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A novel approach for enhancing green supply chain management using 

converged interval-valued triangular fuzzy numbers- grey relation analysis  
 

 

Abstract 

The existing literatures are lacking on the cost and benefit concerns, screening the measures 

and convergence of interval-valued triangular fuzzy numbers- grey relation analysis (IVTFN-

GRA) weight together. Nonetheless, Green supply chain management is always suffering the 

linguistic preferences and system incomplete information in evaluation process to enhance 

the performance. Yet, those previous studies are merely based on un-converged weight results. 

Hence, this study proposed a hybrid method to dealing with this multi-criteria evaluation 

problem. FDM proposes to screen the evaluation criteria and converged IVTFN-GRA weight 

method handles the vagueness system uncertainty and incomplete information with 

interdependence relations. Hence, the proposed hybrid method enhanced the green supply 

chain management and compared multi-methods to enhance their performance in Taiwanese 

electronic focal firm. The result showed that the converged weight is consistent with the 

reality, despite the differences with the current average weighting method. The finding in the 

long-term perspective: resilience and operational improvement are the top weighted aspects. 

 

Keywords: converged interval-valued triangular fuzzy numbers- grey relation analysis; green 

supply chain management 
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converged interval-valued triangular fuzzy numbers- grey relation analysis  
 

1. Introduction 

Green supply chain management (GSCM) is well-practiced by manufacturing firms in 

Taiwan as well as their supply chain networks. Now, manufacturers have reduced the harm to 

the natural environment when generating waste, disrupting the ecosystem and depleting 

natural resources. However, firms are still reluctant, or not effective, when implementing 

aspects of GSCM practices in the operations (Zhu et al., 2008; Tseng et al., 2008; Tseng, 2010; 

Tseng, 2011; Tseng et al., 2015). In a recent study, Olugu and Wong (2012) proposed that a 

suitable expert fuzzy rule-based, evaluation system is crucial for achieving a successful closed-

loop supply chain in the automotive industry. Tseng and Chiu (2013) proposed using fuzzy- 

grey relation analysis(GRA) in choosing the suitable supplier as a key strategy in eliminating 

environmental impact when using GSCM to improve a firm’s performance. Tseng et al. (2014) 

proposed the application of cost and benefit concerns on hybrid multi-criteria decision making 

(MCDM) to assist in the process of analyzing and selecting the alternatives aligned with the 

proposed criteria on both the qualitative and quantitative scales. However, as prior studies 

have shown, the consideration of MCDM results in the development of the GSCM in the 

decision-making process. Still, the main concern is that the literature neglects to include the 

cost and benefit concerns, screening the measures and convergence weight in the decision-

making process. Moreover, the literature has not explained how to screen and validate the 

evaluation criteria and converged weights.  

The MCDM method is a widely used approach for evaluating typical multiple-related 

criteria. In practice, qualitative and quantitative measures are used for determining the 

criteria performance, with respect to the criteria, and the relative importance of the 

evaluation criteria. Tseng and Chiu (2013) proposed choosing the suitable supplier as a key 

strategy in eliminating environmental impact on GSCM using a fuzzy- grey relation analysis 

system to improve the firm’s performance. Tadic et al. (2014) proposed selecting the best 

alternative using a complex hybrid decision making method, which consists of conflicting and 

uncertain elements when solving the logistics problems. Rabbani et al. (2014) applied a branch 

of the MCDM technique and a sustainability balance scorecard to evaluate the performance 

of firms that helped authorities toward achieving a competitive advantage. However, there 

are many related decision-making methodologies applied to the task of organizing and 

analyzing complex measures subject to uncertainties (Li et al., 2007; Wang and Chang, 2007; 

Tseng, 2008; Tseng, 2009; Tseng, 2011; Tseng et al., 2014). The main advantages of these 

methods are their inherent ability to handle intangibles and less cumbersome mathematical 

calculations. Prior studies have applied MCDM methods with fuzzy sets to address uncertainty 

and overcome the vagueness limitations of existed methods. The fuzzy sets introduced to 

express linguistic variables and the triangular fuzzy numbers (TFN) was often applied in 
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previous studies (Cakir and Canbolat, 2008; Tseng and Chiu, 2013; Tseng et al., 2014). 

Ghorbani et al. (2013), Hague et al. (2015) and Kahraman et al. (2010) applied fuzzy set theory 

and MCDM method in their studies, but lacking to addressing the interdependence relations 

among the measures. However, the MCDM characters required a set of measures and usually 

with interdependence relations among the measures. Though, the associated analytical 

information is incomplete and linguistic preferences and a set of measures with 

interdependence relations are used in decision-making processes. Hence, IVTFN, GRA and 

converged weight method are proposed to address those shortcomings.  

Moreover, GRA has been successfully applied in diverse applications to address the 

incomplete system information. Wang et al. (2004) further applied the grey relation to the 

process evaluation in assigning rankings and scores to performances. Tseng (2009) used a 

solution based on a combined Grey-fuzzy making trial and evaluation laboratory method to 

address service quality expectation ranking with uncertainty. In addition, Tseng (2009) 

presented a perception approach to address supplier evaluation of environmental knowledge 

management capacities with uncertainty and incomplete information. Wang (2014) applied 

GRA and fuzzy techniques for order preference by similarity to ideal solutions to partition 

financial ratios into several clusters and to find representative indices from the clusters and 

then presented the evaluation criteria in a financial assessment of a Taiwan container shipping 

firm. The GRA is effective in evaluating and weighing the key criteria with limited information 

(Zhai et al., 2009; Tsai et al., 2012). However, prior studies rarely deliberated the cost and 

benefit concerns and converged weight method.  

