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Abstract Sustainability has become a necessity, partly due
to the threats created by traditional manufacturing practices,
and due to regulations imposed by stakeholders. Performance
evaluation is an important component of sustainability ini-
tiatives in manufacturing organizations. This study proposes
a sustainability evaluation method for manufacturing SMEs
using integrated fuzzy analytical hierarchal process (FAHP)
and fuzzy inference system (FIS) approach. The performance
indicators are identified from literature considering the char-
acteristics of SMEs. Balanced scorecard framework is used
to categorize the indicators among its four aspects. The lin-
guistic variables are used to collect the opinions of decision
makers about the performance ratings and importance of the
aspects and corresponding indicators. The FAHP method is
applied to determine the relative weights of measures and
indicators. The performance ratings of the organization with
respect to indicators and relative weights of indicators are
combined to obtain the weighted performance ratings. The
weighted performance ratings are considered as inputs toFIS.
The hierarchal FIS is applied to derive the overall sustainabil-
ity performance. Using a case study of manufacturing SME,
the sustainability score of the organization was elicited in
accordance with this procedure. Consequently, a sensitivity
analysis of the proposed method reveals the most important
basic indicators affecting overall sustainability, identifying
areas which decision makers should place special attention.
This method can also assist managers of larger enterprises
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to assess the effectiveness of their sustainability strategies,
especially when dealing with suppliers from the SMEs.

Keywords Sustainable manufacturing · Small-and
medium-enterprises · Performance evaluation · Balanced
scorecard · Fuzzy analytical hierarchal process · Fuzzy
inference system

Introduction

Now-a-days, sustainable development has become an impor-
tant concern for all aspects of our daily activities. The main
objective of sustainable development is to ensure that the
needs of the present generation are met without compromis-
ing the ability of future generations to meet theirs (Brundt-
land 1987) . It is a well-established fact that our ecosystem is
witnessing a difficult challenge due to the limited resources,
energy capacity and waste disposal capability (Solvang et al.
2006). Many studies have attributed that the imbalance in
the ecosystem is mainly due to manufacturing operations
(Chouikhi et al. 2014). In addition,Manufacturing operations
are also accompanied by various social concerns at different
stages of the production processes (Kemp 1994; Seuring and
Muller 2008). Various laws and rules have been enforced
on manufacturing operations and their resultant products
across various countries to address these concerns (Olugu
et al. 2011). Therefore, it is important for manufacturing
organizations to incorporate the philosophy of sustainabil-
ity into their manufacturing operations. The perspective of
sustainability is often referred as idea of Triple Bottom Line
(TBL), which has three dimensions; environmental, social
and economic (Seuring and Muller 2008). Sustainable man-
ufacturing strives to minimize negative environmental effect
and conserve natural resources. It also focuses on the prod-
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ucts and processes which are economically sound and safe
for employees and communities (ITA 2007).

The success of sustainable manufacturing strategies
depends on: (1) selection of an appropriate set of indicators,
(2) performance evaluationmethod and (3) adjustmentwithin
the system (Reich-Weiser et al. 2009). Most of the strategies
for sustainablemanufacturing are based on the indicators and
performance evaluation methods, which are designed and
tested in larger manufacturing companies. To achieve better
sustainability performance of supply chain, larger enter-
prises extend these practices to their suppliers. Most of these
suppliers are small-and medium-scale enterprises (SMEs).
Thus, sustainability performance evaluation of SMEs plays
an important role in their survival. The performance evalua-
tion of manufacturing SMEs differs significantly from those
for large corporations due to characteristics of SMEs, e.g.,
personalized management, lack of finances, resource limi-
tations, more flexibility, horizontal structure, small number
of customers, limited access to market and lack of knowl-
edge about new technologies (Alshawi et al. 2011; Ciliberti
et al. 2008). Based on these characteristics, sustainable man-
ufacturing in SMEs cannot be considered as a miniaturized
version of larger organizations (Alshawi et al. 2011).

