights of criteria. 

Numerous authors [3,4,5] agree that the values of the criteria weights are significantly 

conditioned by the methods of their determination. In addition, there is no agreement on 

the best method of determining criteria weights. However, in the literature there is an 

agreement that the weights calculated by certain methods are significantly more accurate 

than those obtained by expert evaluations. In their study, Zavadskas et al. [6] found that 

the Analytic Hierarchy Process (AHP) is the most commonly used model for determining 

the weight coefficients of criteria and/or the evaluation of alternatives. One of the benefits 

and reasons as to why the authors opt for the application of the AHP model is due to the 

ability to validate results by determining the degree of the model consistency. However, 

according to some psychological research [7], in the AHP method it is very difficult to 

perform completely consistent pairwise comparisons over nine criteria since this requires 

a large number of comparisons (n(n-1)/2). 

A model that has managed to overcome some of the above-mentioned AHP model 

constraints is the Best-Worst Method (BWM) [1]. One of the greatest advantages of the 

BWM is a significantly lower number of pairwise comparisons compared to the AHP, 

only 2n-3. A smaller number of pairwise comparisons of criteria have a direct impact on 

higher consistency of the model, i.e. greater reliability of the results. Additionally, the 

application of the BWM is not limited to comparing up to nine criteria as it requires a 

lower number of comparisons. By forming Best-to-Others (BO) and Others-to-Worst 

(OW) vectors, the data that are more consistent are obtained through the AHP model with 

a lower number of pairwise comparisons, at the same time. However, one of the problems 

with the BWM is determination of the optimum values of weight coefficients in the case 

of major deviations in the degree of consistency. In such situations, Rezaei [1] proposes 
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the determination of interval values and use of the mean value of intervals as the final 

value of the weight coefficient. However, there is no guarantee that the central part of the 

interval will represent the optimal weight coefficients values. The optimum value may be 

closer to the left or right limit of the interval. In the cases of greater inconsistency of 

results, the optimum values of weight coefficients are not even covered by the defined 

interval weight values [8]. 

One of the newer models for determining the criteria weights, based on the principles 

of the pairwise comparisons of criteria and the validation of results throughout a deviation 

from maximum consistency, is the Full Consistency Method (FUCOM) [9]. The FUCOM 

is a model that, to some extent, eliminates the stated deficiencies of the BWM and AHP 

models. As shown in Fig. 1, the advantages that are determinative for the application of 

the FUCOM include a small number of pairwise comparisons of criteria (only n-1 

comparison), the ability to validate the results by defining the deviations from the 

maximum consistency (DMC) of comparisons, and appreciation of transitivity during the 

pairwise comparison of criteria. As with other subjective models for determining the 

weights of criteria, in the FUCOM model there is a subjective influence of decision-

makers on the final values of the weights of criteria. This particularly refers to the first 

and second step of the FUCOM in which decision-makers rank the criteria according to 

their personal preferences and perform pairwise comparisons of the criteria ranked. 

However, unlike other subjective models, the FUCOM has shown minor deviations in the 

obtained values of the weights of criteria from the optimum values [9]. Moreover, the 

methodological procedure of the FUCOM eliminates the problem of redundancy of 

pairwise comparisons of criteria, which is present in some subjective models for 

determining the weights of criteria [10, 11, 12]. 

In addition to being a new model, there are a number of studies in which the benefits 

of the FUCOM are exploited. For example, Pamucar et al. [8] demonstrated the 

application of the FUCOM-MAIRCA multi-criteria model for evaluating the railway crossings. 
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Badi and Abdulshahed [13] showed the application of the FUCOM to evaluation of the 

line in air traffic. Noureddine and Ristic [14] used a hybrid FUCOM-MABAC model for 

evaluating transport routes for dangerous goods in road traffic. In addition to these 

studies, the FUCOM was applied to supply chain management [15,16].  

In the real world, it often happens that, due to partial knowledge of attributes or the 

lack of information regarding the problem, decision-makers prefer to evaluate attributes 

using linguistic variables instead of crisp values. In such situations, information on the 

attributes obtained from decision-makers may be unclear, imprecise or incomplete. The 

fuzzy set theory introduced by [17] is one of the tools successfully used to present such 

inaccuracies in a mathematical form. Since the creation of fuzzy sets, MCDM problems 

with imprecise information have been successfully modeled using the theory of fuzzy sets. 