Therefore, the reason for applying TFN is ease of use in information processing and 

computational simplicity in linguistic preferences (Tseng, 2008; Wang et al., 2009). The values’ 

range is relatively easy to determine. It is appropriate to define lower and upper bound values 

as interval value triangular fuzzy numbers (IVTFN) (Zhang and Liu, 2011). Still, the decision-

making process needs to address the information incomplete in the analytical system. Hence, 

GRA aims to express the system information more precisely (Deng, 1989; Tseng, 2008). The 

study of Ashtiani et al. (2009) developed an interval-valued fuzzy weighting method to solve 

MCDM problems in which the rating values and the weights of criteria are linguistics terms, 

which can be expressed in IVTFN. Zhang et al. (2011) developed an extended GRA method for 

solving MCDM problems with unknown criterion weights. Wu et al. (2016) applied IVTFN 

associated with grey relational analysis to improve the insufficient information, cost and 

benefit concerns and overcome the incomplete system under uncertainties in sustainable 

supply chain management study. Nevertheless, the comparisons of multi-method with and 

without cost and benefit concerns involved in the analytical system are lacking. Still, the 

shortcoming of these previous studies is failed to involve converged weight method in the 

analytical result. Hence, the converged IVTFN-GRA is proposed.  

To screen and validate the measures, the fuzzy Delphi method (FDM) has been proposed 
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(Murry et al., 1985; Chang et al., 2011). Hence, the purpose of this study is to validate the 

measures and address the linguistic expressions, incomplete system information, cost and 

benefit concerns and converged weight method of the GSCM assessment. The objective of 

this study is to extract and analyze the GSCM attributes with the proposed FDM, compared 

multi-methods with or without cost and benefit concerns and lastly, the converged IVTFN-GRA 

to determine management priority. Such a proposed method can assist the firm in decision-

making and in comparing similar methods that critically influence the decision-making of the 

firms’ management. To demonstrate the effectiveness of the developed proposed method in 

facilitating the evaluation process, this study conducted on focal electronic manufacturing 

firms that implemented GSCM for past years.  

The study’s contribution is threefold: (1) using FDM to determine the GSCM measures; (2) 

verifying and comparing the usefulness of proposed IVTFN-GRA with and without cost and 

benefit concerns and weighted average method; and (3) acquiring the important GSCM 

attributes in the industrial practices. The rest of this paper is organized as follows: Section 2 

describes FDM, the converged weight method of IVTFN-GRA and proposed approach; Section 

3 presents a case study to demonstrate the feasibility and consistency of the extended 

proposed method; Section 4 applies to managerial implications in this study. Finally, the 

conclusions are discussed.  

 

2. Methods 

This section proposes a solutions method to address how the proposed traditional GRA, 

IVTFN-GRA with and without cost and benefit concerns method, performs the GSCM in the 

operations.  

 

2.1 Fuzzy Delphi Method 

Murry et al. (1985) proposed to integrate the Delphi method and fuzzy sets together 

involve at least two reviews by subject-matter experts on the criteria. Kuo and Chen (2008) 

applied FDM to construct key appraisal indicators for mobility of the service industries. Hence, 

FDM screens the criteria in the first stage as this method can address the fuzziness of the 

common understanding of expert opinions and allow for evaluation on a more flexible scale. 

A fuzzy set, �̃�, in a universe of discourse, X, is characterized by the membership function, 

𝜇�̃�(x), that assigns each element, x, in X a real number in the interval [0, 1]. The numerical 

value 𝜇�̃�(x) stands for the grade of membership of x in �̃� (Triantaphyllou & Lin, 1996; Lu et 

al., 2007). Table 2 presents the corresponding interval-valued TFNs with linguistic preferences. 

A set of IVTFN �̃�  is defined by a triangular �̃� = [(𝑎1, 𝑎1
′ ); 𝑎2; (𝑎3

′ , 𝑎3)]with a membership 

function. The IVTFN is based on an interval-value judgment: the minimum possible 

value, (𝑎1, 𝑎1
′ ), the mean possible value, a2, and the maximum possible value, (𝑎3

′ , 𝑎3) . The 

criteria values depend on linguistic preferences. 
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Assuming the value of the significance of j elements given by i experts is �̃� = �̃� =

[(𝑎1, 𝑎1
′ ); 𝑎2; (𝑎3

′ , 𝑎3)] , i=1,2,3,….n; j=1,2,3,….m. The weighting �̃�𝑗  of j elements is �̃� =

[(𝑎1, 𝑎1
′ ); 𝑎2; (𝑎3

′ , 𝑎3)] , wherein (𝑎1, 𝑎1
′ )𝑗 = 𝑚𝑖𝑛{(𝑎1, 𝑎1

′ )𝑖𝑗} , 𝑎2𝑗 =
1

𝑛
∑ 𝑎2𝑖𝑗
𝑛
1 , (𝑎3

′ , 𝑎3)𝑗 =

𝑚𝑎𝑥{(𝑎3
′ , 𝑎3)𝑖𝑗}. Using the simple center of gravity method to reduce the fuzziness of the 

fuzzy weight, �̃�𝑗, the definite value, �̃�𝑗 , is obtained. The proper criteria can be screened out 

from numerous criteria by setting the threshold, α. The principles of screening are as follows: 

If �̃�𝑗 ≥ 𝛼 , the j criterion is accepted for the evaluation criterion; or If �̃�𝑗 < 𝛼 , then the 

criterion is unaccepted. 

