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Abstract. Supply chain flexibility is an important operations strategy dimension for organizations 
to achieve and maintain competitive advantage. With rising greener customer expectations and 
increasingly stringent environmental regulations, green supply chains are now viewed as another 
competitive weapon. Green supply chains are characterized by higher complexity and turbulence. 
Green supply chain flexibility can aid organizations function in this complex and uncertain envi-
ronment, yet investigation into this area is very limited. This paper aims contribute to this field by 
investigating green supply chain flexibility achievement through information systems. This paper 
introduces a green supply chain flexibility matrix framework. Given the large data needs, as de-
scribed in the matrix, a novel probability evaluation methodology that can help predict rankings of 
projects and programs is introduced. The methodology extends a TOPSIS based three-parameter 
interval grey number (TpGN) approach by incorporating neighborhood rough set theory (RST) to 
evaluate IS programs’ green flexibility support capability. The results of this methodology are more 
objective and effective for two reasons. (1) The results are predictive rankings based on probability 
degree instead of the fixed deterministic ranks. (2) Neighborhood rough set theory used in this 
study can limit loss of information when compared to rough set theory, yet still simplify extensive 
data sets. This paper also identifies study limitations and future research directions for green supply 
chain flexibility. 
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Introduction

Supply chains and supply chain management have added flexibility as a main operations 
strategy dimension due to increasingly uncertain, complex, and dynamic business environ-
ments (Wu, Tseng, Chiu, & Lim, 2016; Blome, Schoenherr, & Rexhausen, 2013; Moon, Yi, & 
Ngai, 2012). The complexities and uncertainties are driven by business factors such as shorter 
product lifecycles, more intense global competition, and technological leaps, but also by 
environmental sustainability concerns such as rising customer environmental sustainability 
(greening) expectations and increasingly stringent environmental regulations (Bai, Sarkis, & 
Dou, 2015a; Blome, Schoenherr, & Eckstein, 2014; Swafford, Ghosh, & Murthy, 2006). 

Supply chain flexibility and green supply chain management investments help cope with 
high levels of uncertainty and complexity to achieve competitive advantage and sustain-
able development (Bai, Dhavale, & Sarkis, 2016; Gosling, Purvis, & Naim, 2010). Using the 
broader definition of supply chain flexibility (Kumar, V., Fantazy, Kumar, U., & Boyle, 2006), 
green supply chain flexibility can be defined as the ability of supply chains to rapidly address 
customers’ dynamic green requirements and increasingly stringent environmental regulations 
without incurring significant performance degradation. These green supply chain flexibility 
concerns can be relatively more difficult to manage due to immaturity of most organizations 
in managing green supply chain functions (Bai & Sarkis 2017, 2013a).

Agile, resilient supply chains and supply chain flexibility have seen increased scrutiny 
in the operations and supply chain management literature. Although, there are at least two 
limitations exhibited in this literature (Tiwari, A. K., Tiwari, A., & Samuel, 2015; Chandra & 
Grabis, 2009). The first limitation that most studies are confined to traditional supply chain 
or manufacturing flexibility (Merschmann & Thonemann, 2011), thereby neglecting green 
dimensions of flexibility. Additional green supply chain complexities, such as multiple envi-
ronmental and business dimensions and more stakeholder influence, add another uncertainty 
level to this environment (Bai & Sarkis, 2010). One objective, and a contribution, of this pa-
per is to further study green supply chain flexibility as a response to additional complexities 
when greening supply chains. 

Another limitation of the existing literature is the lack of evaluation and integration of 
information systems (IS) to address joint environmental and flexibility performance within 
supply chains. IS plays important roles in communication and decision making that will 
aid in supply chain flexibility. Some areas and dimensions that can be aided through IS 
include changes in customers’ needs, delivery dates, products range, storage and transporta-
tion (Bai & Sarkis, 2013b; Swafford, Ghosh, & Murthy, 2008; Cachon & Fisher, 2000). This 
paper specifically focuses on IS as a supply chain enabler to support various green flexibility 
dimensions and concerns. These dimensions will be delineated and introduced in a broad 
framework. Thus, achieving our second objective and contribution, integrating and introduc-
ing a framework for green IS flexibility dimensions for supply chains.

Organizations may be reluctant to invest in flexibility, due to relatively significant amounts 
and complex data related to various flexibility measures. It is difficult to identify reliable 
flexibility data and accurately understand the benefits associated with different levels of flex-
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ibility. The complexity and data size increases when additional greening and environmental 
factors are incorporated. Decision tools are needed to help deal with big and complex data 
sets (Bai, Sarkis, Wei, & Koh, 2012). For this reason we introduce a novel multiple criteria 
decision making (MCDM) methodology for identification and selection of green IS to im-
prove green supply chain flexibility, an to provide a decision making model for converting 
complex flexibility data into simple and effective metrics for decision making (Bai & Sarkis, 
2013a). We therefore focus on the evaluation and selection of IS as a organizational capability 
to improve green supply chain flexibility (Liu, Ke, Wei, & Hua, 2013). The modeling approach 
is predictive because it takes into consideration probabilities that the decision ranking of 
alternatives is in accurate order.

The contributions of this study are threefold. A flexibility theoretic framework for green 
supply chains is developed using supply chain and operations flexibility research. This flex-
ibility framework, which is represented as a matrix, identifies functional flexibilities and 
across major closed-loop supply chain processes. Second, a novel probability evaluation 
methodology integrating TOPSIS, neighborhood rough set theory (neighborhood RST), and 
three-parameter interval grey number (TpGN) which can evaluate IS programs and provide 
rankings using probability degrees is introduced. A major challenge is to effectively measure 
the level of flexibility or provide exact numerical values to express flexibility (Chuu, 2011). 
Supply chain researchers and practitioners could make use of an effective method that en-
ables a synthetic and fuzzy evaluation of flexibility (Moon et al., 2012). This paper applies 
three-parameter interval grey numbers (TpGNs) to calculate specific flexibility measures for 
ranking with probability degrees. And third, this paper applies the probability evaluation 
methodology and the green supply chain flexibility framework for investigating various IS 
projects.

To help meet these objectives and contributions the outline of the remainder of this paper 
begins with Section 1 that provides an overview of green supply chain flexibility, green in-
formation systems, flexibility measures and flexibility evaluation models. The basic concepts 
associated with the TOPSIS method, neighborhood RST, and TpGNs are then introduced in 
Section 2. A novel methodology that integrates these models and parametric characteristic 
is introduced with a numerical illustration is presented to evaluate IS programs in Section 3. 
Sensitivity analysis is performed with implications discussion of the technique presented in 
Section 4. The final section with a summary and conclusion incorporates additional discus-
sion and identifies future research directions some of which are based on identified study 
limitations.

1. Literature review

The literature regarding green supply chain flexibility and recent studies on IS related supply 
chain flexibility is overviewed in this section. A green supply chain flexibility framework 
based on supply chain and manufacturing flexibility literature is then introduced. Finally, 
formal models in this area are identified with an overview comparison between existing 
models and the methodology proposed here.
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1.1. Green supply chain flexibility

Flexibility is important for organizations to remain competitive given various uncertainties 
(Das, 2011; Morlok & Chang, 2004). Flexibility research can be traced to evaluating advanced 
manufacturing technologies and their contributions to flexibility (Sethi, A. K. & Sethi, S. P., 
1990; Tamayo-Torres, Gutierrez-Gutierrez & Ruiz-Moreno, 2014). However, manufacturing 
flexibility as an internal firm measure is not sufficient to deal with supply chain level risk and 
uncertainty (Tiwari et al., 2015). 

Supply chain flexibility research started to appear in the late 1990s (Fisher, 1997; Vick-
ery, Calantone, & Dröge, 1999). It has now started to receive increased attention since it has 
become critical for managing supply chain resiliency and risk (Merschmann & Thonemann, 
2011; Gosling et al., 2010; Stevenson & Spring, 2007; Tiwari et al., 2015). 

Current supply chain flexibility research covers a number of topics including supply chain 
flexibility definitions and dimensions (Kumar et  al., 2006), conceptual models for supply 
chain flexibility (Duclos, Vokurka, & Lummus, 2003), supply chain flexibility and perfor-
mance (Martínez Sánchez & Pérez Pérez, 2005), planning models incorporating flexibility 
(Esmaeilikia et al., 2016), designing and modeling flexibility in supply chains (Chandra & 
Grabis, 2009), information technologies and systems for supply chain flexibility (White, Dan-
iel, & Mohdzain, 2005), knowledge transfer and supply chain flexibility (Blome et al., 2014), 
and supply chain flexibility drivers and enablers (More & Babu, 2011). Most studies showed 
that flexibility initiatives were positively related to supply chain agility (Liu et al., 2013) and 
firm performance (Martínez Sánchez & Pérez Pérez, 2005). 

Much of the literature on flexibility is limited to operational issues in the supply chain and 
does not specifically address green dimensions. Recently a reverse logistics flexibility frame-
work that “closes-the-loop” as part of a green supply chain perspective has been introduced 
(Bai & Sarkis, 2013a). In some of green supply chain decision-making literature flexibility, 
such as in green supplier selection, has been introduced (Bai & Sarkis, 2010). Performance 
measures for green supply chain management have also incorporated flexibility dimensions 
(Bai et al., 2012). Yet most of these flexibility dimensions focus on economic or operational 
concerns (Bai & Sarkis, 2013a).

Supply chain flexibility as a regular operational supply chain dimension may not be suf-
ficient for green supply chains with complex environmental dimensions and operating in 
more risky and uncertain environments. Given some of the unique characteristics of green 
supply chains, green flexibility is an important research direction. Using traditional supply 
chain flexibility (Moon et al., 2012), green supply chain flexibility involves the application 
of supply chain information and resources according to stakeholder green demands and 
increasingly stringent environmental regulations. 