According to the best knowledge of the authors, the application of the FUCOM in the 

fuzzy environment has not yet been shown and this paper is targeted at filling this gap in 

the literature. Thus, it is one of the motives for creating this extension of the FUCOM's 

work in the fuzzy environment. Therefore, the aims of this paper are as follows. 

 To improve the methodology for defining the weight coefficients of criteria by 

developing a FUCOM-F.  

 To determine the weights of criteria using the FUCOM throughout a detailed 

algorithm in the fuzzy environment. 

 To bridge the gap that exists in the methodology for determining the weight 

coefficients of criteria throughout a new model in treating uncertainty, which is 

based on fuzzy numbers. 

To achieve this, the rest of the paper was organized as follows. The proposed 

FUCOM-F model was introduced in detail in the next section. In the third section of the 

paper, an illustrative example was conducted to reveal the steps of the proposed method. 

At the same time, the results obtained from comparisons of three models i.e. FUCOM-F, 

FBWM, and FAHP were discussed. Finally, conclusions are presented in Section 4.  

2. FUZZY FULL CONSISTENCY MCDM METHOD 

In this section, the FUCOM-F has been discussed in detail after giving information on 

triangular fuzzy numbers (TFNs) which are the expressions of linguistic variables as 

fuzzy numbers.  

2.1. Triangular fuzzy numbers 

The Fuzzy set theory assigns membership degrees to linguistic variables and considers 

them as probability distribution. To achieve this, it utilizes fuzzy numbers. Although there 

are various shapes of fuzzy numbers like trapezoidal, triangular or Gaussian, the TFN is 

the most preferred by researchers in literature [18]. The outlines of fuzzy sets and TFNs 

have been given below briefly [18,19,20]. 

Definition 1: A fuzzy number is a special fuzzy set {( , ( )), }FF x x x  , where x 

takes its values on the real line, : x      and ( )F x  is a membership function in 

the closed interval [0,1].   
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Definition 2: A TFN expresses the relative strength of each pair of elements in the 

same hierarchy, and can be denoted as ( , , ),T l m u  where .l m u   Parameters l, m, u 

indicate the lower bound value, the center, and the upper bound value in a fuzzy event, 

respectively. Triangular type membership function of T fuzzy number can be described as 

in Eq. (1) 
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Consider two TFNs 1 1 1 1( , , )T l m u  and 2 2 2 2( , , ).T l m u The following describes the 

basic operations of two fuzzy numbers, T1 and T2, respectively: 

 1 1 1 2 2 2 1 2 1 2 1 2( , , ) ( , , ) ( , , )l m u l m u l l m m u u    
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Definition 3: The graded mean integration representation (GMIR) 

Let ( , , )j j j ja l m u  be a TFN and GMIR ( )jR a  of 
ia can be calculated as: 
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2.2. Fuzzy FUCOM (FUCOM-F) 

Assume that in a MCDM problem, there are n evaluation criteria that are denoted 

as wj, j = 1,2, ...,n, and their weight coefficients need to be determined. Subjective models 

for determining weights based on pairwise comparison of criteria require decision-makers 

to determine the degree of impact of criterion i on criterion j. The degree of influence 

criterion i has on criterion j is presented as the value of comparison (aij). Since the 

obtained values of comparison aij are not based on accurate measurements, but on 

subjective estimates, it is expected that existing uncertainties will be presented with fuzzy 

numbers. In the application of fuzzy numbers in the MCDM models, linguistic scales are 

most frequently used. Thus, throughout this paper, a fuzzy linguistic scale [20], described 

by triangular fuzzy numbers, is used to present expert preferences in the FUCOM-F 

(Table 1). Because it is a multi-criteria model, it should be emphasized that the model 
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presented can be also used to determine the weight coefficients of alternatives, and, 

therefore, the final rank and the selection of the optimum one from the set of alternatives 

observed. 

Table 1 Fuzzy linguistic scale [20] 

Linguistic terms Membership function 

Equally important (EI) (1,1,1) 

Weakly important (WI) (2/3,1,3/2) 

Fairly Important (FI) (3/2,2,5/2) 

Very important (VI) (5/2,3,7/2) 

Absolutely important (AI) (7/2,4,9/2) 

Based on the main settings of the FUCOM [9], the extension of the traditional model 

in a fuzzy environment has been carried out. Accordingly, the FUCOM-F algorithm has 

been presented in detail in four steps. 