 

2.2 Grey relationship analysis  

Suppose an MCDM problem has  𝑥  non-inferior criteria,m 𝐴1, 𝐴2, ⋯ , 𝐴𝑥,  and 𝑦 

aspects, 𝑆1, 𝑆2, ⋯ , 𝑆𝑦 . The criteria are assessed with relation to 𝑦 aspects. The IVTFN are 

assigned to aspects and criteria with respect to a decision matrix denoted by �̃� = [�̃�𝑖𝑗]𝑥×𝑦. 

To normalize the decision matrix 𝑑𝑖𝑗 (Zhang et al., 2011) 

�̃�𝑖𝑗 = 𝑎𝑖𝑗 max(𝑎𝑖𝑗)⁄ , 𝑖 = 1,2,⋯ , 𝑥;  𝑗 = 1,2,⋯ , 𝑦, 𝑓𝑜𝑟 𝑗 ∈ 𝐵               (1) 

�̃�𝑖𝑗 = min(𝑎𝑖𝑗) 𝑎𝑖𝑗⁄ , 𝑖 = 1,2,⋯ , 𝑥;  𝑗 = 1,2,⋯ , 𝑦, 𝑓𝑜𝑟 𝑗 ∈ 𝐶               (2) 

                    

Where 𝐵 presents the set of benefit criteria, and 𝐶 denotes the set of cost criteria,  

 

the range between two fuzzy numbers, �̃� = (𝐶1, 𝐶2, 𝐶3) and �̃� = (𝐵1, 𝐵2, 𝐵3), is computed 

as (Chang et al., 2011):  

ρ(�̃�, �̃�) = √
1

3
[(𝐶1 − 𝐵1)2 + (𝐶2 − 𝐵2)2 + (𝐶3 − 𝐵3)2]                  (3) 

  

In order to determine the distance between the reference value and each comparison value, 

it is required to first obtain the reference series, 𝐷0 = {𝑑01, 𝑑02, ⋯ , 𝑑0𝑦}, 𝑑0𝑗 = max𝑗𝑑𝑖𝑗,

𝑗 = 1,2,⋯ 𝑦. The distances are denoted as 𝜌𝑖𝑗 = 𝑑0𝑗 − 𝑑𝑖𝑗. The grey relational coefficient τ𝑖𝑗 

is generated by τ𝑖𝑗 = (𝜌𝑚𝑖𝑛 + τ𝜌𝑚𝑎𝑥) (𝜌𝑖𝑗 + τ𝜌𝑚𝑎𝑥)⁄ , 𝑖 = 1,2,⋯ , 𝑥; 𝑗 = 1,2,⋯ , 𝑦.  

The 𝜌𝑚𝑎𝑥  and 𝜌𝑚𝑖𝑛 are the maximum and minimum of 𝜌𝑖𝑗 (𝑖 = 1,⋯𝑥; 𝑗 = 1,⋯𝑦). τ is 

distinguishing coefficient between 0 to 1 and is supposed to be 0.5 normally.  

Subsequently, the grey relational grade, ε𝑖 , is generated by ∑ 𝜀𝑗τ𝑖𝑗, 𝑖 = 1,2⋯ , 𝑥
𝑦
𝑗=1 . 𝜀𝑗 

is the weight of the jth criterion, where 𝜀𝑗 ≥ 0 and ∑ 𝜀𝑗 = 1
𝑦
𝑗=1 . Finally, ranking all of the 

criteria based on the value of the grey relational grade, the higher value 𝜀𝑖  is, the more 

important criteria 𝐴𝑖 is (Deng, 1989).   

 

2.2 Converged IVTFNs -GRA 
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In the fuzzy MCDM problem, let 𝐴 = {𝐴1, 𝐴2, ⋯ , 𝐴𝑥} and 𝑆 = {𝑆1, 𝑆2, ⋯ , 𝑆𝑦} are finite 

sets of criteria and aspects. The weights of criteria ε = (𝜀1, 𝜀2, ⋯ , 𝜀𝑛)  is unidentified, 

however it satisfies 𝜀𝑗 ≥ 0, 𝑗 = 1,2,⋯𝑥, ∑ 𝜀𝑗 = 1
𝑦
𝑗=1 .  

 

Assume the criteria 𝐴𝑖  with relation to 𝑆𝑗 is defined as �̃�𝑖𝑗. The fuzzy decision matrix 

�̃� = [�̃�𝑖𝑗]𝑥×𝑦. Where, �̃�𝑖𝑗 is described in IVTFNs as �̃� = {
(𝑎1, 𝑎2, 𝑎3)

(𝑎1
′ , 𝑎2, 𝑎3

′ )
, it can be presented as 

�̃� = [(𝑎1, 𝑎1
′ ); 𝑎2; (𝑎3

′ , 𝑎3)] See Fig. 1.  