1.2. Information systems and green supply chain flexibility 

Information systems and technology are important for supply chain flexibility (Liu et al., 
2013; Gosain, Malhotra, & El Sawy, 2004; Golden & Powell, 1999). IS and IT (information 
technology) are enablers for greening of supply chains (Hervani, Helms, & Sarkis, 2005; 
Gong, Tan, Pawar, Wong, & Tseng, 2015). These systems may include advanced planning 

http://www.sciencedirect.com/science/article/pii/S0925527314002412#bib20
http://www.sciencedirect.com/science/article/pii/S0925527314002412#bib8
http://www.sciencedirect.com/science/article/pii/S0925527314002412#bib8
http://www.sciencedirect.com/science/article/pii/S092552731300114X#bib72
http://www.sciencedirect.com/science/article/pii/S092552731300114X#bib72
http://www.sciencedirect.com/science/article/pii/S0925527314002412#bib53
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and scheduling (APS), collaborative planning, forecasting and replenishment (CPFR), elec-
tronic data interchange (EDI), and enterprise resource planning (ERP) systems (Samuel & 
Spalanzani, 2009). 

Information systems influence the green supply chain’s flexibility by building the capabil-
ity of collecting, analyzing and disseminating information within the firm and with supply 
partners in an efficient and effective way (Liu et  al., 2013). For example, being aware of 
a manufacturer’s green requests and requirements early in the process using collaborative 
design software enables suppliers to adjust their operations and supply of materials, com-
munication systems may allow for product design flexibility (Ngai, Chau, & Chan, 2011). A 
buyer, through its information system, will be able to access information about the changes 
happening, such as an environmental incident. 

Information systems can incorporate information to support all of the relevant supply 
chain functions and manage volume flexibility, product mix, schedule flexibility, and overall 
adaptability (Tippins & Sohp, 2003). The ability of a supplier to access and determine which 
production schedules, e.g. greener processes and systems, and renewable resources avail-
ability in order to provide a buyer with necessary traceability information and to request 
adjustments as necessary. This traceability concern allows for identifying problem areas with 
respect to sustainability early, providing opportunity for alternative planning.

IS flexibility can also aid in re-configuration of a green supply chain (Ngai et al., 2011). 
When an interruption or environmental incident occurs, IS enables the firm to know both 
the existing green suppliers and the potential qualified suppliers better, which makes the 
manufacturer efficient and effective in developing a new buyer–supplier relationship or in 
strengthening the existing relationship. This aspect improves resilience of a supply chain 
and reduces risk. IS allows a firm to see which of its suppliers could best meet green needs 
and which of the firm’s production facilities are available for the order (Jin, Vonderembse, 
Ragu-Nathan, & Smith, 2014).

Inter-organizational information systems may also include green performance measure-
ment systems for control and management purposes (Hervani et al., 2005). Identifying how 
well organizations performed through these information systems adds to alternatives and 
early planning improving the flexibility of green supply chains.

While the benefits of IS for supply chain flexibility are generally acknowledged, there is 
limited research focusing on how an organization can achieve green supply chain flexibility 
through selection and implementation of IS. Variations in IS flexibility contributions do oc-
cur from either organizational or technological reasons. There is no comprehensive IS which 
can improve all aspects of supply chain flexibility. Thus, some need to develop a formal model 
to evaluate and introduce the best IS to achieve green supply chain flexibility performance 
can prove beneficial for organizations, since these investments in terms of organizational 
time and resources can be significant. However, most prior studies focus on the evaluation 
of technical characteristics of IS or information technology infrastructure (Jin et al., 2014), 
and have not supported a link between IS and green supply chain flexibility.
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1.3. The dimensions and measures of green supply chain flexibility

Supply chain flexibility is a complex, multi-dimensional competence, which is problematic 
to measure and hard to assess (Swafford et al., 2006). The supply chain has many inherent 
external and internal uncertainties that arise from internal cross-functional and cross-orga-
nization relationships (Fayezi, Zutshi, & O’Loughlin, 2015). Supply chain flexibility has pri-
marily drawn on earlier manufacturing flexibility studies (Vokurka & O’Leary-Kelly, 2000). 
Manufacturing flexibility includes internal flexibilities such as process, capacity, operation, 
machine and re-routing flexibility; and external flexibility including, product, volume, mix, 
access and delivery flexibility (Naim, Potter, Mason, & Bateman, 2006). Although the litera-
ture attempts to extend the research boundary from a single departmental process to multiple 
departmental processes, they remain focused on the intra-organizational components and to 
production environments. 

Given that traditional boundaries of the firm are blurring with the growth in supply 
chain management flexibility research has extended to externally focused processes such as 
procurement, sourcing, and logistics (Stevenson & Spring, 2007). Supply chain flexibilities, 
beyond internal manufacturing flexibilities, may include (1) product flexibility dimensions 
such as new product introduction, volume, distribution, and access flexibilities (Vickery 
et al., 1999); (2) logistics and distribution flexibilities; and (3) procurement and sourcing 
flexibility (Garavelli, 2003; Swafford et al., 2006; and Esmaeilikia et al., 2016). Overall there 
is still limited agreement on supply chain flexibility dimensions. 

Green supply chain flexibility requires even further investigation (Bai & Sarkis, 2013a). 
Green supply chain flexibility is a multifaceted concept with at least three major flexibility 
dimensions and across the four major closed-loop supply chain processes supply, manufac-
turing, distribution/logistics, and reverse logistics flexibility (Esmaeilikia et al., 2016). This 
paper offers a framework of green supply chain flexibility “close the loop”, making reverse 
logistics and its flexibility an important part of green supply chains.

Green supply flexibility (GSF) includes purchasing function ability to adjust available green 
suppliers and to influence suppliers’ green materials and services performance and variability 
(Malhotra & Mackelprang, 2012). For example, with a broader range of green materials avail-
able from suppliers procurer has the ability for finding alternative sources. This alternative 
sourcing availability helps reduce uncertainty in greener materials or goods flow. 

Green manufacturing flexibility (GMF) includes manufacturing function ability to trans-
form acquired resources to manufacture a broader range of green products and services. 
For example, if a supply chain has the ability to vary green product volumes, to adjust green 
manufacturing facilities and processes; and to develop greater green products and innova-
tions, it can more effectively meet evolving customer green demand standards (Koste, Mal-
hotra, & Sharma, 2004). 

Green distribution flexibility (GDF) is the distribution function’s ability to control move-
ment and storage of materials among supply chain member firms (Swafford et al., 2006). For 
example, green distribution flexibility may also arise from green transportation alternatives 
(Bai, Fahimnia, & Sarkis, 2015b). Having a broader selection of alternative energy vehicles 
may allow organizations in the distribution network to operate without causing their vehicles 

http://www.sciencedirect.com/science/article/pii/S0377221712003207#b0290
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to be banned due to environmental issues. Similar arguments can be made for having flex-
ibility in delivery modes. Packaging may also require some greening flexibility as well.

Reverse logistics flexibility (RLF) is the reverse logistics function’s ability to manage reverse 
logistics processes in response to external stakeholder requirements (Bai & Sarkis, 2013a). 
For example, if a supply chain has the ability to manage more activities including separa-
tion, collection, disassembly, and outbound logistics; it might increase its ability to handle 
uncertainty and lessen channel disruption (Tang & Tomlin, 2008).

A framework of green supply chain flexibility using various functions of the supply chain 
and three general managerial dimensions of flexibility, configuration design (Garavelli, 2003), 
green products (Swafford et al., 2008), and green management (Hervani et al., 2005) is now 
introduced. First, configuration design flexibility (CF) is the ability to adjust and configure 
supply chain members to achieve to meet customer green demands. A larger supplier base 
and constantly redesigning and reconfiguring the supply chain are necessary for flexible 
sourcing (MendonçaTachizawa & Giménez Thomsen, 2007). Hence, a flexible supply chain 
includes a buying firm’s ability to redesign the supply network quickly and inexpensively 
(Garavelli, 2003). 

Second, green product flexibility (GPF) is the supply chain’s ability to alter green product 
volume, product mix, and schedule. This category is mainly about green product flexibility 
across their entire production cycle similar to regular products (Blome et al., 2014). The abil-
ity to reduce product leadtime, ensuring production capacity, and providing product variety 
while fulfilling customer expectations are aspects of this supply chain flexibility (Swafford 
et al., 2008).

Third, green management processes flexibility (GMF) refers to the supply chain’s ability 
to change green management practices such as adjusting resource consumption, pollution 
production, green practices, and environmental management systems. Green management 
capabilities can help disseminate environmentally sound practices throughout the complex 
network of supply chain by green supply chain practice implementation (Hervani et  al., 
2005). With changes in green consumption demand and environmental regulations, a sup-
ply chain must be able to adjust to cope with those environmentally oriented changes and 
maintain competitiveness while reducing risk (Bai et al., 2016).

Based on the supply chain flexibility literature (Gligor, Esmark, & Holcomb, 2015; Yusuf 
et al., 2014; Das, 2011; Braunscheidel & Suresh, 2009; Stevenson & Spring, 2009, 2007; Das, 
2011; Slack, 1983), we develop a theoretical green supply chain flexibility framework. This 
theoretical framework utilizes different green supply chain functions to evaluate the various 
flexibility dimensions. As can be seen in Table 1 we utilize four major green supply chain 
functions (each row in Table 1), and three general managerial dimensions of flexibility, con-
figuration design, green products, and green management (each column in Table 1). The the-
oretical framework shows a number of exemplars and categorizations. Additional functions 
may be added, but these four core functions are more specific to green supply chains. This 
green supply chain flexibility framework is intended to be multi-level and multi-dimensional. 
Each measure in the framework is a specific flexibility attribute for the corresponding func-
tion and dimension. Different measures may be used and included depending on industry, 
company, and product characteristics contingencies.
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1.4. Methods for measuring and evaluating flexibility

Measuring and evaluating flexibility performance in manufacturing can utilize various tools 
and methods (e.g. Chryssolouris & Lee, 1992; Seebacher & Winkler, 2014; Winkler & See-
bacher, 2012). AHP is widely used for tackling flexible manufacturing selection problems 
due to its simplicity in concept and efficiency in computation (Karsak, 2002). Literature on 
supply chain flexibility assessment can be broadly classified under empirical, simulation and 
mathematical models (Tiwari et al., 2015). There is limited literature on evaluating supply 
chain flexibility using MCDM tools. The analytic network process (ANP) has been used to 
evaluate the influence of various performance dimensions on the lean, agile and leagile ob-
jectives of the supply chain (Agarwal, Shankar, & Tiwari, 2006). Flexibility in a supply chain 
has also been evaluated using fuzzy approaches (e.g. Chuu, 2011).