In the case of sustainability performance evaluation of
manufacturing organizations, major challenges are to deter-
mine the relative importance of each performance indicator
and to evaluate the performance of the organization with
respect to various indicators that are usually incommensu-
rable and fuzzy in nature (Vinodh et al. 2013; Azadegan et al.
2011). Furthermore, in a group decision making such as sus-
tainability performance evaluation, each decision maker has
different knowledge and opinion regarding the importance
of indicators and performance rating of the organization.
Therefore, sustainability evaluation formanufacturing SMEs
involves uncertainties such as fuzziness and interval data.
Due to the nature of such problems, fuzzy logic based meth-
ods have been reasonably derived to suit the specific needs
of sustainability evaluation. The fuzzy analytic hierarchy
process (FAHP) method provides a basis to obtain the rela-
tive weights of performance indicators. The Fuzzy inference
system (FIS) developed by Mamdani and Assilian (1975)
provides a basis for sustainability evaluation methods that
can effectively deal with the problems of this nature.

In this study, an integrated fuzzy AHP–FISmethod is pro-
posed to deal with sustainability evaluation ofmanufacturing
SMEs. The balanced scorecard (BSC) framework is used to
consider the financial and non-financial indicators in order to
reflect the operational and strategic performances of SMEs.
Performance indicators are identified from the literature and
categorized into fourmeasures ofBSC for sustainability eval-
uation of SMEs. This model is implemented in an Indian
manufacturing SME to evaluate the effectiveness of its sus-
tainability initiative. The sensitivity analysis of this method

provides a list of the most important indicators affecting sus-
tainability performance. The results obtained from the case
company show the applicability of the proposed method.

The remainder of this study is structured as follows: next
section presents a detailed review of literature related to this
study. “Sustainability evaluation indicators for manufactur-
ing SMEs” section presents an illustrative list of indicators
usingBSC framework. “Sustainability evaluation framework
and proposedmethod” section presents the proposedmethod.
Using a case study, the applicability of this method is illus-
trated in “Illustrative example” section. In the final section,
some conclusions are drawn from this study.

Literature review

This section is aimed at reviewing literature to provide a
view of sustainable manufacturing practices from SMEs
perspectives. As the research aim is to develop a sustainabil-
ity evaluation method for manufacturing SMEs using BSC
framework, the literature review also focuses upon the sus-
tainability evaluation methods and metrics, and use of BSC
in SMEs. Finally, research gaps are presented.

Sustainable manufacturing and SMEs

Althoughwidely accepted, the Brundtland Commission defi-
nition of sustainable development, presented above, is not an
operational one for business and engineering decisionmakers
in manufacturing (Haapala et al. 2013). Sustainable manu-
facturing is defined by US department of commerce as “the
creation of manufactured products that use processes that
minimize negative environmental impacts, conserve energy
and natural resources, as well as being safe for employees,
communities, and consumers and economically sound” (ITA
2007). The sustainable manufacturing concept built upon the
TBL concept of sustainability attempts to incorporate eco-
nomic, environmental and social aspects of manufacturing
that can help companies to assess current operations for fur-
ther improvement, innovate and identify the new source of
revenue and cost reduction.

Global or larger companies have been developing the
capability required to achieve the sustainable manufacturing
over the recent decade. Focusingon the environmental impact
in 2005, General Electric announced ‘Eco imagination’ pro-
gram resulting in the dramatic growth of the company’s
business. Returning from the verge of bankruptcy in 2008,
General Motors adopted sustainability as an important prin-
ciple in its business practices. The success of sustainability
initiatives of larger companies such as BMW, Dalmer, Coca-
Cola and many more are well reported and recognized.
However, focusing on sustainability reporting, it is found that
percentage of large companies publishing corporate sustain-
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ability responsibility (CSR) report is around 95%, whereas
only around 48% SMEs publish their CSR (KPMG 2013).

The lack of sustainability effort in SMEs is attributed to
their characteristics. SMEs often lack the awareness, exper-
tise, skills, finance, and human resources to build the required
changes for sustainability within the organization (Lee 2009;
Fatimah et al. 2013). Hillary (2004) identified barriers and
drivers for environmental management system for SMEs
using an empirical study. These barriers include lack of
knowledge and training, implementation cost and transient
cost. The drivers for sustainability in SMEs as identified
by Hillary (2004) are customers, government, local com-
munity, employees, insurers, banks and larger companies.
This study concluded that despite these barriers, SMEs do
achieve benefits from the Environmental Management Sys-
tem (EMS). Lepoutre and Heene (2006) reported that firm
size and characteristics of SMEs are also recognized as bar-
riers for sustainable practices. However, the effect of these
barriers can be nullified by critical analysis and strategy to
overcome the constraining barriers.