Step 1 Determine the decision criteria. An initial step in multi-criteria models for 

evaluating alternatives is defining a set of evaluation criteria. As defined in the beginning 

of this chapter, supposing that there are n (j=1,2,...,n) evaluation criteria that are 

represented by a set 1 2{ , ,..., }nC C C C . 

Step 2 Rank the decision criteria. Experts determine the rank of criteria in accordance 

with their preferences regarding the significance of the criteria. The first rank is assigned 

to a criterion that is expected to have the highest weight coefficient and so on, towards the 

criterion of the least significance. The last place is held by the criterion for which we 

expect to have the lowest value of the weight coefficient. Thus, the criteria ranked 

according to the expected impact on decision-making in a MCDM model is obtained. 

 (1) (2) ( )...j j j kC C C  
 

(7)
 

where k represents the rank of the criterion observed. If two or more criteria have the 

same ranking, the equality sign is placed between the criteria instead of ">".  

Step 3 Comparisons of the criteria using TFNs. The criteria are compared to each other 

using fuzzy linguistic expressions from a defined scale (Table 1). The comparison is made with 

respect to the first-ranked (most significant) criterion. Thus, we obtain the fuzzy criterion 

significance ( ( )j kC ) for all the criteria that are ranked in Step 2. Since the first-ranked criterion 

is compared with itself (its significance is (1)jC EI  ), n1 comparison of the remaining 

criteria must be performed. Based on the defined significance of criteria, fuzzy comparative 

significance
 /( 1)k k   is determined by applying Eq. (8). 
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Thus, a fuzzy vector of comparative significance of the evaluation criteria is obtained 

using Eq. (9). 

 1/ 2 2/3 /( 1)( , ,..., )k k       (9) 

where  /( 1)k k   represents the significance that the criterion of Cj(k) rank has in relation to 

the criterion of Cj(k+1) 
rank.   

Step 4 Calculate the optimal fuzzy weights. In the fourth step, the final values of the 

fuzzy weight coefficients of criteria 1 2( , ,..., )T
nw w w are calculated. The final values of 

weight coefficients should satisfy two conditions:
 
 

Condition 1 The ratio of weight coefficients of the observed criteria (Cj(k) and Cj(k+1)) 

should be equal to their comparative significance (k/(k+1)) defined in Step 2, i.e. that it 

fulfills the condition: 
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Condition 2 In addition to the condition defined by expression (9), the final values of 

weight coefficients should satisfy transitivity, i.e. that /( 1) ( 1)/( 2) /( 2) k k k k k k       , 

i.e. that 1
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  . Thus, another condition that needs to be satisfied by the 

final values of weight coefficients is obtained:  
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Minimum DMC, i.e.  = 0, is satisfied only if the transitivity among weight 

coefficients is completely satisfied. Then, it can be said that 
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is  = 0. In order to satisfy these conditions, it is necessary to determine the values of the 

weight coefficients of criteria 1 2( , ,..., )T
nw w w that satisfy the condition that 
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value .  

Based on the settings defined, the final nonlinear model for determining the optimal 

fuzzy values of the weight coefficients of the evaluation criteria can be set 1 2( , ,..., )T
nw w w .  
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where ( , , )l m u
j j j jw w w w  and /( 1) /( 1) /( 1)/( 1) ( , , )l m u
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In order to achieve the highest consistency, it is necessary to satisfy the condition that 
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Eq. (12) can be transformed into a fuzzy linear model, Eq. (13). The optimal fuzzy values 

of weight coefficients are obtained 1 2( , ,..., )T
nw w w , if it is solved. 
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where ( , , )l m u
j j j jw w w w  and /( 1) /( 1) /( 1)/( 1) ( , , )l m u

k k k k k kk k       . 

3. ILLUSTRATIVE EXAMPLE 

This section of the paper presents the application of the FUCOM-F using an example 

of determining the weight coefficients of the criteria for evaluating green suppliers. With 

its application in the example shown, the model verification and comparison of results 

with other models from the literature, i.e. fuzzy BWM (FBWM) [20] and fuzzy AHP 

(FAHP) [21] models, have been performed. 
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Based on a literature analysis, 15 representative criteria have been identified for the 

evaluation of green suppliers, Table 2. The criteria are grouped within three dimensions: 

economic (C1), environmental (C2), and social (C3). As can be seen in Table 2, the criteria 

are arranged at two hierarchical levels. 