Current MCDM tools are very limited when it comes to the measurement of supply 
chain level flexibility indices. A highly complex decision environment associated with green 
supply chain flexibility cause method- and data-related restrictions that hinder practical ap-
plication of many MCDM methods (Seebacher & Winkler, 2015). Green supply chain flex-
ibility, especially for maintaining resilience and reducing risk, is an emerging practical and 
research issue.

IS programs green supply chain flexibility support can be evaluated using the frame-
work defined in Section 1.3 and a new methodology, introduced in this study, that integrates 
neighborhood RST, TOPSIS and TpGN. Neighborhood RST techniques can help manage 
large data sets including the multiple dimensions of flexibility performance attributes and 
measures (Bai et al., 2012). Complex data sets can be reduced to the most effective informa-
tion (or measures). The results of this methodology are more objective and effective for two 
reasons. (1) The results are ranks with probability degrees instead of a fixed rank. (2) The 
neighborhood RST used in this study limits loss of information over basic rough set theory 
and other methods. An overview of the new methodology is now presented.

2. A hybrid MCDM approach

Rough set theory (RST) is a valuable and intuitive approach to overcome methodological 
development and uncertainty in empirical and decision making research (Bai et al., 2016). 
RST can evaluate data significance in complex situations for research purposes with no un-
derlying parametric assumptions needed, such as no need to have data that is normally dis-
tributed. Three-parameter interval grey numbers, incorporating upper, most likely, and lower 
values with differing value occurrence probabilities, can better incorporate decision maker 
uncertainty when compared to traditional grey numbers. The most likely value parameter is 
introduced to help develop a soft ranking based on TpGNs which is meant to overcome the 
limitations of hard ranks especially in uncertain environments. TOPSIS is a very popular 
ranking method and it is easy to integrate with other methods and further supports a soft 
ranking outcome. To address complex green supply chain flexibility research and modeling 
challenges, this paper introduces a novel probability evaluation methodology composed of 
neighborhood RST, TOPSIS with TpGNs. The application of the tool is an evaluation of IS 

http://www.sciencedirect.com/science/article/pii/S0925527315002029#bib18
http://www.sciencedirect.com/science/article/pii/S0959652613000103#bib4
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programs for supporting green supply chain flexibility whose outcome is a ranking using 
probability degree.

In this section, notation and expression for of neighborhood RST, TOPSIS, and TpGNs 
are overviewed. Then, a novel methodology extending neighborhood RST and TOPSIS to 
deal with the TpGNs is introduced. The final result is a ranking result with probability de-
grees.

2.1. Neighborhood rough set theory

Neighborhood rough set methodology is used to determine information content of flex-
ibility attributes. RST uses similarity classes containing objects that are indiscernible to clas-
sify objects (Pawlak, 1982). Neighborhood RST can effectively deal with continuous values, 
unlike traditional RST that requires discretization of continuous valued data which may 
cause greater information loss (Bai et al., 2012). A greater set of objects can be included in 
a neighborhood RST allowing for increased methodological and parametric flexibility. The 
neighborhood RST used in this study is based on initial developments by (Hu, Yu, Liu, & 
Wu, 2008a; Hu, Yu, & Xie, 2008b). Various definitions are now presented.
Definition 1: Let NDS = (U, C, V) be a neighborhood decision system/table, where U is a 
sample set of objects U ={x1,x2, ... ,xn}, called a universe, our objects in this case are IS tech-
nology or programs; C is a nonempty set of attributes C ={c1,c2, ... ,cm} to characterize the 
objects (in this case our attributes will be flexibility attributes); and a

a C
V V

∈
=   indicates the 

attribute range of an attribute a. 
Definition 2: Given an arbitrary object xi , xj ∈U and B ⊆ C, the neighborhood ( )B ixδ  of 
xi in attribute set B is defined as

 
( ) { | , ( , ) },B

B i j j i jx x x U x xδ = ∈ ∆ ≤ δ   (1)

where d is a threshold value, and Δ is a distance function. For ⊆ x1, x2, x3 ∈ U, the following 
four functions should be satisfied:

 

1 2

1 2 1 2
1 2 2 1
1 3 1 2 2 3

(1) ( , ) 0;
(2) ( , ) 0 if and only if ;
(3) ( , ) ( , );
(4) ( , ) ( , ) ( , ).

x x
x x x x
x x x x
x x x x x x

∆ ≥
∆ = =
∆ = ∆
∆ ≤ ∆ + ∆

  (2)

Definition 3: Given an arbitrary object xi , xj ∈U , and vik denote the value of object i on 
attribute k, a Minkowsky distance function between xi and xj may be defined as:

 

1/

1

( , ) ( | | )
N

p p
p i j ik jk

k

x x v v
=

∆ = −∑   (3)

if p = 1 it is a Manhattan distance; p = 2 is a Euclidean distance; and p = ∞ is a Chebychev 
distance (Wilson & Martinez, 1997). 
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2.2. TOPSIS method

TOPSIS (technique for order preference by similarity to an ideal solution) is a discrete alter-
native MCDM tool (Chen & Hwang, 1992). TOPSIS identifies alternatives with the shortest 
distance from the improving, ideal solution and the farthest distance from negative-ideal 
(nadir), solution. The ideal criteria include those that improve as their values increase. Nadir 
criteria are as they decrease in value. TOPSIS can be expressed in the following steps:

1) Normalize the decision matrix ( )ik n mU v ×= using expression (4):

 

2

1

, 1, , ; 1, ,mik
ik n

jk
j

v
x i n k

v
=

= = =

∑
  . (4)

2) Adjust the decision matrix with the factor importance weight:

   ,kik ikwx w x i n= × ∀ ∈
 

(5)

    where wk is the importance weight for each factor k. 
3. Determine the ideal and nadir solution.

 

1{ , , }
(max ),(min )},

m

ik ikii

IS wx wx
wx k I wx k J

+ + += =
∈ ∈



 (6)

 

1{ , , }
(min ),(max )},

m

ik iki i

IS wx wx
wx k I wx k J

− − −= =
∈ ∈



 (7)

    where J is associated with averse criteria, I is associated with benefit criteria.
4) Using the n-dimensional Euclidean distance determine the separation measures. The 

separation measure of each alternative from the ideal solution is expressed in (8):

 

2

1

( ) , 1, , .
m

i ik k
k

wx wx i n+ +

=

µ = − =∑   (8)

    The nadir solution separation is calculated as:

 

2

1

( ) , 1, , .
m

i ik k
k

wx wx i n− −

=

µ = − =∑   (9)

5) The relative closeness each alternative ISi with respect to IS+ is then calculated by 
expression (10):

 

i
i

i i
T

−

+ −

µ
=
µ +µ

. (10)

6) Rank the preference order using values from the previous step. The alternatives are 
put in decreasing order (Opricovic & Tzeng, 2004).

2.3. Three-Parameter Interval Grey Numbers (TpGNs)

This paper uses TpGNs to model the IS program selection for aiding green supply chain 
flexibility. TpGNs are better than traditional interval grey numbers to represent the uncer-
tainty of a decision maker’s judgment. Traditional interval grey numbers assume an equal 
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occurrence probability of values between the upper limits and lower limits (Luo, Wang, & 
Song, 2013; Deng, 1989). This characteristic makes traditional grey number unsuitable for 
real situations and may cause wrong results (Bai et al., 2015b). The TpGN system is then 
integrated within neighborhood RST and the TOPSIS method.
Definition 4: A TpGN ⊗x is expressed by a value of ( , , )x x x , where the lower limit value is 
x , the most likely value is x , and the upper limit value is x . 

When the most likely value is unknown, the TpGN is the same as the traditional interval 
grey number. When x x x= = , the TpGN ⊗x is reduced to a real number. 
Definition 5: Let ( , , )x x x x⊗ =   and ( , , )z z z z⊗ =   be two TpGNs. Mathematical functions 
of the TpGN are defined as (Luo & Wang, 2012):

         ( , , ),x z x z x z x z⊗ +⊗ = + + +  ;                                                                (11)

         [min( , , , ),x z xz xz x z xz⊗ ×⊗ = ,x z×  max( , , , )],xz xz x z xz ;                         (12)

 [min( / , / , / , / ),x z x z x z x z x z⊗ ÷⊗ = / ,x z  max( / , / , / , / )].x z x z x z x z  (13)

Definition 6: Let ( , , )x x x x⊗ =   and ( , , )z z z z⊗ =   be two TpGNs, with ( )l x x x⊗ = − , and 
( )l z z z⊗ = − . The probability degrees for TpGNs are now defined basded on the probability 

degree of two interval grey numbers (Nakahara, Sasaki, & Gen, 1992).

 

1

( )
( ) ( )
0

x z
x z x zP x z x z x z

l x l z
x z

≥
 − + −⊗ ≥⊗ = > ∧ <

⊗ + ⊗
≤

 

. (14)

Where ( )P x z⊗ ≥⊗ , is a percentage representing the probable value that TpGN ⊗x is 
bigger than TpGN ⊗z. Where 0.5 ( ) 1P x z< ⊗ ≥⊗ ≤  indicates that the TpGN ⊗x dominates 
TpGN ⊗z, and denoted x z⊗ ⊗ . 
Definition 7: A new distance measure is introduced using expression (15):

 
2 2 2( , ) ( ) ( ) (1 ) ( )d x z x z x z x z⊗ ⊗ = α − +β − + −α −β −  , (15)

where a, b are weight parameters, 0 0.5; 0.5 1; 1≤ α ≤ ≤ β ≤ α +β ≤ .
This distance formula treats the most likely value as important as the traditional upper 

and lower limit values of TpGNs. Expression (15) provides a differential weighting system for 
each element of the grey number. The differential weight parameter values can incorporate 
issues such as decision makers’ expertise, experience, and risk propensity.

3. Information systems selection for green supply chain flexibility 

The application of the proposed MCDM for evaluation of IS programs for improving supply 
chain green flexibility is now illustrated. The proposed methodology is composed of 9 steps, 
which are presented in detail with the operations explicitly identified.