The SMEs are adopting the green initiatives to enhance
their competitiveness to survive in the market (Lee 2009).
For instance, European Union (EU) directives on Waste
Electrical and Electronic Equipment (WEEE), Restriction of
Hazardous Substances (RoHS), and Eco-design for Energy-
using products (EuP) have forced larger organizations to
adopt the sustainable practices in their operations (Huang
2015). The ripple effects of these directives extend to sup-
pliers in order to enhance the sustainability performance
of these larger manufacturing organizations. Many of these
suppliers are SMEs that represent approximately 80% of
global enterprises (Moore and Manring 2009). Furthermore,
SMEs are also under pressure to improve their sustain-
ability performance due to government regulations, local
community groups, environmental groups and investors from
financial institutions (Biondi et al. 2000; Hillary 2004; Lep-
outre andHeene 2006).Using an empirical study,Williamson
et al. (2006) reported that business performance and regula-
tions are drivers for environmental practices of SMEs. They
also emphasized that manufacturing SMEs try to improve
business performances because of the pressures placed on
them by market-dominated decision-making frames. Using
an empirical study in Turkish SMEs, Agan et al. (2013)
concluded that most influential drivers for sustainability of
SMEs are expected benefits such as cost savings, increased
customer satisfaction, new market opportunities, improved
corporate image and higher profits.

Sustainability evaluation methods and indicators

Till recent decades, sustainability of manufacturing orga-
nizations has been evaluated in terms of financial per-
formances only. The definition of sustainability has been

expanded to include non- financial performance measures
such as environmental and social. The sustainable manu-
facturing performance evaluation involves quantifying the
efficiency and effectiveness of all the activities and processes
related to manufacturing operations of the organization.
It reflects the need for improvement in areas with unsat-
isfactory performance, thus efficiency and quality can be
improved (Chan and Qi 2002). The purposes of perfor-
mance evaluation are: external reporting (CSR), internal
control (managing the activities and processes) and inter-
nal analysis (understanding the activities and process better
and continuous improvement) (Hervani et al. 2005). The
performancemeasurementmetrics of traditionalmanufactur-
ing have been expanded to incorporate sustainability (Carter
and Rogers 2008). Following paragraphs present the review
of literature on sustainability evaluation methods and met-
rics.

Researchers have applied various tools and techniques
for sustainability evaluation. The life cycle analysis (LCA),
which is a tool for measuring environmental and eco-
nomic effect, along with social life cycle assessment model
have been proposed by Schau and Fet (2011). Jaffar et al.
(2007) presented a model based on the weighted sum of
the product sustainability components, such as, economic,
environmental and social, to assess the sustainability of
products. Egilmez et al. (2013) presented an economic
input-output LCA and data envelopment analysis (DEA)
model for sustainability assessment of manufacturing units
in the United States of America. Sustainability evaluation
model of a desalination plant based on resources, ecologi-
cal and environment factors have been proposed by Afghan
et al. (1999). Vinodh et al. (2012) presented a model for
environmental impact assessment of an automotive ancil-
lary using the eco-indicator. Bayesian network approach
for calculating sustainability of coastal lakes in New South
Wales (Australia) has been presented by Ticehurst et al.
(2007).

In manufacturing, the evaluation models require inputs
based on decision makers’ perception towards indicators
and measures, which are generally fuzzy. Fuzzy logic based
models have proved very useful for decision making based
on human reasoning (Ayağ et al. 2013). The fuzzy logic
based methods have been used for the sustainability eval-
uation in the various areas such as petroleum corporation
sustainability (Zhang 2007), land management unit (Baja
et al. 2002) sustainability assessment of nations (Kouloumpis
et al. 2008), sustainability of a chemical industry (Conner
et al. 2009) and sustainability of mining and mineral sectors
(Kommadath et al. 2012). Phillis and Davis (2009) presented
a fuzzy logic model for assessment of corporate sustain-
ability using multi stage fuzzy reasoning model. Using,
sensitivity analysis in their model, the authors demonstrated
that important indicators affecting corporate sustainability
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can be identified. Based on the fuzzy logic, the Fuzzy
Inference System (FIS) methods have also been applied
in manufacturing organizations. For example, modeling of
surface roughness in face milling by Kovac et al. (2013),
prediction of remaining useful life of cutting tools by Goku-
lachandran and Mohandas (2015), modeling and analysis of
packing properties through FIS by Erginel (2010), intelligent
robotic assembly by Jakovljevic et al. (2014), optimization
of machining process by Iqbal et al. (2013) and suppliers’
performance evaluation by Ordoobadi (2009), Carrera and
Mayorga (2008). Amindoust et al. (2012) proposed a FIS
method for supplier selection based on the sustainability per-
formance evaluation. They implemented a three-stage FIS
model. However, the limitation of the method is that it did
not consider the relative importance of indicators. Another
limitation of most of these studies is that fuzzy methods have
been designed without considering the monotonic behavior
of system. Further, there was no investigation on integrating
FAHPmethod with FIS to solve the sustainability evaluation
problems.