Table 2 Dimensions and their factors for evaluating green suppliers 

Dimension Criteria Code 

Economic  (C1) 

Cost/price C11 
Quality  C12 
Delivery  C13 
Technology  C14 
Flexibility  C15 
Financial capability C16 

Environmental (C2) 

Pollution production C21 
Eco-design C22 
Environmental management system C23 
Green image C24 
Environmental training C25 

Social (C3) 

Social responsibility C31 
Commitment to health and safety of employees C32 
Ethical issues C33 
The interests and rights of employee C34 

The first level includes economic, environmental, and social dimensions. The second level 

is presented by the groups of criteria within C1, C2, and C3. The aim of the FUCOM-F 

application is to determine the global values of weight coefficients of the second-level criteria. 

The solution of this problem using the FUCOM-F is performed by defining four models:  

Model 1 – Determining the local values of weight coefficients of C1, C2 and C3, 

Model 2 – Determining the local values of weight coefficients within the C1,  

Model 3 – Determining the local values of weight coefficients within the C2 and,  

Model 4 – Determining the local values of weight coefficients within the C3.  

By multiplying the local values of the weight coefficients of dimensions with 

corresponding local values of the criteria (within the observed dimension), the global 

optimal values of the weights of the criteria are obtained. A detailed overview of Models 

1-4 is presented in the next sub-section. 

3.1. Determining the fuzzy weights 

3.1.1. Model 1 – Weight coefficients of C1, C2, and C3 dimensions 

After defining the first-level criteria, in the second step their ranking was performed. 

Dimensions were ranked as follows:  Environmental (C1) > Economic (C2) > Social (C3). 

In the next step (Step 3), based on the preferences of decision-makers, the linguistic 

variables of the comparative significance of the criteria ranked were determined (Table 3).  

Table 3 Linguistic evaluations of main dimensions 

Dimensions C1 C2 C3 

Linguistic variables EI WI FI 
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By applying the fuzzy linguistic scale, linguistic variables were transformed into 

TFNs, shown in Table 4.  

Table 4 TFN transformations of evaluations 

Dimensions C1 C2 C3 

TFN (1,1,1) (2/3,1,3/2) (3/2,2,5/2) 

Applying expression (8), the comparative significance of the criteria has been defined 

as follows.  

 
 1 21/ 2 2/3,1,3/2 2/3,1,3/2( ) (1,1,1)=C CC C   

  

 2 32/ 3 3/2,2,5/2 2 )2( 0/3,1,3) ( )=(1.00,2. 0,3/ .73C CC C     

By calculating the comparative significance of the criteria, the vector of comparative 

significance  (0.67,1.00,1.50),(1.00,2.00,3.73) 
 
was defined. In the following section 

(Step 4), the constraints of the Model (12) were defined based on the vector of comparative 

significance. By applying expression (10), we have defined the first group of constraints: 

 1 2 2/3,1,3/2/C Cw w   and 2 3/ (1.00,2.00,3.73)C Cw w  . Based on expression (11), a 

constraint that arises from the conditions of relation transitivity 1 3/C Cw w   

  (1.00,2.00,3.730.67,1.00, ) (0.67,2.001.50 ,5.60)  was defined. Based on the constraints 

defined, a model (13) for determining the optimal values of the weight coefficients of 

dimensions was formed. 

By solving the model, the optimum local values of the weight coefficients:  

 
      0.261,0.3891,0.5831 0.3881,0.3881,0.3881 0.1038,0.1945,0.38, , 91

T
jw 

  

and  = 0.001 were obtained (Fig. 2). The Lingo 17.0 software has been used to solve the 

model presented. 
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Fig. 2 Fuzzy criteria weights for Model 1 
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3.1.2. Model 2 – Weight coefficients within the C1 dimension  

A similar methodology was also applied to solving Model 2. After defining the criteria 

within the C1 dimension, the ranking of criteria was performed: C11> C13> C15> C16> 

C12> C14. In the next step, the comparison of the criteria was performed (Table 5). 