First, assume that a database of IS programs based on various green flexibility attributes 
exists (a grey decision system). This system is defined by T = (U, C, V), where U = {IS1, IS 2, 
... , IS n} is a set of n alternative IS programs called the universe. C = {c1, c2, ... , cm} is a set 
of m green flexibility attributes. 
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For the illustrative case, 15 IS programs, U = {IS i, i = 1, 2, ... , 15} are considered. The 
green flexibility performance the IS programs uses weights across the 11 attributes C = {cj, 
j =1, 2, ..., 11}. Table 1 provides the attributes that are initially used and are further refined 
and can be preliminarily reduced. For this illustrative case, the eleven attributes only repre-
sent the three dimensions of manufacturing process green flexibility. For the illustrative case 
there are two configuration design attributes: range and configuration; four green products 
attributes: volume, product mix, schedule, and adaptability; and five green management at-
tributes: resource consumption, pollution production, green degree, green practices and en-
vironmental management system.
Step 1: Determine the Flexibility Performance of each IS Programs

Green flexibility attributes may have qualitative and quantitative characteristics. As an 
example, for a quantitative measure configuration design range attribute for IS program 01 
can manage up to 4 green manufacturing facilities or processes, most effectively manage 3 
green manufacturing facilities or processes, as a minimum deal with 0 facilities or processes. 
Thus the configuration design range attribute for IS program 01 can be valued IS01rang = (0, 
3, 4). For a qualitative attribute expert or managerial judgment can be used to evaluate a 
green flexibility attribute for an IS program. This data may be scaled along a seven linguistic 
perceptual score range: from “very good” to “very poor”. An example data set for the full 
information decision system is shown in Table 2. 

The qualitative scores using linguistic variables can be transformed to normalized grey 
numbers (see Table 3). 
Step 2: Normalize the Information Decision System

Due to green flexibility attributes in all the later calculations requiring similar scales, this 
paper introduces a normalization process. The TpGN values are now normalized. Member-
ship functions, expressions (16) (for beneficial valuations) and (17) (for averse evaluations) 
are initially introduced. 

 
( )=

0 if Lower,
if Lower Upper,

Lower, , ( , , )
where

Upper Lower
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where ( ), ,ij ij ijv v v is the specific evaluation value, ijv  is the minimum value for IS program 
support, ijv  is the best value for IS program support and ijv  is the maximum value for IS 
program support.
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Table 3. The linguistic variables and their corresponding three-parameter interval grey numbers

Linguistic variables Three-parameter interval grey numbers

Very Poor (VP) (0, 0, 0.1)
Poor (P) (0, 0.1, 0.3)
Medium Poor (MP) (0.1, 0.3, 0.5)
Medium(M) (0.3, 0.5, 0.7)
Medium Good (MG) (0.5, 0.7, 0.9)
Good (G) (0.7, 0.9, 1.0)
Very Good (VG) (0.9, 1.0, 1.0)

For the IS program 01 configuration design range attribute, IS01rang  = (0, 3, 4), the 

normalization using expressions (16) is as follows:
min
111

11 max min
1 1

| | |0 0 | 0
|9 0 || |

v v
x

v v
− −

= = =
−−

;
min

11 1
11 max min

1 1

| | |3 0 | 0.333
|9 0 || |

v v
x

v v
− −

= = =
−−



 ;
min

11 1
11 max min

1 1

| | | 4 0 | 0.444
|9 0 || |

x v
x

v v
− −

= = =
−−

.

Thus, the normalized value of the TpGN for IS01rang = (0, 0.333, 0.444). This step normal-
ized the original matrix [vij] to arrive at a normalized matrix [xij] using expressions (16) and 
(17). The normalization process results in a matrix with all increasing values representing 
better green flexibility attributes (see Table 4).
Step 3: Compute Green Flexibility Attributes Neighborhood Relational Matrices for 

Similarity measures using the TpGN distance calculation and the neighborhood threshold 
parameter are used to group sets of IS programs.
Sub-step1: calculate the distances between each of the IS programs on each attribute. This 
initial calculation, using expression (15), will result in eleven 15×15 distance matrices. 

For example, for the configuration design range attribute distance between IS program 
01 and IS program 02 is simply

2 2
01 02 01 02

2
01 02

( 01, 02) 0.25 ( ) 0.5 ( )

0.25 ( ) 0.361.

IS program IS program rang rang rang rang

rang rang

x x x x

x x

∆ = − + − +

− =

 

The matrix with the distance scores is shown in Table 5.
Sub-step2: determine the neighborhood relation. For each attribute a relational matrix is 
determined. For the illustrative example a neighborhood threshold (size) d = 0.12 is assumed. 
The neighborhood relational matrix is defined as:

 
( ) ( )ij n nM N r ×= , where 

1, ( , ) ,
0, .

i j
ij

x x
r

otherwise
 ∆ ≤ δ= 


 (18)

For the elements r12  = r21  = 0 of this matrix because 1 2( , ) 0.36x x∆ = > 0.12. 
15 15(15) ( )ijM r ×= is shown in Table 6. The diagonal matrix elements are set to 1. That is rii = 

1 because ( , ) 0B
i ix x∆ = ≤ δ.
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Table 5. The distance matrix for the configuration design range attribute between IS programs’ normal-
ized scores

IS01 IS02 IS03 IS04 IS05 IS06 IS07 IS08 IS09 IS10 IS11 IS12 IS13 IS14 IS15

IS01 0.000 0.361 0.194 0.056 0.056 0.278 0.194 0.111 0.333 0.028 0.111 0.000 0.306 0.056 0.139 

IS02 0.361 0.000 0.167 0.306 0.417 0.083 0.167 0.250 0.028 0.333 0.250 0.361 0.056 0.417 0.500 

IS03 0.194 0.167 0.000 0.139 0.250 0.083 0.000 0.083 0.139 0.167 0.083 0.194 0.111 0.250 0.333 

IS04 0.056 0.306 0.139 0.000 0.111 0.222 0.139 0.056 0.278 0.028 0.056 0.056 0.250 0.111 0.194 

IS05 0.056 0.417 0.250 0.111 0.000 0.333 0.250 0.167 0.389 0.083 0.167 0.056 0.361 0.000 0.083 

IS06 0.278 0.083 0.083 0.222 0.333 0.000 0.083 0.167 0.056 0.250 0.167 0.278 0.028 0.333 0.417 

IS07 0.194 0.167 0.000 0.139 0.250 0.083 0.000 0.083 0.139 0.167 0.083 0.194 0.111 0.250 0.333 

IS08 0.111 0.250 0.083 0.056 0.167 0.167 0.083 0.000 0.222 0.083 0.000 0.111 0.194 0.167 0.250 

IS09 0.333 0.028 0.139 0.278 0.389 0.056 0.139 0.222 0.000 0.306 0.222 0.333 0.083 0.389 0.472 

IS10 0.028 0.333 0.167 0.028 0.083 0.250 0.167 0.083 0.306 0.000 0.083 0.028 0.278 0.083 0.167 

IS11 0.111 0.250 0.083 0.056 0.167 0.167 0.083 0.000 0.222 0.083 0.000 0.111 0.194 0.167 0.250 

IS12 0.000 0.361 0.194 0.056 0.056 0.278 0.194 0.111 0.333 0.028 0.111 0.000 0.306 0.056 0.139 

IS13 0.306 0.056 0.111 0.250 0.361 0.028 0.111 0.194 0.083 0.278 0.194 0.306 0.000 0.361 0.444 

IS14 0.056 0.417 0.250 0.111 0.000 0.333 0.250 0.167 0.389 0.083 0.167 0.056 0.361 0.000 0.083 

IS15 0.139 0.500 0.333 0.194 0.083 0.417 0.333 0.250 0.472 0.167 0.250 0.139 0.444 0.083 0.000 

Table 6. The relational matrix for the configuration design range attribute between IS programs’ nor-
malized scores

IS01 IS02 IS03 IS04 IS05 IS06 IS07 IS08 IS09 IS10 IS11 IS12 IS13 IS14 IS15 SUM
IS01 1 0 0 1 1 0 0 1 0 1 1 1 0 1 0 8
IS02 0 1 0 0 0 1 0 0 1 0 0 0 1 0 0 4
IS03 0 0 1 0 0 1 1 1 0 0 1 0 1 0 0 6
IS04 1 0 0 1 1 0 0 1 0 1 1 1 0 1 0 8
IS05 1 0 0 1 1 0 0 0 0 1 0 1 0 1 1 7
IS06 0 1 1 0 0 1 1 0 1 0 0 0 1 0 0 6
IS07 0 0 1 0 0 1 1 1 0 0 1 0 1 0 0 6
IS08 1 0 1 1 0 0 1 1 0 1 1 1 0 0 0 8
IS09 0 1 0 0 0 1 0 0 1 0 0 0 1 0 0 4
IS10 1 0 0 1 1 0 0 1 0 1 1 1 0 1 0 8
IS11 1 0 1 1 0 0 1 1 0 1 1 1 0 0 0 8
IS12 1 0 0 1 1 0 0 1 0 1 1 1 0 1 0 8
IS13 0 1 1 0 0 1 1 0 1 0 0 0 1 0 0 6
IS14 1 0 0 1 1 0 0 0 0 1 0 1 0 1 1 7
IS15 0 0 0 0 1 0 0 0 0 0 0 0 0 1 1 3

Step 4: Calculate attribute information content 
The neighborhood RST is used to determine the information content for each attribute 

om this step. First, determine the information content for the attributes (c) using expression 
(19) (Liang, Shi, Li, & Wierman, 2006):

 
2

1

1I( )=1 | |
U

c
i

i

c X
U =

− ∑ . (19)
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I(c) is the information content which measures the ability of the classification for this at-
tribute. If an attribute has more information content, it will be more important in this system. 
|U| is the number of IS programs. | |c

iX  is defined as the number of members within the 
attribute c for IS program i. In other words, it is the neighborhood information granule of IS 
programs with similar attributes values across the attribute c of IS program i. 

Illustratively, the information granule for the configuration design range attribute and 
the evaluation of 01| |rangX  (i.e. )IS p g( ro ram 01rangδ ) is also sought. The rows of (15)rangM
are summed from first to last column in Table 6. Thus 01| | ( )IS program 01rang

rangX = δ = 8.
The various neighborhood information granules ( c

iX ) for the IS program set are deter-
mined when they have similar attributes values across an attribute c for an IS program i. The 
information content for the configuration design range attribute is calculated using expres-

sion (19): 
2

1 97I( )= 1 ( (8 4 3)) 1 0.569
22515

rang − + + + = − =

.