The success of evaluation method also depends on the
selection of appropriate set of indicators. The indicator
should be simple and robust, reproducible and consis-
tent, cost-effective in data collection, complement regula-
tory requirements and coherence with the organization’s
vision. Different sets of indicators have been developed
to measure sustainability at the organizational level such
as ISO 14000 (including ISO 14020, ISO 14040 and
ISO 14064), Dow Jones Sustainability Indexes (DJSI),
Global Reporting Initiative (GRI) and sustainable manufac-
turing Toolkit by Organization for Economic Cooperation
and Development (OECD) (Rachuri et al. 2009). Except
OECD toolkit, all organizational level set of indicators
are general in nature and suitable for larger organiza-
tions (Singh et al. 2014a). Based on the characteristics of
SMEs, OECD toolkit provides 18 indicators which address
only the environmental dimension of sustainability. Con-
sidering economic, environmental and social dimensions,
sustainability evaluation methods and frameworks are still
evolving.

Balanced scorecard (BSC) and SMEs

The BSC Scorecard conceived by Kaplan and Norton (1992)
provides a comprehensive framework for performance eval-
uation by including four different perspectives, viz. financial,
customer, internal business process and learning and growth.
These four perspectives focus on the various stakeholders’
interests as shown in Table 1. BSC aims to maintain bal-
ance “between short-term and long-term objectives, between
financial and non-financial measures, between lagging and
leading indicators, and between internal and external perfor-
mance perspectives” (Bhagwat and Sharma 2007). The BSC

Table 1 Four perspectives of BSC (Kaplan and Norton 1992)

Perspective of BSC Focus

Financial On being financially successful
(shareholders’ view)

Customer On delivering value to customers
(customers’ view)

Internal business
process

On promoting efficiency and effectiveness
in process (process based view)

Learning and growth On acquiring capabilities to face future
challenges (future view)

is a performance assessment tool used in various areas such as
supply chain performance management (Varma et al. 2008;
Bullinger et al. 2002; Bhagwat and Sharma 2007), customer
relationship management (Kim et al. 2003), textile industry
(Cebeci 2009), higher education (Tseng 2010), informa-
tion technology (Asosheh et al. 2010), banking (Wu et al.
2009) and manufacturing (Fernandes et al. 2006). Although
BSC has been used widely for performance evaluation but it
has some deficiencies in implementation. These deficiencies
include methods to combine the indicators’ scores to obtain
overall performance rating; computation of relative impor-
tance weightage of indicators (Abran and Buglione 2003;
Lee et al. 2008; Leung et al. 2005). Ravi et al. (2005) applied
ANP with BSC to overcome these deficiencies in the reverse
logistic problems of computer hardware industry. Leung et al.
(2005) suggested the use of AHP to overcome deficiencies
of BSC. Lee et al. (2008) presented a combination of FAHP
and BSC model as a solution to these problems.

Application of BSC as a performance evaluation frame-
work has increased in recent decades, but literature related
to the application of BSC in SMEs are limited. The SMEs
are more focused on the financial and operational perfor-
mance and there is lack of measures dealing with other
aspects of sustainability (Addy et al. 1994). The BSC can
be used for performance assessment of SMEs considering
the characteristics of SMEs (Hudson et al. 2001). Kaplan
and Norton (1992) reported successful application of BSC in
SMEs.Manville (2007) developed and implemented theBSC
for not-to-profit SMEs. Bhagwat and Sharma (2007) applied
BSC to study the day-to-day performance of a supply chain
in an Indian SME. Fernandes et al. (2006) demonstrated that
theBSCcanbe implemented successfully in SMEsusing sys-
tematic and structuredmethodology. There are threemethods
to include sustainability in BSC such as the addition of fifth
perspective, developing a separate sustainability balanced
scorecard or integrating the indicators throughout the four
perspectives (Butler et al. 2011). In this study, the indicators
are integrated throughout the four perspectives of the BSC
to achieve the advantages of allowing the indicators from
operational and strategic perspectives.
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Research gaps

The literature on sustainable manufacturing focuses pri-
marily on large enterprises rather than SMEs. Even those
studies that have discussed sustainable manufacturing from
SMEs perspective are still limited and more focused on eco-
nomic and/or environmental aspects. The limitation of fuzzy
based sustainability evaluation methods is that most meth-
ods have been designed without considering the monotonic
behavior of the system. Furthermore, it is also seen that the
relative weights of sustainability indicators are not consid-
ered in most of the methods. Although, BSC is a simple
and robust framework for performance evaluation, it has
not been used for sustainability evaluation in manufacturing
SMEs.