 (Figure 1 insert here) 

 

This study proposed to integrate GRA with IVTFN, which presented as follows: 

(Table 1 insert here) 

 

Compute the normalized decision matrix �̃�  which can simply denote �̃�𝑖𝑗 =

[(𝑎𝑖𝑗, 𝑎𝑖𝑗
′ ); 𝑏𝑖𝑗; (𝑐𝑖𝑗

′ , 𝑐𝑖𝑗)] as shown in Table 1. The normalized rating can be reformulated from 

equations (1) and (2), as shown below: 

�̃�𝑖𝑗 = [(
𝑎𝑖𝑗

𝑐𝑗
𝑚𝑎𝑥 ,

𝑎𝑖𝑗
′

𝑐𝑗
𝑚𝑎𝑥) ;

𝑏𝑖𝑗

𝑐𝑗
𝑚𝑎𝑥 ; (

𝑐𝑖𝑗
′

𝑐𝑗
𝑚𝑎𝑥 ,

𝑐𝑖𝑗

𝑐𝑗
𝑚𝑎𝑥)] , 𝑖 = 1,2,⋯ , 𝑥; 𝑗 = 1,2,⋯ , 𝑦, 𝑓𝑜𝑟 𝑗 ∈ 𝐵  (4) 

�̃�𝑖𝑗 = [(
𝑎𝑗
𝑚𝑖𝑛

𝑐𝑖𝑗
,
𝑎𝑗
𝑚𝑖𝑛

𝑐𝑖𝑗
′ ) ;

𝑎𝑗
𝑚𝑖𝑛

𝑏𝑖𝑗
; (
𝑎𝑗
𝑚𝑖𝑛

𝑎𝑖𝑗
′ ,

𝑎𝑗
𝑚𝑖𝑛

𝑎𝑖𝑗
)] , 𝑖 = 1,2,⋯ , 𝑥; 𝑗 = 1,2,⋯ , 𝑦, 𝑓𝑜𝑟 𝑗 ∈ 𝐶  (5) 

 

where 𝑐𝑗
𝑚𝑎𝑥 = max𝑖{𝑐𝑖𝑗, 𝑖 = 1⋯𝑥} and 𝑎𝑗

𝑚𝑖𝑛 = min𝑖{𝑎𝑖𝑗, 𝑖 = 1⋯𝑥}. However, there are t 

respondents in the decision group, the responses’ feedback can be computed as below: 

�̃�𝑖𝑗 = 
1

𝑡
( �̃�𝑖𝑗

1 + �̃�𝑖𝑗
2 + �̃�𝑖𝑗

3 +⋯… �̃�𝑖𝑗
𝑡 ) =  

1

𝑡
 ∑ �̃�𝑖𝑗

𝑡𝑡
1                              

𝑖 = 1,2,⋯ , 𝑥; 𝑗 = 1,2,⋯ , 𝑦; 𝑡 = 1,2,⋯ , 𝑛                                (6) 

 

The reference series can be acquired as follows: 

𝐷0 = ([(1,1); 1; (1,1)], [(1,1); 1; (1,1)],⋯ , [(1,1); 1; (1,1)])                 (7) 

 

The distance, 𝜌𝑖𝑗,  between the reference value and each comparison value can be 

formulated, using Eq. (3) 

𝜌𝑖𝑗
(𝐵)

= √1
3
(𝑎𝑖𝑗

′ 𝑐𝑗
𝑚𝑎𝑥⁄ − 1)

2
+ (𝑏𝑖𝑗 𝑐𝑗

𝑚𝑎𝑥⁄ ) + (𝑐𝑖𝑗 𝑐𝑗
𝑚𝑎𝑥⁄ − 1)

2
  

𝜌𝑖𝑗
(𝐵′)

= √1
3
(𝑎𝑖𝑗 𝑐𝑗

𝑚𝑎𝑥⁄ − 1)
2
+ (𝑏𝑖𝑗 𝑐𝑗

𝑚𝑎𝑥⁄ ) + (𝑐𝑖𝑗
′ 𝑐𝑗

𝑚𝑎𝑥⁄ − 1)
2
  

𝜌𝑖𝑗
(𝐶)
= √1

3
(𝑎𝑗

𝑚𝑖𝑛 𝑐𝑖𝑗
′⁄ − 1)

2
+ (𝑎𝑗

𝑚𝑖𝑛 𝑏𝑖𝑗⁄ ) + (𝑎𝑗
𝑚𝑖𝑛 𝑎𝑖𝑗⁄ − 1)

2
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𝜌𝑖𝑗
(𝐶′)

= √1
3
(𝑎𝑗

𝑚𝑖𝑛 𝑐𝑖𝑗⁄ − 1)
2
+ (𝑎𝑗

𝑚𝑖𝑛 𝑏𝑖𝑗⁄ ) + (𝑎𝑗
𝑚𝑖𝑛 𝑎𝑖𝑗

′⁄ − 1)
2
                (8) 

 

The comparison value can be simplified as: 

{
𝜌𝑖𝑗
′ = 𝜌𝑖𝑗

(𝐵)
− 𝜌𝑖𝑗

(𝐶)

𝜌𝑖𝑗
′′ = 𝜌𝑖𝑗

(𝐵′)
− 𝜌𝑖𝑗

(𝐶′)
                                                  (9) 