Table 5 Linguistic evaluations of economic factors 

Factors C11 C13 C15 C16 C12 C14 

Linguistic variables EI WI FI VI AI AI 

Then, the comparative significance of the criteria was defined as follows.   

 
11/ 13 (2/3,1,3/2)/(1,1,1) (2/3,1,3/2)C C   , 

  
13/ 15 ( / / )/(2/3,1,3/2)=(1.0,2.0,3.73)3 2,2,5 2C C  , 

 
15/ 16 (5/ / )/( / / )=(1.0,1.5,2.33)2,3,7 2 3 2,2,5 2C C  , 

 
16/ 12 (7/ / )/(5/2,3,7/2)=(1.0,1.33,1.8)2,4,9 2C C  ,  

 
12/ 14 2,4,9 2 2 )2(7/ / )/(7/ / )= 8,4 ,,9 (0.7 1.0,1.29C C   

Based on the comparative significance of the criteria, a vector of comparative 

significance was defined as  

 0.67,1,1.5 1,2,3.73 1,1.5,2.33 1,1.33,1.8(( ),( ),( ),( ), 0.78,1,1.( ))29    

and by applying expression (10), the first group of constraints of the fuzzy linear model 

was defined as 

 1 2 0.67,/ 1( , . )1 5C Cw w  , 3 5 1.0,2.0/ ( ,3 3).7C Cw w  , 5 6 1.0,1.5/ ( ,2 3).3C Cw w  ,  

 6 2 1.0,1.3/ ( 3, 8)1.C Cw w 
 
and

 2 4 0.78,1.0/ , 2 ).( 1 9C Cw w  .  

By applying Eq. (11), the second group of constraints was defined as 

 1 5 0.67,2./ ( 0, 6)5.C Cw w  ,  3 6 1.0,3.0/ ( ,8 1).7C Cw w  , 5 2 1.0,2./ ( 0, .2)4C Cw w  ,  

 
and

  6 4 0.78,1.33/ , 3 )2. 1(C Cw w  . 
 

The optimum values of the criteria were obtained by solving the fuzzy linear model 

presented below.  

By solving the above model with Lingo 17.0, the weight coefficients of the criteria 

within the C1 dimension with a deviation from the maximum consistency 0.05   were 

obtained.  
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3.1.3. Model 3 – Weight coefficients within the C2 dimension  

Within the second dimension (C2), five criteria have been identified which, based on 

expert preferences, were ranked as follows: C22> C21> C24> C25> C23. Based on the 

preferences of decision-makers, the linguistic values of the comparative significance of 

the criteria ranked have been determined (Table 6). 

Table 6 Linguistic evaluations of environmental factors 

Factors C22 C21 C24 C25 C23 

Linguistic variables EI WI WI FI AI 

In the next step, based on expert comparisons of the criteria (Table 6), using Eq. (8), the 

comparative significance of the criteria 22/ 21 0.67,1.0,( 1.5)C C  , 21/ 24 0.45,1.0,2 2 ). 4(C C  , 

24/ 25 1.67,3.0,( 5.2)C C  , 25/ 23 1.0,1.3,( 1.8)C C  , and a vector of comparative significance 

   0.67,1.0,1.5 0.45,1.0,2.24 1.67,3.0,5( ),( ),( ),(.2 1.0,1.3, )1.8    

were defined. From vector , applying Eq. (10), the first group of the constraints of the 

fuzzy linear model was defined as  

 22 21 0.67,1./ ( 0, 5)1.C Cw w  , 21 24 0.45,1.0 2/ )4( , .2C Cw w  , 

 24 25 1.67,3./ ( 0, 2)5.C Cw w  , 25 23 1.0,1./ ( 3, .8)1C Cw w  ,  

while by applying Eq. (11), the second group of constraints was defined as 

 22 24 0.3,1.0/ ( ,3 6).3C Cw w  , 21 25 0.74,3.0 1/ )7( , 1.C Cw w  , 24 23 1.67,4./ ( 0, 4)9.C Cw w  . 
 