In order to fulfill these research gaps, the aim of this paper
is to determine the relative weights of the performance indi-
cators under uncertainty and then applies the monotonic FIS
for sustainability assessment of manufacturing SMEs using
an integrated FAHP–FIS method, which can mimic the real-
life decision-making process. The BSC framework is used
to include indicators for operational as well as for strategic
performance assessment of manufacturing SMEs. The defi-
ciencies in BSC implementation are resolved by using FAHP
method to obtain the relative weights of indicators and mea-
sures that are used as inputs to the FIS.

Sustainability evaluation indicators for
manufacturing SMEs

The BSC evaluates the firm’s performance from four aspects
and helpsmanagers to consider both operational and strategic
indicators to achieve future competitive advantages (Kaplan
andNorton 1992, 2001). The suitability of indicators for sus-
tainability evaluation of manufacturing SME also depends
on how these indicators include the characteristics of SMEs
(Hudson et al. 2001). Sustainability initiatives are exclusively
related to the cost reduction practices in SMEs (Williamson
et al. 2006). The financial aspect of the BSC consists of
indicators reflecting the cost-related performance of orga-
nizations. Cost reduction can be achieved by reducing the
manufacturing cost, minimizing waste, increasing resource
efficiency and manpower productivity. Waste minimization
and increase in resource efficiency also address the prob-
lem of resource limitations of SMEs. The major resources
used in manufacturing are materials, energy, water and land.
Thus, indicators related to usage of these resources become
indispensable for sustainability evaluation of manufacturing
SMEs. These indicators are included in the internal business
process aspect of the BSC. Due to horizontal structure, SME
employees have a relatively greater number of responsibili-
ties at a time. The problem of manpower productivity is fur-

ther augmented due to lack of knowledge towards advanced
technologies and sustainability. Specialized training and high
motivations are required to enhance or maintain the pro-
ductivity of employees to remain competitive. Community
involvement is also crucial to enhance the competitiveness
by improving organizational image. Thus, the learning and
growth aspect of theBSCconsists of these indicators.A small
number of customers and access to limited market suggest
that SMEs should focus on customers’ expectation and ser-
vices. Thus, indicators related to customers are important for
sustainability evaluation, which are included in the customer
aspect of the BSC. Customers’ satisfaction can be evaluated
in terms of flexibility, responsiveness and complaints. For
SMEs, sustainable manufacturing indicators should be able
to evaluate the performance of organizations with respect to
cost, flexibility, responsiveness, resources’ usage, wastemin-
imization, employees productivity, customers’ and employ-
ees’ satisfaction and community involvement. The Illustra-
tive list of indicators presented in Table 2 is adopted from
an empirical study on the identification of key performance
measures for sustainable manufacturing in SMEs (Singh
et al. 2014b) and categorized among the four aspects of the
BSC .

Sustainability evaluation framework and proposed
method

The proposed framework for sustainability evaluation of
manufacturing SME is based on performance ratings of the
organization with respect to various indicators and relative
importance weightages of indicators (Fig. 1). The FAHP
approach is used to obtain the relative importance weigh-
tage of indicators (see sub-section on importance weightage
of indicators and measures). The Mamdani FIS is applied in
this study due to its comparatively simpler structure, which
predicts reasonable results and also includes the intuitive
and interpretable nature of the rule base (Jassbi et al. 2006).
The FIS consist of four components, namely; fuzzification
interface, knowledge base, inference system and defuzzifi-
cation interface. The fuzzification interface implements the
mapping of the crisp value of inputs to fuzzy inputs, which
are represented by membership functions. The knowledge
base is a repository of database and rules specific to the sys-
tem under consideration, which establishes the relationship
between input and output. The database consists of linguistic
variables used for linguistic rules and membership function
defining semantics of linguistic variables. Inference system
infers fuzzy inputs into resulting fuzzy output considering the
information stored in the knowledge base. The defuzzifica-
tion interface converts the fuzzy output into crisp output. The
number of rules in a FIS depends on two factors: (1) number
of inputs to FIS and (2) number of membership functions. In
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Fig. 1 Sustainability evaluation
framework