 

Where �̅�𝑖𝑗 = [𝜌𝑖𝑗
′ , 𝜌𝑖𝑗

′′] defined as interval value and needs to convert it into crisp value 

due to the loss of information. The maximum (𝜌𝑚𝑎𝑥
′ , 𝜌𝑚𝑎𝑥

′′ )  and minimum (𝜌𝑚𝑖𝑛
′ , 𝜌𝑚𝑖𝑛

′′ ) 

presented as follows 

{
 
 

 
 
𝜌𝑚𝑎𝑥
′ = 𝑚𝑎𝑥𝑖𝑗𝜌𝑖𝑗

′

𝜌𝑚𝑎𝑥
′′ = 𝑚𝑎𝑥𝑖𝑗𝜌𝑖𝑗

′′

𝜌𝑚𝑖𝑛
′ = 𝑚𝑖𝑛𝑖𝑗𝜌𝑖𝑗

′

𝜌𝑚𝑖𝑛
′′ = 𝑚𝑖𝑛𝑖𝑗𝜌𝑖𝑗

′′

, 𝑖 = 1,2,⋯ , 𝑥; 𝑗 = 1,2,⋯ , 𝑦                           (10) 

To acquire the grey relational coefficient: 

  τ𝑖𝑗
′ = (𝜌𝑚𝑖𝑛

′ + τ𝜌𝑚𝑎𝑥
′ ) (𝜌𝑖𝑗

′ + τ𝜌𝑚𝑎𝑥
′ )⁄ , 

τ𝑖𝑗
′′ = (𝜌𝑚𝑖𝑛

′′ + τ𝜌𝑚𝑎𝑥
′′ ) (𝜌𝑖𝑗

′′ + τ𝜌𝑚𝑎𝑥
′′ )⁄ , 𝑖 = 1,2,⋯ , 𝑥; 𝑗 = 1,2,⋯ , 𝑦           (11) 

 

Where, τ has to be set 0.5 (Tseng, 2010).  

 

To get 𝜑𝑖
′ and 𝜑𝑖

′′, to use weight 𝜀𝑗 , 𝑗 = 1,2,⋯ , 𝑦, to normalized the information as follows 

𝜀𝑗 = ∑ (τ𝑖𝑗
′ + τ𝑖𝑗

′′ ) ∑ ∑ (τ𝑖𝑗
′ + τ𝑖𝑗

′′ )
𝑦
𝑗=1

𝑥
𝑖=1⁄𝑥

𝑖=1                                (12) 

The interval value needs to assess with likelihood properties to convert into weights (Li et al., 

2009). 

(a) 0 ≤ 𝜇(𝑎 ≥ 𝑏) ≤ 1; 

(b) 𝜇(𝑎 ≥ 𝑏) + 𝜇(𝑏 ≥ 𝑎) = 1; 

(c) 𝜇(𝑎 ≥ 𝑏) + 𝜇(𝑏 ≥ 𝑎) = 0.5 𝑖𝑓 𝜇(𝑎 ≥ 𝑏) = 𝜇(𝑏 ≥ 𝑎); 

(d) 𝜇(𝑎 ≥ 𝑏) = 0 𝑖𝑓 𝑎+ ≤ 𝑏−; 

(e) For any interval numbers 𝑎, b and 𝑐, 𝜇(𝑎 ≥ 𝑐) = 𝜇(𝑏 ≥ 𝑐)  𝑖𝑓 a ≥ b.    (13) 

 

Once the 𝜀 = (𝜀1, 𝜀2, ⋯ 𝜀𝑛)  is acquired, φ̅𝑖 = [𝜑𝑖
′, 𝜑𝑖

′′], 𝑖 = 1,2,⋯𝑥  used to present 

the interval value to evaluate the grey relational grade between the reference series and 

comparison series: 

  𝜑𝑖
′ = ∑ 𝜀𝑗τ𝑖𝑗

′ ,𝑛
𝑗=1   

𝜑𝑖
′′ = ∑ 𝜀𝑗τ𝑖𝑗

′′ , 𝑖 = 1,2⋯ , 𝑥𝑛
𝑗=1                                          (14) 

 

The criteria, 𝐴𝑗, being not inferior to 𝐴𝑘” is denoted by 𝐴𝑗 ≽ 𝐴𝑘. The likelihood of 𝐴𝑗 ≽ 𝐴𝑘  
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is defined and measured by that �̅�𝑗 ≽ �̅�𝑘 , where �̅�𝑗  and �̅�𝑘  are corresponding grey 

relational grade interval numbers of criteria 𝐴𝑗 and 𝐴𝑘 in 𝐴, individually (Li et al, 2009). For 

shifting the interval value to use the concept of likelihood, the likelihood relation 𝐴𝑗 ≽ 𝐴𝑘  for 

criteria 𝐴𝑗 and 𝐴𝑘 in 𝐴 can be defined as follows: 

𝜇(𝐴𝑗 ≽ 𝐴𝑘) = 𝜇(�̅�𝑗 ≽ �̅�𝑘) = max {1 − max {
𝜑𝑘
′′−𝜑𝑗

′

𝐿(�̅�𝑗)+𝐿(�̅�𝑘)
, 0} , 0}             (15) 