Table 7 contains the information content results. The information content helps deter-
mine the green flexibility attribute importance weights in the next step.

Table 7. Information content and weight for each green flexibility attribute

Categories Green flexibility attributes Information content Weights

Configuration design
Range 0.569 0.087 
Configuration 0.756 0.116 

Green products

Volume (expansion flexibility) 0.533 0.082 
Product mix 0.524 0.080 
Schedule 0.658 0.101 
Green degree 0.604 0.093 
Adaptability 0.738 0.113 

Green management

Resource consumption 0.462 0.071 
Pollution production 0.684 0.105 
Green practices 0.382 0.059 
Environmental management system 0.604 0.093 

Step 5: Determine each attribute weight
Expression (20) is used to identify the information weight of each green flexibility at-

tribute. 

 

( )
1

I( )

I( )

j
j m

j
j

c
w c

c
=

=

∑
. (20)

Where aggregated weights sum to one, or 
1

1
n

j
j

w
=

=∑ . 
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The cumulative information content across attributes is 
1

I( )
m

j
j

c
=
∑ = 6.52. The information 

content for the configuration design range attribute is 0.569, and the normalized weight is 

( ) 0.569 0.087
6.52

w rang = = . All attribute weights are shown in Table 7. 

Step 6: Determine the ideal and negative-ideal IS program
The maximum value from amongst each of the attributes, expression (21), are used to 

determine the ‘ideal’ reference IS program IS+. 

 
1{ , , } {(max ,max ,max )}m ik ik iki ii

IS x x x x x+ + += ⊗ ⊗ = . (21)

Thus, IS+ = {(1,1,1), (1,1,1), (1,1,1), (1,1,1), (1,1,1), (1,1,1), (1,1,1), (1,1,1), (1,1,1), (1,1,1), 
(1,1,1)}.

The nadir IS program, IS–, is determined using expression (22) which uses the minimum 
value for each of the attributes, 

 
1{ , , } {(min ,min ,min )}m ik ik iki ii

IS x x x x x− − −= = .  (22)

Thus, IS– = {(0,0,0), (0,0,0), (0,0,0), (0,0,0), (0,0,0), (0,0,0), (0,0,0), (0,0,0), (0,0,0), (0,0,0), 
(0,0,0) }. The IS+ and IS– attribute values are summarized in Table 6.
Step 7: Separation measures calculations

The difference between the ideal and nadir reference IS program and each of the respec-
tive comparative IS programs is determined separately using expressions (23) and (24):

2

1

2 2 2 2 2 2

1

( ( ))

( min(( ) ,( ) ),( ) ,max(( ) ,( ) ))

m

i k ik k
k

m

k ik ik ikik k ik kk k k
k

w x x

w x x x x x x x x x x

+ +

=

+ ++ + +

=

⊗µ = ⊗ −⊗ =

∗ − − − − −

∑

∑  

;

 (23)

2

1

2 2 2 2 2 2

1

( ( ))

( min(( ) ,( ) ),( ) ,max(( ) ,( ) ))

m

i k ik k
k

m

k ik k ik k ik kik k ik k
k

w x x

w x x x x x x x x x x

− −

=

− −− − −

=

⊗µ = ⊗ −⊗ =

∗ − − − − −

∑

∑  

 

. 

(24)
The separations i

+⊗µ  and i
−⊗µ  of each IS program are shown in Table 8. 
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Table 8. The relative closeness and separation measures for each IS program

Information system programs i
+⊗µ i

−⊗µ iT⊗

IS01 (0.087,0.115,0.193) (0.196,0.242,0.261) (0.431,0.679,0.924)
IS02 (0.144,0.196,0.273) (0.085,0.15,0.2) (0.18,0.434,0.871)
IS03 (0.194,0.236,0.284) (0.104,0.142,0.181) (0.225,0.375,0.604)
IS04 (0.12,0.158,0.222) (0.158,0.204,0.232) (0.348,0.563,0.835)
IS05 (0.148,0.201,0.26) (0.102,0.142,0.196) (0.224,0.413,0.786)
IS06 (0.097,0.143,0.223) (0.172,0.221,0.252) (0.361,0.607,0.939)
IS07 (0.195,0.231,0.277) (0.104,0.143,0.172) (0.233,0.382,0.573)
IS08 (0.111,0.148,0.211) (0.175,0.225,0.251) (0.379,0.602,0.877)
IS09 (0.107,0.158,0.257) (0.087,0.173,0.225) (0.181,0.523,1.156)
IS10 (0.173,0.209,0.251) (0.143,0.17,0.188) (0.325,0.449,0.596)
IS11 (0.13,0.177,0.251) (0.122,0.18,0.225) (0.257,0.504,0.892)
IS12 (0.163,0.198,0.249) (0.105,0.158,0.199) (0.234,0.444,0.743)
IS13 (0.174,0.216,0.277) (0.076,0.144,0.194) (0.162,0.401,0.775)
IS14 (0.108,0.156,0.218) (0.147,0.199,0.236) (0.324,0.561,0.925)
IS15 (0.164,0.214,0.253) (0.106,0.153,0.198) (0.235,0.417,0.733)

Step 8: Ideal solution relative closeness calculation
Using expression (25), the relative closeness ⊗Ti for an alternative ISi with respect to IS+ 

is calculated. 

 

( , , )

( , , )

(min( , , , )
( ) ( )( ) ( )

, max( , , , ).
( ) ( ) ( )( ) ( )

i ii i
i

i i i i i ii i

i i i i
i i i ii i i i

i i i i i
i i i i i ii i i i

T
� � ��

� � � � � � � �

�� ��

� � � � � � � �

�� ���

� � � � � � � � � �

� � ���
� � � �

�� ��� � �� � �� � ��

�� ��
� �� � ��� �� � ��

�� ���
� �� � �� � ��� �� � ��

�

� �

�
� �,

 (25)

The separations, ⊗Ti, of each alternative from the ideal solution are shown in Table 8. 
Since the scores of the relative closeness values are in the form of TpGNs, the decision maker 
cannot directly judge which is better. To overcome this limitation dominance probability, a 
new approach, is introduced to provide some evaluation results, allowing for some variations 
in preference.
Step 9: IS programs dominance probability calculations 

Although TOPSIS can deterministically rank IS programs these valuations, with intan-
gible values and uncertain quantitative valuations, make a deterministic ranking suspect. 
Thus, this paper extends the TOPSIS evaluation using dominance probability values for each 
IS program when compared to other IS programs contribution to green flexibility in supply 
chains. 
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The dominance probability degree is uses a dominance matrix. Expression (26) is used 
to develop a dominance probability matrix:

 
( ) , 1,n n i j n nP p x x i j n× ×= ≥ = , ( ) , 1,n n i j n nP p x x i j n× ×= ≥ =  . (26)

As an example, from Step 8, the relative closeness level of IS program 01 is 01T⊗ = (0.431, 
0.679, 0.924). The relative closeness level of IS program 04 is (0.348, 0.563, 0.835). Then 

the probability is 01 04( )p IS IS

0.679 0.563 0.924 0.348 70.7%
0.493 0.487

− + −
= =

+
, and measure that 

IS program 01 is better than IS program 04. The integral dominance matrix result is show 
in Table 9.

Table 9. The dominance probability matrix

IS01 IS02 IS03 IS04 IS05 IS06 IS07 IS08 IS09 IS10 IS11 IS12 IS13 IS14 IS15

IS01 50.0% 83.6% 100.0% 70.7% 91.6% 59.3% 100.0% 62.8% 61.3% 100.0% 74.7% 92.4% 94.0% 65.7% 96.0%

IS02 16.4% 50.0% 65.8% 33.5% 53.3% 26.5% 66.9% 27.2% 36.1% 55.2% 41.0% 52.3% 56.9% 32.5% 54.9%

IS03 0.0% 34.2% 50.0% 8.0% 36.3% 1.2% 50.6% 0.0% 20.4% 31.7% 21.6% 34.0% 41.9% 9.6% 37.3%

IS04 29.3% 66.5% 92.0% 50.0% 72.5% 40.3% 94.6% 42.3% 47.4% 82.3% 56.7% 72.3% 75.8% 47.1% 75.6%

IS05 8.4% 46.7% 63.7% 27.5% 50.0% 20.3% 64.8% 20.6% 32.2% 51.1% 36.6% 48.7% 54.1% 27.0% 51.6%

IS06 40.7% 73.5% 98.8% 59.7% 79.7% 50.0% 100.0% 52.5% 54.3% 91.0% 64.7% 79.9% 82.5% 56.1% 83.1%

IS07 0.0% 33.1% 49.4% 5.4% 35.2% 0.0% 50.0% 0.0% 19.1% 29.8% 20.0% 32.8% 41.1% 7.5% 36.2%

IS08 37.2% 72.8% 100.0% 57.7% 79.4% 47.5% 100.0% 50.0% 52.6% 91.8% 63.4% 79.6% 82.4% 54.0% 83.0%

IS09 38.7% 63.9% 79.6% 52.6% 67.8% 45.7% 80.9% 47.4% 50.0% 72.7% 57.0% 67.5% 70.2% 50.4% 69.7%

IS10 0.0% 44.8% 68.3% 17.7% 48.9% 9.0% 70.2% 8.2% 27.3% 50.0% 31.3% 47.1% 54.4% 18.3% 51.0%

IS11 25.3% 59.0% 78.4% 43.3% 63.4% 35.3% 80.0% 36.6% 43.0% 68.7% 50.0% 62.8% 66.7% 41.3% 65.6%

IS12 7.6% 47.7% 66.0% 27.7% 51.3% 20.1% 67.2% 20.4% 32.5% 52.9% 37.2% 50.0% 55.5% 27.1% 53.0%

IS13 6.0% 43.1% 58.1% 24.2% 45.9% 17.5% 58.9% 17.6% 29.8% 45.6% 33.3% 44.5% 50.0% 24.0% 47.2%

IS14 34.3% 67.5% 90.4% 52.9% 73.0% 43.9% 92.5% 46.0% 49.6% 81.7% 58.7% 72.9% 76.0% 50.0% 75.9%

IS15 4.0% 45.1% 62.7% 24.4% 48.4% 16.9% 63.8% 17.0% 30.3% 49.0% 34.4% 47.0% 52.8% 24.1% 50.0%

The results in Table 9 show IS program 01 is the most preferred IS program to aid in 
green supply chain flexibility. IS program 01 has a 59.3% probability it better than IS program 
06. The final ranks are:

 

01 06 08 09 14 04 11
59.3% 52.5% 52.6% 50.4% 52.9% 56.7% 59.0%

02 12 05 10 15 13 03 07
52.3% 51.3% 51.1% 51.0% 52.8% 58.1% 50.6%

,

IS IS IS IS IS IS IS

IS IS IS IS IS IS IS IS

      

      

where the expression “ 01 06
59.3%

IS IS ” represents the 59.3% probability that IS program 01 is 

better than IS program 06 for aiding green supply chain flexibility based on the selected at-
tributes and attribute valuations. It can also observed that for some situations the difference 
is so slight (e.g. IS programs 09 and 14) that the relative preference may not exist.
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4. Sensitivity analysis

To complete a sensitivity analysis the illustrative case, values of d = 0.12, a = 0.25, and b = 0.5 
are altered.