Weighted performances rating with respect to indicators  

Selection of sustainable manufacturing Indicators for 
SMEs using BSC Framework

Performances rating of organization with respect 
to indicators (Decision makers’ opinion)

Relative importance weights of indicators 
using FAHP (Decision makers’ opinion) 

Sustainability score (SS) 

Hierarchal fuzzy inference systems (FIS) (3-stages) 

order to avoid the rule explosion, it is proposed that each FIS
should have only two inputs with fivemembership functions.
Then, a hierarchal FIS structure with three levels (3-stages)
has been obtained as shown in Fig. 2. The weighted perfor-
mance ratings with respect to indicators are used as inputs in
stage-1 of the hierarchal Mamdani FIS. There are four out-
puts at stage-1, which are considered as inputs at stage-2.
At stage-3, there will be two inputs, which are the outputs
of stage-2 of FIS used to obtain the sustainability score of
organization.

Integrated FAHP–FIS method

The proposed method requires performance ratings of orga-
nizations with respect to the indicators pertinent to sus-
tainability evaluation and also importance weights of these
indicators. Due to the vagueness in manufacturing decision
making, it is recommended that the performance ratings
of organization and importance weights of indicators to be
gathered in terms of linguistic variables which should be
represented by fuzzy numbers. The use of triangular or trape-
zoidal fuzzy numbers have been recommended to overcome
the vagueness (Vinodh and Balaji 2011). The relative impor-
tance of indicators is computed based on FAHP as discussed
in subsequent subsection. In this study, we have applied tri-
angular fuzzy number (TFN) which can be represented as
Ã = (al , am, au) and shown in Fig. 3.

Five fuzzy sets of membership functions are applied to
inputs and outputs of each FIS at all three stages. The fuzzy
sets in terms of linguistic variables include ‘Very Poor’,
‘Poor’, ‘Moderate’, ‘Good’ and ‘Very Good’. These vari-
ables are equivalent to TFN on a numerical range of 0–100
as shown in Fig. 4.

The following fuzzy operations are applied to compute the
fuzzy weights of the indicators and sustainability score (SS)

of the manufacturing SMEs. For example, let’s say Ã and B̃
are two TFNs.

Ã = (al , am, au)

B̃ = (bl , bm, bu)

Then,

Ã ⊕ B̃ = (al + bl , am + bm, au + bu) (1)

Ã ⊗ B̃ = (al × bl , am × bm, au × bu) (2)

Ã

B̃
=

(
al
bu

,
am
bm

,
au
bl

)
(3)

Importance weightage of indicators and measures

Analytic hierarchy process (AHP) is an extensively used
MCDM approach to compute the relative weights of the
criteria (Saaty 1980; Saaty and Vargas 2001). In the AHP
method, the problem structure is generally a multilevel hier-
archy. Each criterion on a given level is of some importance
and believed to influence the importance of the criterion at
the next higher levels. This method is focused on obtain-
ing the importance weights of set of criteria at one level of
hierarchy to the level just above (Liberatore 1987) and the
same process is being repeated. Weight matrices are multi-
plied to obtain the importance weightages of criteria at the
lowest level to ascertain their impact on the overall goal.
Although AHP is a very popular method, it is not able to
handle the uncertainties associated with decision making
problems (Cheng 1997). Buckely (1985) proposed FAHP
method, a systemic approach based on the AHP, which is
capable to handle imprecise information in form of fuzzy
numbers (Ayağ and Özdemir 2006). The FAHP requires a
decision makers’ opinion in the form of a comparison matrix
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Fig. 2 Hierarchal structure of fuzzy inference system

of importance between each criterion to obtain the fuzzy
weights. The calculation process of FAHP is explained as
follows:

(i) Define hierarchal structure of Problem. Define the hier-
archal structure of the sustainability evaluation problem
based on the BSC framework.

(ii) Construct the fuzzy positive reciprocal matrix. Decision
makers are asked to represent the pairwise comparisons
among measures and indicators using linguistic value.
The TFN equivalent to linguistic values are shown in
Table 3. These collected data are used to form pairwise
comparison matrices.