Where �̅�𝑗 = [𝜑𝑗
′ , 𝜑𝑗

′′], �̅�𝑘 = [𝜑𝑘
′ , 𝜑𝑘

′′], 𝐿(�̅�𝑗) = 𝜑𝑗
′′ − 𝜑𝑗

′ , 𝐿(�̅�𝑘) = 𝜑𝑘
′′ − 𝜑𝑘

′  

 

Hence, the likelihood relations can be assigned by the likelihood matrix 

𝑀 = (𝑀𝑗𝑘)𝑥∗𝑥 =

𝐴1 𝐴2 ⋯ 𝐴𝑥

𝐴1 𝑀11 𝑀12 ⋯ 𝑀1𝑥
𝐴2 𝑀21 𝑀22 ⋯ 𝑀2𝑥

⋮ ⋮ ⋮ ⋮
𝐴𝑥 𝑀𝑥1 𝑀𝑥1 ⋯ 𝑀𝑥𝑥

                        (16) 

 

Convergence weight method 

Matrix allows managing the interdependence within the measures. The interdependencies 

are presented among the aspects and criteria; the decision maker is required to offer the 

weight to adjust into column stochastic (Tseng et al., 2015). Then, it becomes a converged 

matrix 𝑀∗ . Finally, the converged matrix 𝑀∗ can be acquired, which states the accurate 

relative weights within the measures. 

 

𝑀 = lim
∗→∞

𝑀∗                                                     (17) 

 

Where, 𝑀𝑗𝑘 = 𝜇(𝐴𝑗 ≽ 𝐴𝑘), 𝑗, 𝑘 = 1,2,⋯ , 𝑥 for criteria 𝐴𝑗 and 𝐴𝑘 in A. Subsequently, the 

𝑀 is a fuzzy judgment matrix. The ranking weights can be derived from the 𝜈𝑖 (𝑖 = 1,2,⋯ , 𝑥) 

of 𝑀 . The most weighted value 𝜈𝑖  yields the most important criteria 𝐴𝑖 (𝑖 = 1,2,⋯ , 𝑥) 

(Zhang et al., 2011). 

 

2.3 Proposed analytical steps 

This study attempts to apply FDM to select the proper aspects and criteria and proposes 

IVTFN-GRA to assess the GSCM with 7 aspects and 34 criteria. The expert group followed the 

proposed analytical steps. The analytical steps are as follows: 

1. The committee is to develop aspects and criteria and to compose survey instruments for 

evaluation and FDM employed to verify less weighted aspects. However, the aspects and 

criteria have the nature of complicated dependence relations. The traditional GRA decision 

matrix is developed, using Eqs. (1)-(3). The grey relational grade is acquired.  
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2. This study applied the IFTFN to normalize decision matrix into rating. The benefit and cost 

concerns can be acquired by following Eqs.(4) and (5). Since expert committees need to 

integrate the various terms, using Eq. (6) to arrive at the average scores. The computation 

of cost and benefit distances need to contract with the reference values, using Eqs. (7) and 

(8). The distance values between benefit and cost matrices are acquired. Yet, the IFTFN-

GRA, without cost and benefit involvement is followed by the important ranking on the 

GSCM aspect matrix.  

3. Generate the grey relational coefficient and transfer it to the interval value. Once, the 

distance value is computed, it needs to be converted into the crisp value through Eq. (9). 

However, The GRA always assumes that the system information is incomplete, and applies 

Eqs. (10) - (12) to assist in generating the grey relational coefficient. Lastly, to transfer the 

grey relational coefficient into interval values using Eq. (13), the traditional GRA aspects 

coefficient is computed.  

4. Computing the likelihood interaction matrix and analyzing the weights of aspects and 

criteria, apply Eq. (14). Following the likelihood to construct the likelihood matrix, use Eq. 

(15). The likelihood matrix can be generated by Eq. (16). The matrix decomposed with 

MATLAB 10 to acquire the Eigen-value for each of the criteria. The global weights of aspects 

are present. The comparison of traditional GRA, IVTFNs-GRA with/without cost and benefit 

concerns to the weighted average method is presented. 

5. The converged weight method approach reality and the criteria with interdependence 

relations need to be computed, using Eq. (17). 

 

3. Results 

This section presents the study background and addresses how the GSCM is important to 

the case study and the analytical results presented in the sub-session. Hence, this session is 

focused on study background and analytical results.  

 

3.1 Study background 

A Taiwanese electronic manufacturing focal firm is to evaluate GSCM measurement which 

has been implemented using GSCM for past years. This firm is globally famous in producing 

mobile phones. Hence, this firm exports electronic products all over the world. This firm has 

been continuously developing eco-innovative, remarkably green products that consider social 

responsibility in their supply chain network. The evaluation aspects and criteria are extracted 

from their operational process. This firm is continuously enhancing its competitiveness and 

fully satisfies market and customer demands by developing a systematic GSC network. This 

study uses 7 aspects in the evaluation considerations, the management sought to conduct an 

evaluation of the supply chain network in green practices.  

There are difficulties involved in this evaluation because the relevant costs and benefits 
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are usually involved in all aspects. However, the initial stage of GSCM simply follows the green 

requirements from government regulations. The expert group included 10 professors and 10 

industrial practitioners with intensive GSCM experiences. Hence, this study applied traditional 

GRA in their first stage of implementation. The second stage compared the IVTFN-GRA with 

and without cost and benefit concerns involved. Last, this study compared the weighted 

average method to test the appropriateness of proposed analytical tools. There are 

interdependence relations among the proposed measures. Hence, the un-converged matrix 

needs to take into the converged process. Table 2 presented the proposed evaluation 

measures. 