4.1. Varying parameter d

The results for varying the parameter value of d are shown in Figure 1. The IS program rank-
ing results show some significant changes. For example, IS program 01 is the best IS program 
when d = 0.08, 0.12, 0.16, 0.20 and becomes the third best alternative when d = 0 and 0.04. 
Initial and sensitivity results show that the IS program 01 has higher TOPSIS values.

d = 0 
09 06 01 08 11 04 02

50.7% 52.8% 57.9% 50.0% 56.0% 52.1% 50.8%

14 13 05 12 10 15 07 03
58.4% 54.2% 53.4% 51.3% 51.5% 50.5% 52.5%

;

IS IS IS IS IS IS IS

IS IS IS IS IS IS IS IS

      

      

d = 0.04 
06 09 01 08 11 04 14

50.1% 50.4% 59.2% 51.9% 50.7% 50.9% 51.9%

02 13 05 12 10 15 07 03
57.5% 52.9% 51.1% 52.1% 51.8% 52.1% 53.0%

;

IS IS IS IS IS IS IS

IS IS IS IS IS IS IS IS

      

      

d =0.08 
01 06 09 08 14 04 11

54.5% 53.4% 51.1% 53.6% 52.0% 54.2% 55.4%

02 13 12 05 10 15 07 03
56.1% 50.2% 50.2% 50.4% 55.8% 56.8% 53.4%

;

IS IS IS IS IS IS IS

IS IS IS IS IS IS IS IS

      

      

d = 0.12 
01 06 08 09 14 04 11

59.3% 52.5% 52.3% 50.4% 53.0% 56.7% 59.0%

02 12 05 10 15 13 03 07
52.3% 51.3% 51.1% 51.0% 52.8% 58.1% 50.6%

;

IS IS IS IS IS IS IS

IS IS IS IS IS IS IS IS

      

      

d = 0.16 
01 08 06 14 04 09 11

68.3% 51.8% 51.6% 56.0% 52.2% 56.9% 60.6%

12 10 05 15 02 13 03 07
52.8% 51.4% 50.4% 51.9% 55.5% 57.5% 52.5%

;

IS IS IS IS IS IS IS

IS IS IS IS IS IS IS IS

      

      

d = 0.20 
01 06 14 08 04 09 11

74.9% 51.8% 51.3% 60.1% 56.0% 57.8% 59.6%

10 12 05 15 02 13 07 03
56.3% 51.1% 53.4% 52.5% 52.2% 61.3% 63.0%

.

IS IS IS IS IS IS IS

IS IS IS IS IS IS IS IS

      

      

The dominance probability increases as d becomes larger, which means it is more easy to 
distinguish between IS programs for improving green supply chain flexibility.

4.2. Varying parameters a and b

The distance measure for the TpGN was used to identify the information content of flexibility 
attributes in Step 3. b is allowed to change over a range 0.5 ≤ b ≤ 1.0, in increments of 0.1 

with (1 )
2
−β

α = . The results from varying parameters a and b are summarized in Figure 1. 

There are two interesting observations. First, some information content results are robust 
for varying parameters a and b, such as volume (expansion flexibility). This result indicates 
that the weight of a and b will impact the attribute weight and relative closeness rank. Sec-
ond, some information content results keep the same values for changes in a and b values, 
such as adaptability. Those attributes are mainly qualitative data and which have similar 
scales assigned x . 
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Conclusions

Introduction of IS programs can aid in flexibilities for green supply chains. Many of these 
dimensions were identified in this paper. In order to effectively integrate these systems some 
form of evaluation and selection process must be completed. Yet, how to select the best IS 
program to achieve green flexible performance is not always clear and can become a complex 
exercise. To help reduce this complexity and the amount of data required, a methodology to 
help simplify and then realistically evaluate alternatives can be quite beneficial.

This study is one of the first effort to develop a categorization and methodology for 
green supply chain flexibility evaluation and integration into managerial decision making. 
This study has proposed a grey based neighborhood rough set and TOPSIS methodology to 
support such IS program evaluation and investment decisions to support green supply chain 
flexibility goals.

To address the complexity and broad data requirements necessary to make decisions in a 
green business environment, neighborhood rough set, TOPSIS and TpGNs are methodologi-
cally integrated into a nine-step investment evaluation and appraisal process. TpGNs allow 
for IS program evaluation in green supply chain flexibility and ambiguity from expert judg-
ment, which adds to the evaluation complexity and data requirements. A challenge of many 
decision tools for supply chain flexibility management is how to deal with massive amounts 
of data, and how to leverage and apply accurate prediction and decision support analytics. 
This technique is especially positioned as an MCDM tool that can solve problems for big and 
complex data. For example, RST also can support large data sets of measures (Bai & Sarkis, 
2013a) by helping reduce attribute data according to information content. Three-parameter 
interval grey numbers can be used to evaluate incomplete and uncertain information, and 
can also effectively integrate flexibility features (range, volume, variety of data) and decision 
maker opinions. TOPSIS was extended to handle all kinds of data except TpGN.

In this data management and decision process, neighborhood rough set was used to 
define importance weights for the various green supply chain flexibility attributes. TOPSIS 

Figure 1. The information content of attributes for different values of b
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was used for ranking and identification of preferred IS program and computing results as 
probability terms. The innovation of this methodology is in extending neighborhood RST 
and TOPSIS to deal with the TpGN and provide a probability-based ranking result. The 
methodology was applied through an illustrative application. 

This paper introduced a green supply chain flexibility measurements framework, which 
is a new contribution. The green supply chain flexibility matrix framework based on func-
tional flexibilities and supply chain dimensions are used for IS program evaluation. A three 
dimensional framework of green supply chain flexibility is offered and includes configuration 
design, green products flexibility, and green management flexibility along four dimensions of 
supply chain activities, including supply, manufacturing, distribution/logistics, and reverse 
logistics categories. This framework was used to set the structure for the decision making 
illustrative example.

In addition, sensitivity analysis showed the robustness of the results. The results were 
relatively robust in terms of rankings and information content. These results can help enable 
organizations seeking to green their supply chain to use this methodology. Although the 
proposed model was illustrated for a green manufacturing organization and supply chain 
process, the methodology can also be easily applied to other decision problems by using a 
set of relevant attributes.

Although there are multiple contributions associated with this study and methodology, 
limitations do exist. The green supply chain flexibility framework and methodology was 
introduced through a conceptual illustrative example, not an actual practical application. A 
real world application is necessary to help identify and address managerial and behavioral 
concerns.

Although, green supply chain managers should be encouraged to maintain this type of 
data, not only for application of this methodology, but for the general future management of 
their organization, it is not an easy task. In some circumstances, missing or incomplete data 
plays a key role in evaluation, dealing with missing data will be required. This situation is 
especially true for green and environmental dimensions, such as the greenness of products, 
materials, where data is not well structured and may be derived from many sources and 
stakeholders in the supply chain process. Fuzzy and incomplete data in the evaluation can 
be overcome using this method.

Another limitation is that the amount of calculations may increase significantly for the 
proposed method, especially at step 3. This increase in the number of calculations can limit 
the efficiency of the proposed methodology. Although software for rough set methodologies 
is available for use, this feature limits the application of the proposed method. Future research 
can focus on making the methodology more efficient by identifying simpler heuristics or 
algorithms to compute neighborhood relationships within rough set.

Overall, the multi-step MCDM methodology can support IS program selection for green 
supply chain management flexibility improvement. Advancing knowledge into green flex-
ibility performance will also advance the research and practice of green supply chain man-
agement and minimize complexity. These formal models are necessary for advancing both 
environmental and operational performance of organizations.



1654 C. Bai, J. Sarkis. Evaluating complex decision and predictive environments: the case of green supply ...

Acknowledgements

This work is supported by the National Natural Science Foundation of China Project 
(71472031, 71772032).