(iii) Examine Consistency of comparison matrixes. If C =
[ci j ] is a positive reciprocal matrix then C̃ = [c̃i j ] is
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0 l m u

1

Fig. 3 Triangular fuzzy number

a fuzzy positive reciprocal matrix. Buckley (1985) has
shown that if the comparison matrix C = [ci j ] is con-
sistent, then fuzzy comparison matrix C̃ = [c̃i j ] is also
consistent. In the study, we applied this method to vali-
date the responses of decision makers.

(iv) Compute the fuzzy weights of BSC measures and corre-
sponding indicators.

The Lambda-Max method is used to calculate the fuzzy
weights of measures and indicators, which was proposed by
Csutora and Buckley (2001). A sequence of positive recipro-
cal matrices is applied to determine the relative weights. To
facilitate theweight computations, applyα-cut to decompose

the fuzzy reciprocal matrix into crisp matrices. The α-cut of
a fuzzy set is a crisp set comprising elements for which the
membership function of fuzzy set is greater or equal toα. The
calculation steps are as follows:

(A) Apply α-cut.

(a) Let α = 1, to construct C̃k
m = [Ck

i jm]n×n , This rep-
resents opinion of decision maker ‘k’ in the form of
the crisp reciprocal matrix C̃ , and obtain the fuzzy
weight Wk

m = [wk
im] for i = 1, 2, . . . , n .

(b) Let α = 0, using α-cut to construct C̃k
l = [Ck

i jl ]n×n

and C̃k
u = [Ck

i ju]n×n in accordance with fuzzy recip-

rocal numbers. Determine the weight matricesWk
l =

[wk
il ] and Wk

u = [wk
iu] for i = 1, 2, . . . , n .

(B) Normalization of the fuzzyweights (Csutora andBuckley
2001). According to thismethod, lower and upper bounds
of the triangular fuzzy weight can be computed as:

Qk
l = min

{
wk
im

wk
il

|1 ≤ i ≤ n

}
(4)

Qk
u = max

{
wk
im

wk
iu

|1 ≤ i ≤ n

}
(5)

Fig. 4 Membership functions of input and output variables

Table 3 Linguistic variables for
importance of indicators and
aspects for FAHP comparisons

Fuzzy numbers Linguistic value Triangular fuzzy
number (ci j )

Reciprocal of TFN (c ji )

9̃ Absolutely important (7, 9, 9) (1/9, 1/9, 1/7)

7̃ Very strongly important (5, 7, 9) (1/9, 1/7, 1/5)

5̃ Essentially important (3, 5, 7) (1/7, 1/5, 1/3)

3̃ Weakly important (1, 3, 5) (1/5, 1/3, 1)

1̃ Equally important (1, 1, 3) (1/3, 1, 1)

2̃, 4̃, 6̃, 8̃ Intermediate value between two
adjacent judgments

Source: Mon et al. (1994), Hsieh et al. (2004)
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After computing the values of Qk
l and Qk

u ; the adjusted
weights can be calculated as:

W̃ k∗
l = [wk∗

il ] where wk∗
il = Qk

l × wk
il (6)

W̃ k∗
u = [wk∗

iu ], where wk∗
iu = Qk

u × wk
iu (7)

After obtaining the new fuzzy weights as W̃ k∗
l =

[wk∗
il ],Wk

m = [wk
im] and Wk∗

u = [wk∗
iu ], these weights are

combined to obtain the triangular fuzzy weight of i th indi-
cator as w̃k

i = (
wk
il , w

k
im, wk

iu

)
Thew̃k

i is local relative fuzzy
weight of i th indicator by decision maker ‘k’. In a similar
way, the relative fuzzy weights of aspects are determined. To
compute the global relative weights of indicators, the local
relative fuzzy weights of indicators are to be multiplied with
the local relative weights of corresponding aspects.

Fuzzy rules in the proposed method

The fuzzy rule base for this method is based on expert knowl-
edge. Sustainability score depends on performance ratings
of organization with respect to indicators. Indicators used in
BSC are identified as ‘Smaller is better’ and ‘Larger is bet-
ter’ types. We applied the method suggested by Singh et al.
(2014a) to assign the appropriate fuzzy numbers to accom-
modate both types of indicators. If an indicator is of ‘larger is
better’ type, then, higher value of an indicator is preferred and
this indicator is assigned a higher fuzzy number for higher
value of indicator and vice versa. For other type of indicator
which is ‘smaller is better’, lower value of indicator is pre-
ferred and this indicator is assigned a higher fuzzy number
for lower value of indicator and vice versa. Rules for this FIS
model have been developed on the basis of averaging concept
as shown in Table 4.