(Table 2 insert here) 

 

3.2 Analytical results 

This study attempts to analyze how the proposed method compared to traditional GRA 

and IVTFN-GRA with and without cost and benefit concerns to address GSCM performance. 

The expert group followed the proposed analytical steps as follows: 

1. An expert committee with intensive experiences in the industry developed the initial set 

of evaluation measures. The experts are to develop the measures and apply the FDM to 

verify and screen the most weighted GSCM attributes for further evaluation. Hence, the 

threshold value is computed as �̃�𝑗 = 0.521. The validated aspects and criteria by FDM are 

proposed in Table 2. The traditional GRA applied Eqs. (1) and (3). The grey relational grades 

are AS1-0.236; AS2-0.208; AS3-0.096; AS4-0.039; AS5-0.195; AS6-0.125; and AS7-0.101.    

(Table 3 insert here) 

 

2. This study presented the IVTFN-GRA to normalize a decision matrix into a rating presented 

in Table 3. The benefit and cost concerns rating can be arrived through Eq. (4) and (6). The 

average scores of the expert group are acquired using Eq. (6). Then, the computation of 

distance needs to contrast with the reference value by Eq. (7) and follows Eq. (8) to get the 

distance value among benefit and cost criteria. Table 4 is presented the benefit decision 

matrix. The cost decision matrix is presented in Table 5.  

(Table 4 insert here) 

(Table 5 insert here) 

 

However, if the computation step is without cost and benefit concerns in IVTFN, the 

computation is only based on the important rating on the GSCM aspect-criteria decision 

matrix. Therefore, the IVTFN decision matrix is similar to Table 5. The IVTFNs- GRA aspects 

weights are acquired. The weights are AS1-0.218; AS2-0.163; AS3-0.085; AS4-0.081; AS5-

0.172; AS6-0.103; and AS7-0.178.   
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3. Next, the proposed IVTFNs- GRA with cost and benefit concerns is applied. The cost and 

benefit decision matrices is to calculate the distance values, the distance values needed to 

convert into crisp value via Eq. (9). To overcome incomplete information, the system needs 

to apply Eq. (10)-(12), which is the basic idea of GRA. Lastly. Table 6 presented the 

transference of the grey relational coefficients interval values, using Eq. (13).  

(Table 6 insert here) 

 

4. Generate the likelihood matrix and analyzing the weighted aspects, using Eq. (14). Next, 

this step composes the likelihood matrix using Eq. (15). The likelihood matrix can be 

generated by Eq. (16). Afterward, the matrix is decomposed using MATLAB 10 to acquire 

the Eigen-value for each of the criteria. The Eigen values are AS1-0.137; AS2-0.134; AS3-

0.144; AS4-0.311; AS5-0.454; AS6-0.662; AS7-0.449 and covert the Eigen values into 

weights (AS1-0.060; AS2-0.058; AS3-0.063; AS4-0.136; AS5-0.198; AS6-0.289; AS7-0.196). 

The higher the weighted Eigen-value presented the more GSCM important aspects. The 

result is presented in Table 7.  

(Table 7 insert here) 

 

Table 8 presented the comparisons of traditional GRA, IVTFNs-GRA without cost and 

benefit, IVTFNs-GRA with cost and benefit and current average weighting method results. 

The results presented the proposed IVTFNs-GRA with cost and benefit concerns is closed 

to weighted average method weights. The real status aspect weights are AS1-0.096; AS2-

0.085; AS3-0.130; AS4-0.098; AS5-0.257; AS6-0.175; AS7-0.159. Hence, this study would 

further analyzes the GSCM criteria. 

 (Table 8 insert here) 

 

5. Hence, the GSCM criteria needed to further compute the analytical solution. Table 9 

presented the matrix of IVTFNs-GRA with cost and benefit criteria, Eigen-values and 

rankings. The criteria weights are C1-0.032; C2-0.015; C3-0.019; C4-0.039; C5-0.019; C6-

0.046; C7-0.022; C8-0.032; C9-0.021; C10-0.020; C11-0.027; C12-0.028; C13-0.029; C14-

0.032; C15-0.031; C16-0.027; C17-0.041; C18-0.032; C19-0.036; C20-0.013; C21-0.018; 

C22-0.043; C23-0.030; C24-0.033; C25-0.059; C26-0.016; C27-0.025; C28-0.029; C29-0.020; 

C30-0.027; C31-0.070; C32-0.025; C33-0.025; C34-0.0019. The ranking order is also 

presented.   

(Table 9 insert here) 

 

The result from IVTFN-GRA with cost and benefit and weighted average method weights 

is quite similar. The top 3 aspects are 1. Long-term perspectives; 2. Resilience; and 3. 

Operational improvement. The top 5 criteria are 1. Cost reduction; 2. Lifecycle 
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management; 3. Eco- innovation in R & D; 4. Reduce product defective rate or increase 

product yield rate; and 5. Reduce amount of hazardous waste generated. Hence, the 

GSCM managerial implications are discussed.  