References

Agarwal, A., Shankar, R., & Tiwari, M. K. (2006). Modeling the metrics of lean, agile and leagile sup-
ply chain: An ANP-based approach. European Journal of Operational Research, 173(1), 211-225. 
https://doi.org/10.1016/j.ejor.2004.12.005

Bai, C., & Sarkis, J. (2017). Improving green flexibility through advanced manufacturing technology 
investment: Modeling the decision process. International Journal of Production Economics, 188, 
86-104. https://doi.org/10.1016/j.ijpe.2017.03.013 

Bai, C., & Sarkis, J. (2010). Integrating sustainability into supplier selection with grey system and rough 
set methodologies. International Journal of Production Economics, 124(1), 252-264. 
https://doi.org/10.1016/j.ijpe.2009.11.023

Bai, C., & Sarkis, J. (2013a). Flexibility in reverse logistics: a framework and evaluation approach. Jour-
nal of Cleaner Production, 47, 306-318. https://doi.org/10.1016/j.jclepro.2013.01.005

Bai, C., & Sarkis, J. (2013b). Green information technology strategic justification and evaluation. Infor-
mation Systems Frontiers, 15(5), 831-847. https://doi.org/10.1007/s10796-013-9425-x

Bai, C., Dhavale, D., & Sarkis, J. (2016). Complex investment decisions using rough set and fuzzy c-
means: An example of investment in green supply chains. European Journal of Operational Research, 
248(2), 507-521. https://doi.org/10.1016/j.ejor.2015.07.059

Bai, C., Fahimnia, B., & Sarkis, J. (2015b). Sustainable transport fleet appraisal using a hybrid multi-
objective decision making approach. Annals of Operations Research, 250(2), 309-340. 
https://doi.org/10.1007/s10479-015-2009-z

Bai, C., Sarkis, J., & Dou, Y. (2015a). Corporate sustainability development in China: review and analy-
sis. Industrial Management & Data Systems, 115(1), 5-40. 
https://doi.org/10.1108/IMDS-09-2014-0258

Bai, C., Sarkis, J., Wei, X., & Koh, L. (2012). Evaluating ecological sustainable performance measures 
for supply chain management. Supply Chain Management: An International Journal, 17(1), 78-92. 
https://doi.org/10.1108/13598541211212221

Blome, C., Schoenherr, T., & Eckstein, D. (2014). The impact of knowledge transfer and complexity on 
supply chain flexibility: A knowledge-based view. International Journal of Production Economics, 
147(Part B), 307-316. https://doi.org/10.1016/j.ijpe.2013.02.028

Blome, C., Schoenherr, T., & Rexhausen, D. (2013). Antecedents and enablers of supply chain agility 
and its effect on performance: a dynamic capabilities perspective. International Journal of Produc-
tion Research, 51(4), 1295-1318. https://doi.org/10.1080/00207543.2012.728011

Braunscheidel, M. J., & Suresh, N. C. (2009). The organizational antecedents of a firm’s supply chain 
agility for risk mitigation and response. Journal of Operations Management, 27(2), 119-140. 
https://doi.org/10.1016/j.jom.2008.09.006

Cachon, G. P., & Fisher, M. (2000). Supply chain inventory management and the value of shared in-
formation. Management Science, 46(8), 1032-1048. https://doi.org/10.1287/mnsc.46.8.1032.12029

Chandra, C., & Grabis, J. (2009). Role of flexibility in supply chain design and modeling – Introduction 
to the special issue. Omega, 37(4), 743-745. https://doi.org/10.1016/j.omega.2008.07.003

https://doi.org/10.1016/j.ejor.2004.12.005
https://doi.org/10.1016/j.ijpe.2017.03.013
https://doi.org/10.1016/j.ijpe.2009.11.023
https://doi.org/10.1016/j.jclepro.2013.01.005
https://doi.org/10.1007/s10796-013-9425-x
https://doi.org/10.1016/j.ejor.2015.07.059
https://doi.org/10.1007/s10479-015-2009-z
https://doi.org/10.1108/IMDS-09-2014-0258
https://doi.org/10.1108/13598541211212221
https://doi.org/10.1016/j.ijpe.2013.02.028
https://doi.org/10.1080/00207543.2012.728011
https://doi.org/10.1016/j.jom.2008.09.006
https://doi.org/10.1287/mnsc.46.8.1032.12029
https://doi.org/10.1016/j.omega.2008.07.003


Technological and Economic Development of Economy, 2018, 24(4): 1630–1658 1655

Chen, S. J., & Hwang, C. L. (1992). Fuzzy multiple attribute decision making methods, In Fuzzy multiple 
attribute decision making (pp. 289-486). Berlin, Heidelberg: Springer. 
https://doi.org/10.1007/978-3-642-46768-4_5 

Chryssolouris, G., & Lee, M. (1992). An assessment of flexibility in manufacturing systems. Manufac-
turing Review, 5(2), 105-116.

Chuu, S. J. (2011). Interactive group decision-making using a fuzzy linguistic approach for evaluating 
the flexibility in a supply chain. European Journal of Operational Research, 213(1), 279-289. 
https://doi.org/10.1016/j.ejor.2011.03.022

Das, K. (2011). Integrating effective flexibility measures into a strategic supply chain planning model. Eu-
ropean Journal of Operational Research, 211(1), 170-183. https://doi.org/10.1016/j.ejor.2010.12.006

Deng, J. L. (1989). Introduction to grey system theory. The Journal of Grey System, 1(1), 1-24.
Duclos, L. K., Vokurka, R. J., & Lummus, R. R. (2003). A conceptual model of supply chain flexibility. In-

dustrial Management & Data Systems, 103(6), 446-456. https://doi.org/10.1108/02635570310480015
Esmaeilikia, M., Fahimnia, B., Sarkis, J., Govindan, K., Kumar, A., & Mo, J. (2016). A tactical supply 

chain planning model with multiple flexibility options: an empirical evaluation. Annals of Opera-
tions Research, 244(2), 429-454. https://doi.org/10.1007/s10479-013-1513-2

Fayezi, S., Zutshi, A., & O’Loughlin, A. (2015). How Australian manufacturing firms perceive and 
understand the concepts of agility and flexibility in the supply chain. International Journal of Op-
erations & Production Management, 35(2), 246-281. https://doi.org/10.1108/IJOPM-12-2012-0546

Fisher, M. L. (1997). What is the right supply chain for your product?. Harvard Business Review, 75, 
105-117.

Garavelli, A. C. (2003). Flexibility configurations for the supply chain management. International Jour-
nal of Production Economics, 85(2), 141-153. https://doi.org/10.1016/S0925-5273(03)00106-3

Gligor, D. M., Esmark, C. L., & Holcomb, M. C. (2015). Performance outcomes of supply chain agility: 
When should you be agile?. Journal of Operations Management, 33, 71-82. 
https://doi.org/10.1016/j.jom.2014.10.008

Golden, W., & Powell, P. (1999). Exploring inter-organisational systems and flexibility in Ireland: a case 
of two value chains. International Journal of Agile Management Systems, 1(3), 169-176. 
https://doi.org/10.1108/14654659910296544

Gong, M., Tan, K. H., Pawar, K., Wong, W. P., & Tseng, M. L. (2015). Information communication 
technology and sustainable food supply chain: a resource-based analysis. International Journal of 
Business Performance and Supply Chain Modelling, 7(3), 233-255. 
https://doi.org/10.1504/IJBPSCM.2015.071611 

Gosain, S., Malhotra, A., & El Sawy, O. A. (2004). Coordinating for flexibility in e-business supply 
chains. Journal of Management Information Systems, 21(3), 7-45. 
https://doi.org/10.1080/07421222.2004.11045816

Gosling, J., Purvis, L., & Naim, M. M. (2010). Supply chain flexibility as a determinant of supplier 
selection. International Journal of Production Economics, 128(1), 11-21. 
https://doi.org/10.1016/j.ijpe.2009.08.029

Hervani, A. A., Helms, M. M., & Sarkis, J. (2005). Performance measurement for green supply chain 
management. Benchmarking: An International Journal, 12(4), 330-353. 
https://doi.org/10.1108/14635770510609015

Hu, Q., Yu, D., & Xie, Z. (2008b). Neighborhood classifiers. Expert Systems with Applications, 34(2), 
866-876. https://doi.org/10.1016/j.eswa.2006.10.043

Hu, Q., Yu, D., Liu, J., & Wu, C. (2008a). Neighborhood rough set based heterogeneous feature subset 
selection. Information Sciences, 178(18), 3577-3594. https://doi.org/10.1016/j.ins.2008.05.024

https://doi.org/10.1007/978-3-642-46768-4_5
https://doi.org/10.1016/j.ejor.2011.03.022
https://doi.org/10.1016/j.ejor.2010.12.006
https://doi.org/10.1108/02635570310480015
https://doi.org/10.1007/s10479-013-1513-2
https://doi.org/10.1108/IJOPM-12-2012-0546
https://doi.org/10.1016/S0925-5273(03)00106-3
https://doi.org/10.1016/j.jom.2014.10.008
https://doi.org/10.1108/14654659910296544
https://doi.org/10.1504/IJBPSCM.2015.071611
https://doi.org/10.1080/07421222.2004.11045816
https://doi.org/10.1016/j.ijpe.2009.08.029
https://doi.org/10.1108/14635770510609015
https://doi.org/10.1016/j.eswa.2006.10.043
https://doi.org/10.1016/j.ins.2008.05.024


1656 C. Bai, J. Sarkis. Evaluating complex decision and predictive environments: the case of green supply ...

Jin, Y., Vonderembse, M., Ragu-Nathan, T. S., & Smith, J. T. (2014). Exploring relationships among 
IT-enabled sharing capability, supply chain flexibility, and competitive performance. International 
Journal of Production Economics, 153, 24-34. https://doi.org/10.1016/j.ijpe.2014.03.016

Karsak, E. E. (2002). Distance-based fuzzy MCDM approach for evaluating flexible manufacturing 
system alternatives. International Journal of Production Research, 40(13), 3167-3181. 
https://doi.org/10.1080/00207540210146062

Koste, L. L., Malhotra, M. K., & Sharma, S. (2004). Measuring dimensions of manufacturing flexibility. 
Journal of Operations Management, 22(2), 171-196. https://doi.org/10.1016/j.jom.2004.01.001

Kumar, V., Fantazy, K. A., Kumar, U., & Boyle, T. A. (2006). Implementation and management frame-
work for supply chain flexibility. Journal of Enterprise Information Management, 19(3), 303-319. 
https://doi.org/10.1108/17410390610658487

Liang, J., Shi, Z., Li, D., & Wierman, M. J. (2006). Information entropy, rough entropy and knowledge 
granulation in incomplete information systems. International Journal of General Systems, 35(6), 
641-654. https://doi.org/10.1080/03081070600687668

Liu, H., Ke, W., Wei, K. K., & Hua, Z. (2013). The impact of IT capabilities on firm performance: The 
mediating roles of absorptive capacity and supply chain agility. Decision Support Systems, 54(3), 
1452-1462. https://doi.org/10.1016/j.dss.2012.12.016

Luo, D., & Wang, X. (2012). The multi-attribute grey target decision method for attribute value within 
three-parameter interval grey number. Applied Mathematical Modelling, 36(5), 1957-1963. 
https://doi.org/10.1016/j.apm.2011.07.074

Luo, D., Wang, X., & Song, B. (2013). Multi-attribute decision-making methods with three-parameter 
interval grey number. Grey Systems: Theory and Application, 3(3), 305-315. 
https://doi.org/10.1108/GS-08-2013-0021