The optimum values of the criteria within the C2 dimension were obtained by solving the 

following fuzzy linear model. 
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If the above model is solved, the weight coefficients of the criteria within the C2 

dimension with a deviation from the maximum consistency 0.07  are obtained. 
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3.1.4. Model 4 – Weight coefficient within the C3 dimension  

In Model 4 within the third dimension (C3), four criteria have been identified. The criteria 

were ranked on the basis of expert preferences C34> C31> C32> C33 and the comparison of the 

criteria was made using TFNs. The linguistic variables of the comparative significance of the 

criteria ranked are shown in Table 7. 
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Table 7 Linguistic evaluations of social factors 

Factors C34 C31 C32 C33 

Linguistic variables EI WI FI VI 

Therefore, based on expert comparisons of the criteria, the comparative significance 

of the criteria 

 34/ 31 0.67,1.0,( 1.5)C C  , 31/ 32 1.0,2.0,3( .73)C C  , 32/ 33 1.0,1.5,( 2.3)C C  ,  

and a vector of comparative significance 

  0.67,1.0,1.5 1.0,2( ),( ),.0,3.7 1.0,1.5,( )2.3    

were defined. From vector  , by applying Eqs. (10) and (11), two groups of constraints 

were defined:  first group: 

 34 31 0.67,1./ ( 0, 5)1.C Cw w 
,
 31 32 1.0,2.0/ ( ,3 3).7C Cw w 

,
 32 33 1.0,1./ ( 5, .3)2C Cw w    

and second group: 

 34 32 0.67,2./ ( 0, 6)5.C Cw w   
and

 31 33 1.0,3./ ( 0, .7)8C Cw w  .
   

The optimum values of the criteria within the C3 dimension were obtained by solving the 

following fuzzy linear model.  
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If the above model is solved, the weight coefficients of the criteria within the C3 

dimension with a deviation from the maximum consistency 0.06   are obtained.  
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As previously mentioned, for the evaluation of green suppliers in a multi-criteria 

model, the weight coefficients of the second-level criteria were used. Since the criteria 

were divided into two hierarchical levels, the values of the criteria by the hierarchical 

levels represent local fuzzy values. The global values of the weights of the criteria were 

defined by multiplying the weight coefficients of the first hierarchical level with the 

groups of criteria of the second hierarchical level. The final global fuzzy values of the 

weights of the criteria are presented in Fig. 3. 
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Fig. 3 Final fuzzy values of the criteria 

The validation of the results was performed by comparing the results obtained with the 

application of the FBWM and FAHP models. For the research shown in this paper, all 

data were collected in the form of fuzzy matrices of pairwise comparisons. The fuzzy 

matrices of pairwise comparisons were formed for the criteria of both hierarchical levels. 

The data were the basis for the application of all the models considered: the FAHP, 

FBWM, and FUCOM-F. All three models were based on the principles of pairwise 

comparison of criteria and relations based on transitivity. Since all three models have similar 

basic mathematical foundations, it is possible to perform a comparison of results as well as 

testing based on the same data set. Thus, in this study, in order to compare the results of all 
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three models, the data collected for the application of the FAHP model were used. For the 

pairwise comparison of all models, the same scale shown in Table 1 was used. 

In order to form a FBWM mathematical model, fuzzy BO (Best-to-Others) and OW 

(Others-to-Worst) vectors must be formed. The fuzzy BO and OW vectors were formed on 

the basis of the comparisons made for the best/worst criterion in FAHP matrices. Similarly, 

the data from the AHP comparison matrices were used to form a mathematical model of the 

FUCOM-F. The comparisons were made for the most significant criterion and all criteria 

were ranked according to the data. Consequently, in Fig. 4 the final (global) values of the 

weight coefficients of the criteria applying the FAHP, FBWM, and FUCOM-F are shown. 

In Fig. 4, it can be observed that the values of the weight coefficients of the criteria by 

the models considered are approximately the same if the central values of the interval of 

fuzzy numbers are taken into consideration. The greatest varieties of the fuzzy values of 

the weight coefficients of the criteria have been obtained with the FAHP model. For the 

majority of criteria, the weight values obtained using the FUCOM-F fit into the upper and 

lower limits of the fuzzy interval of the AHP model. It is similar to the FBWM. The values 

of weight coefficients using the FBWM also follow the AHP model intervals, except for 

the C11 and C13 criteria where the interval limits are shifted relative to the FAHP and the 