 

4. Managerial implications  

GSCM for a firm is implementing the design for environment and monitoring of all 

environmental activities with the objective of creating values, building a competitive 

infrastructure, leveraging reverse logistics, synchronizing supply with demand and measuring 

performances. The firms have to plan and improve their long-term perspectives and deal with 

the supply chain as a whole system to lower costs. GSCM requires a total environmental 

systems view and efficiency in the supply chain network that works efficiently, systematic 

planning, strategic integration of business functions and tactics across all operational functions. 

As a consequence of GSCM practices, costs must be lowered and environmental performance 

must be improved. The main focus is to turn to efficiency, environmental performance, added 

value for green products and customer satisfaction.  

Eco-innovation in R & D is the basic spirit to develop the products and processes that 

contribute to sustainable development. The commercial application of knowledge is to elicit 

direct or indirect ecological and economic improvements. This includes a range of ideas from 

technological advances to socially acceptable innovative paths. Additionally, the firm should 

be aware of how the technology innovation could continue to improve the value-added 

process that encompasses a continuum of the range of the related firms’ activities in green 

technology and therefore to enhance the firms’ competitive advantages. Especially, the focal 

firm is aware of eco-innovation in their R & D. The whole supply chain networks might follow 

and lean towards sustainability.  

Operational improvement means d to be made better in establishing a desired outcome 

in GSCM. For instance, focusing on the structure of an operation reveals how to contribute and 

maintain an effectiveness operational system. Yet, the operational process is also included in 

a strategic plan. The operational improvement in GSCM is to include a clear vision of what the 

firm wants to achieve. Improving and aligning an organization, that firm can find drastic 

environmental improvement to their business aspects. Especially, business functions are made 

up of a set of activities that need to eliminate waste, reduce variation, reduce product 

defective rate or increase product yield rate, reduce amount of hazardous waste generated 

and balance the workload to improve the overall operations. The firms are required to 

recognize clear comprehensive review of strengths, weaknesses, emergent opportunities and 

threats to your business in GSCM and employ them to find better solutions.  

In addition, resilience is important to those who demonstrate a special pliability or 

adaptability when responding to uncertainty in GSCM. This resilient characteristic requires the 

firms to identify and compartmentalize the vision, goals, objectives, obstacles and the 
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strategies when facing new and intimidating situations. The resilient organizations are used to 

mitigate unexpected disruptions by new green products and designs. However, in a supply 

chain networks, equipment and processes allows the manufacturing demand to be transfer to 

another manufacturing process within their network. GSCM includes multiple firms. As part of 

the environmental solution, life cycle assessment; design for environment; green raw materials 

requirements; visibility into their production schedules and capacities are essential for 

environmental controlling, transportation plan and controls are necessary.  

 

5. Conclusions  

This study concentrated on the comparison of traditional GRA, IVTFNs-GRA with and 

without cost and benefit concerns. The novelty is to present the converged weight method 

for IVTFNs-GRA with cost and benefit concerns to GSCM approach and present the converged 

weights and ranking for the aspects and criteria. The insightful and practical implications of 

the proposed work could be interpreted as follows. Firstly because many applications 

currently require fast processing on the MCDM, the IVTFNs-GRA with cost and benefit 

concerns could be used to simultaneously process those data without remarkably reducing 

the quality of outputted results. Secondly, the contribution is to expand a study direction 

about involved cost and benefit concerns as the picture converged IVTFN-GRA. This study 

presents a novelty of converged weight method in IVTFN-GRA method to handle uncertainties, 

incomplete information and interdependence relations. The practitioners can be kept up-to-

date with this proposed computation so that the proposed mechanism could be efficient for 

the GSCM. 

The results presented the decision making process with and without cost and benefit 

concerns in the GSCM of a firm’s activities. This analysis highlighted the critical aspects and 

criteria that critically affect GSCM under uncertainties, while simultaneously considering 7 

aspects and 34 criteria. Especially, those aspects and criteria are with interdependence 

relations in the firms’ activities. These most weighted aspects and criteria are taken from the 

proposed hybrid method and verify the judgment results from the comparative analysis. 

Subsequently, an analytical recommendation solution for effective management includes the 

integration of cost and benefits concerns. If these aspects and criteria can be improved, the 

current GSCM could be enhanced. In addition, management should focus on improving the 

long-terms perspectives to address GSCM issue to further improve their performance. 

Understanding the GSCM can guide the focal firm to recommend operational criteria for 

future operations. 

This study does not assume that a perfect, mathematical, hybrid MCDM method exists, 

interdependence of the peculiarities of the studied case is presented. For each type of decision, 

one or more equally suitable method may exist, which through understanding and appropriate 

use, can allow adjustments for alignment with the paradigms on which they are based, 
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improve business performance, and permit consistent application with a well-evaluated 

method for focal firms in supply chain. This novel method can complement and refine the 

results by providing consecutive filters. Moreover, the future study might include more firms 

to develop a comparative study or extend the study time to compose a longitudinal study. 

From these insightful GSCM, further works of this theme could lay in several directions: (i) 

Extending cost and benefit in the context of proposed method; (ii) Adapting converged IVTFN-

GRA with cost and benefit concerns for other studies; (iii) applying this proposed method for 

some group decision making problems; and (iv) future research could utilize this hybrid 

method and these results to develop a detailed practical GSCM measures. 
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