Malhotra, M. K., & Mackelprang, A. W. (2012). Are internal manufacturing and external supply chain 
flexibilities complementary capabilities?. Journal of Operations Management, 30(3), 180-200.
https://doi.org/10.1016/j.jom.2012.01.004

Martínez Sánchez, A., & Pérez Pérez, M. (2005). Supply chain flexibility and firm performance: a con-
ceptual model and empirical study in the automotive industry. International Journal of Operations 
& Production Management, 25(7), 681-700. https://doi.org/10.1108/01443570510605090

MendonçaTachizawa, E., & Giménez Thomsen, C. (2007). Drivers and sources of supply flexibility: an 
exploratory study. International Journal of Operations & Production Management, 27(10), 1115-
1136. https://doi.org/10.1108/01443570710820657

Merschmann, U., & Thonemann, U. W. (2011). Supply chain flexibility, uncertainty and firm perfor-
mance: an empirical analysis of German manufacturing firms. International Journal of Production 
Economics, 130(1), 43-53. https://doi.org/10.1016/j.ijpe.2010.10.013

Moon, K. K. L., Yi, C. Y., & Ngai, E. W. T. (2012). An instrument for measuring supply chain flexibility 
for the textile and clothing companies. European Journal of Operational Research, 222(2), 191-203. 
https://doi.org/10.1016/j.ejor.2012.04.027

More, D. S., & Babu, A. S. (2011). Supply chain flexibility: a risk management approach. International 
Journal of Business Innovation and Research, 5(3), 255-279. 
https://doi.org/10.1504/IJBIR.2011.040098

Morlok, E. K., & Chang, D. J. (2004). Measuring capacity flexibility of a transportation system. Transpor-
tation Research Part A: Policy and Practice, 38(6), 405-420. https://doi.org/10.1016/j.tra.2004.03.001

Naim, M. M., Potter, A. T., Mason, R. J., & Bateman, N. (2006). The role of transport flexibility in lo-
gistics provision. The International Journal of Logistics Management, 17(3), 297-311. 
https://doi.org/10.1108/09574090610717491

https://doi.org/10.1016/j.ijpe.2014.03.016
https://doi.org/10.1080/00207540210146062
https://doi.org/10.1016/j.jom.2004.01.001
https://doi.org/10.1108/17410390610658487
https://doi.org/10.1080/03081070600687668
https://doi.org/10.1016/j.dss.2012.12.016
https://doi.org/10.1016/j.apm.2011.07.074
https://doi.org/10.1108/GS-08-2013-0021
https://doi.org/10.1016/j.jom.2012.01.004
https://doi.org/10.1108/01443570510605090
https://doi.org/10.1108/01443570710820657
https://doi.org/10.1016/j.ijpe.2010.10.013
https://doi.org/10.1016/j.ejor.2012.04.027
https://doi.org/10.1504/IJBIR.2011.040098
https://doi.org/10.1016/j.tra.2004.03.001
https://doi.org/10.1108/09574090610717491


Technological and Economic Development of Economy, 2018, 24(4): 1630–1658 1657

Nakahara, Y., Sasaki, M., & Gen, M. (1992). On the linear programming problems with interval coef-
ficients. Computers & Industrial Engineering, 23(1), 301-304. 
https://doi.org/10.1016/0360-8352(92)90121-Y

Ngai, E. W., Chau, D. C., & Chan, T. L. A. (2011). Information technology, operational, and manage-
ment competencies for supply chain agility: Findings from case studies. The Journal of Strategic 
Information Systems, 20(3), 232-249. https://doi.org/10.1016/j.jsis.2010.11.002

Opricovic, S., & Tzeng, G. H. (2004). Compromise solution by MCDM methods: A comparative analy-
sis of VIKOR and TOPSIS. European Journal of Operational Research, 156(2), 445-455. 
https://doi.org/10.1016/S0377-2217(03)00020-1

Pawlak, Z. (1982). Rough sets. International Journal of Computer & Information Sciences, 11(5), 341-356. 
https://doi.org/10.1007/BF01001956

Samuel, K. E., & Spalanzani, A. (2009). Developing collaborative competencies within supply chains. 
International Journal of Information Technology and Management, 8(2), 146-160. 
https://doi.org/10.1504/IJITM.2009.023297

Seebacher, G., & Winkler, H. (2014). Evaluating flexibility in discrete manufacturing based on perfor-
mance and efficiency. International Journal of Production Economics, 153, 340-351. 
https://doi.org/10.1016/j.ijpe.2014.03.018 

Seebacher, G., & Winkler, H. (2015). A capability approach to evaluate supply chain flexibility. Inter-
national Journal of Production Economics, 167, 177-186. https://doi.org/10.1016/j.ijpe.2015.05.035

Sethi, A. K., & Sethi, S. P. (1990). Flexibility in manufacturing: a survey. International Journal of Flexible 
Manufacturing Systems, 2(4), 289-328. https://doi.org/10.1007/BF00186471

Slack, N. (1983). Flexibility as a manufacturing objective. International Journal of Operations & Produc-
tion Management, 3(3), 4-13. https://doi.org/10.1108/eb054696

Stevenson, M., & Spring, M. (2007). Flexibility from a supply chain perspective: definition and review. 
International Journal of Operations & Production Management, 27(7), 685-713. 
https://doi.org/10.1108/01443570710756956

Stevenson, M., & Spring, M. (2009). Supply chain flexibility: an inter-firm empirical study. International 
Journal of Operations & Production Management, 29(9), 946-971. 
https://doi.org/10.1108/01443570910986238

Swafford, P. M., Ghosh, S., & Murthy, N. (2006). The antecedents of supply chain agility of a firm: scale 
development and model testing. Journal of Operations Management, 24(2), 170-188. 
https://doi.org/10.1016/j.jom.2005.05.002

Swafford, P. M., Ghosh, S., & Murthy, N. (2008). Achieving supply chain agility through IT integration 
and flexibility. International Journal of Production Economics, 116(2), 288-297. 
https://doi.org/10.1016/j.ijpe.2008.09.002

Tamayo-Torres, J., Gutierrez-Gutierrez, L., & Ruiz-Moreno, A. (2014). The relationship between ex-
ploration and exploitation strategies, manufacturing flexibility and organizational learning: An 
empirical comparison between Non-ISO and ISO certified firms. European Journal of Operational 
Research, 232(1), 72-86. https://doi.org/10.1016/j.ejor.2013.06.040 

Tang, C., & Tomlin, B. (2008). The power of flexibility for mitigating supply chain risks. International 
Journal of Production Economics, 116(1), 12-27. https://doi.org/10.1016/j.ijpe.2008.07.008

Tippins, M. J., & Sohi, R. S. (2003). IT competency and firm performance: is organizational learning a 
missing link?. Strategic Management Journal, 24(8), 745-761. https://doi.org/10.1002/smj.337

Tiwari, A. K., Tiwari, A., & Samuel, C. (2015). Supply chain flexibility: a comprehensive review. Man-
agement Research Review, 38(7), 767-792. https://doi.org/10.1108/MRR-08-2013-0194

https://doi.org/10.1016/0360-8352(92)90121-Y
https://doi.org/10.1016/j.jsis.2010.11.002
https://doi.org/10.1016/S0377-2217(03)00020-1
https://doi.org/10.1007/BF01001956
https://doi.org/10.1504/IJITM.2009.023297
https://doi.org/10.1016/j.ijpe.2014.03.018
https://doi.org/10.1016/j.ijpe.2015.05.035
https://doi.org/10.1007/BF00186471
https://doi.org/10.1108/eb054696
https://doi.org/10.1108/01443570710756956
https://doi.org/10.1108/01443570910986238
https://doi.org/10.1016/j.jom.2005.05.002
https://doi.org/10.1016/j.ijpe.2008.09.002
https://doi.org/10.1016/j.ejor.2013.06.040
https://doi.org/10.1016/j.ijpe.2008.07.008
https://doi.org/10.1002/smj.337
https://doi.org/10.1108/MRR-08-2013-0194


1658 C. Bai, J. Sarkis. Evaluating complex decision and predictive environments: the case of green supply ...

Vickery, S., Calantone, R., & Dröge, C. (1999). Supply chain flexibility: an empirical study. Journal of 
Supply Chain Management, 35(2), 16-24. https://doi.org/10.1111/j.1745-493X.1999.tb00058.x

Vokurka, R. J., & O’Leary-Kelly, S. W. (2000). A review of empirical research on manufacturing flexibility. 
Journal of Operations Management, 18(4), 485-501. https://doi.org/10.1016/S0272-6963(00)00031-0

White, A. E. D. M., Daniel, E. M., & Mohdzain, M. (2005). The role of emergent information technolo-
gies and systems in enabling supply chain agility. International Journal of Information Management, 
25(5), 396-410. https://doi.org/10.1016/j.ijinfomgt.2005.06.009

Wilson, D. R., & Martinez, T. R. (1997). Improved heterogeneous distance functions. Journal of Artifi-
cial Intelligence Research, 6, 1-34.

Winkler, H., & Seebacher, G. (2012). Considerations on a contemporary flexibility approach. Research 
in Logistics & Production, 2, 147-161.

Wu, K. J., Tseng, M. L., Chiu, ASF, & Lim, M. K. (2016). Achieving competitive advantage through sup-
ply chain agility under uncertainty: A novel multi-criteria decision-making structure. International 
Journal of Production Economics, 190, 96-107. https://doi.org/10.1016/j.ijpe.2016.08.027

Yusuf, Y. Y., Gunasekaran, A., Musa, A., Dauda, M., El-Berishy, N. M., & Cang, S. (2014). A relational 
study of supply chain agility, competitiveness and business performance in the oil and gas industry. 
International Journal of Production Economics, 147(Part B): 531-543. 
https://doi.org/10.1016/j.ijpe.2012.10.009

https://doi.org/10.1111/j.1745-493X.1999.tb00058.x
https://doi.org/10.1016/S0272-6963(00)00031-0
https://doi.org/10.1016/j.ijinfomgt.2005.06.009
https://doi.org/10.1016/j.ijpe.2016.08.027
https://doi.org/10.1016/j.ijpe.2012.10.009