FUCOM-F. However, if we consider the maximum value belonging to fuzzy weight 

coefficient C13, it is established that it is approximately the same as with the FAHP and 

the FUCOM-F. Thus, it can be concluded that, with respect to minor deviations, 

approximately the same values of weight coefficients have been attained from all of the 

models. In the following section, the comparison of the results was performed based on 

the deviations of the models considered from the maximum consistency.  
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Fig. 4 Final values of the weights calculated by FAHP, FBWM, and FUCOM-F 
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3.2. Checking consistency 

The deviations were determined by hierarchical levels and the mean values of deviations 

by levels were identified. As with the FUCOM-F, one model was formed for the first level, 

while four models were formed for the second level. By means of the application of the 

FBWM, FAHP, and FUCOM-F, the following deviations from the maximum values of the 

degree of consistency with the models were obtained: (1) FBWM: CR(Model 1)=0.059, CR(Model 

2)=0.049, CR(Model 3)=0.078 and CR(Model 4)=0.074; (2) FAHP: CR(Model 1)=0.071, CR(Model 

2)=0.084, CR(Model 3)=0.081 and CR(Model 4)=0.080; (3) FUCOM-F: DFC(Model 1)=0.001, 

DFC(Model 2)=0.053, DFC(Model 3)=0.074 and DFC(Model 4)=0.066.  

Through analyzing the obtained deviations from the maximum consistency (DMC) for 

all three models, it can be perceived that the minimum consistency conditions defined by 

the FAHP model (CRmin = 0.10) have been satisfied. The greatest deviations were 

obtained with the FAHP model, which was expected since it requires a greater number of 

comparisons of criteria (n(n1)/2) compared to the FBWM (2n3), and the FUCOM-F 

(n1). In addition, it has been perceived that the DMC values with the FUCOM-F and 

FBWM are approximately equal, with only slight differences. Yet, the FUCOM-F shows 

superior consistency with respect to the FBWM in three out of four models. However, it 

is necessary to emphasize that the deviations between these two models are minimal; so, 

greater dominance of the FUCOM-F over the FBWM cannot be discussed. Additionally, 

it is necessary to take into account the fact that there is a major difference in the number 

of the comparisons of criteria, especially regarding the relationship with the FAHP 

method. As a result, it can be anticipated that in certain cases, different results of the same 

problem, resolved by different methods, may be obtained. In the examples provided and 

comparisons with the FBWM and FAHP methods, there was no such case, but such a 

possibility should not be excluded from consideration. 

4. CONCLUSIONS  

When selecting the most suitable alternative for MCDM problems, different 

importance levels of the criteria are taken into consideration. In order to determine the 

importance levels with respect to the opinions of experts, a number of weighting methods 

such as the SAW, AHP/ANP, SWARA, BWM, and FUCOM have been used in existing 

literature. The Fuzzy set theory can be used to overcome problems containing ambiguity 

and vagueness. If such weighting methods are integrated with the fuzzy set theory, which 

best expresses the human thought and reasoning structure, more reliable results can be 

obtained. In this study, therefore, fuzzy sets were combined with the FUCOM method and 

the fuzzy FUCOM (FUCOM-F) has been proposed. Moreover, pairwise comparisons for 

criteria were conducted using linguistic variables instead of crisp values in the decision-

making process.   

One of the most important advantages of the proposed model is the provision of 

similar results as with the FBWM and the FAHP models by means of conducting solely n-

1 pairwise comparisons. Thereby, the influence of the inconsistency of expert preferences 

regarding the final values of the weights of criteria is reduced. Due to the minimum 

number of expert comparisons required, the FUCOM-F is considered to be the best way 

to determine the criteria weights. Furthermore, it is a simple mathematical apparatus that 
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provides credible weight coefficients which contribute to rational judgment in decision-

making [22]. As a result, the FUCOM-F is an effective decision-tool that aids decision-

makers in dealing with their own subjectivity when prioritizing criteria. 

In the present paper, additionally, the robustness and objectivity of the proposed 

model has been demonstrated by comparing it with the FBWM and the FAHP models. 

The impressive consistency of the results obtained has been presented as well. 

Furthermore, it has been shown that the model is adjustable and suitable for application to 

various measuring scales in order to express expert preferences. 

For future research, the proposed model could be applied in all areas of science, 

engineering, and social sciences. When combined with other ranking methods (TOPSIS, 

ARAS, EDAS, CODAS, MAIRCA, COPRAS, etc.), it could be utilized reliably in 

deciding on the best alternative for MCDM problems. 
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