Aggregation and defuzzification

In the case of group decision making, the performance rat-
ings and importance weights are required to aggregate to
obtain a single fuzzy number for each rating and weight. In
this study, the fuzzy numbers are aggregated by using the
arithmetic mean operator (Detyniecki et al. 2000). Aggre-
gated relative weight of i th criteria can be represented as
w̃i = [(wil , wim, wiu)] and computed as follows:

wil = 1

p

p∑
k=1

wk
il , wim = 1

p

p∑
k=1

wk
im and wiu = 1

p

p∑
k=1

wk
iu

(8)

where p is the number of decision makers and w̃k
i =

[(wk
il , w

k
im, wk

iu)] is the opinion of kth decision maker about
relative weight of i th indicator.

Aggregated performance rating of organization with
respect to i th indicator can be represented by x̃i =
[(xil , xim, xiu) and computed as

xil = 1

p

p∑
k=1

xkil , xim = 1

p

p∑
k=1

xkim, and xiu = 1

p

p∑
k=1

xkiu

(9)

where p is the number of decision makers and x̃ ki =
[(xkil , xkim, xkiu)] is the opinion of kth decision maker about
the performance rating of organization with respect to i th
indicator.

It is required to defuzzify the fuzzy number into a real
number at each level of hierarchy. We applied centre of area
(COA) method for defuzzification as represented by Eq. (10)

XCOA =
∑n

i=1 xi .µi (xi )∑n
i=1 µi (xi )

(10)

Explanation of the proposed method

The sustainability score (SS) formanufacturingSMEdepends
on the various performance indicators’ values and their rela-
tive importance weights. Decision makers should be asked to
identify the relevant indicators from each aspect of the BSC.

This hierarchal FIS structure has three stages as shown in
Fig. 2. Each FIS is assigned two inputs and one output with
five fuzzy membership functions to avoid rule explosion and
to accommodate a large number of indicators. If the num-
bers of decision makers are more than one and there is no
consensus about the importance weights of indicators or per-
formance ratings, then aggregation method as proposed in
“Aggregation and defuzzification” section can be used. The
fuzzy performance ratings and fuzzy importance weights of

Table 4 Fuzzy rule base matrix
Second input First input

VP (very poor) P (poor) M (moderate) G (good) VG (very good)

VP VP VP P P M

P VP P P M M

M P P M M G

G P M M G G

VG M M G G VG
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indicators as well as the corresponding aspects are defuzzi-
fied to obtain the crisp values using Eq. (10). At first stage,
crisp performance rating is multiplied by a corresponding
crisp relative importance weightage of the indicator to obtain
the weighted performance ratings to be used as input. In the
process of selecting two by two inputs, if any remains, it
would be treated as output in that particular category. This
stage is continued until all selected indicators as inputs are
accommodated in hierarchal FIS and output for each aspect
reduced to one. There are four outputs from stage one, which
are considered as performance ratings of the organization
with respect to four aspects of BSC. The performance rating
of each aspect is considered as inputs at stage 2. Stage 2 con-
sists of two FIS with two inputs and one output to each FIS.
Stage 3 consists of two inputs (outputs from stage 2) and one
output. The output of stage 3 represents the overall sustain-
able performance of manufacturing SMEs as a sustainability
score (SS).

Monotonic behavior of hierarchal FIS model

For hierarchal FIS, monotonicity of outputs with respect to
its inputs is an indispensable requirement (Kouikoglou and
Phillis 2009). The conditions for non-decreasing output of
the single-stage fuzzy system are given by Won et al. (2002)
as follows:

Condition 1. The rule bases should be non-decreasing.
Condition 2. The weights used in the defuzzification
should be piecewise differentiable and non-decreasing.
Condition 3. The membership functions assigned to
the inputs should be piece-wise differentiable, in the
sense that they should be continuous on the corre-
sponding domains and differentiable at all but a finite
number of points. Moreover, for any pair of fuzzy sets
A and B, if A < B then [dµA(x)/dx]/µA(x) ≤
[dµB(x)/dx]/µB(x), for all x where µA(x) and µB (x)
should be differentiable.

Kouikoglou and Phillis (2009) have expanded the applica-
bility of these conditions by proving that these are also
sufficient for the monotonicity of multi-stage, hierarchical
fuzzy systems if each inference stage satisfies conditions 1
and 2, and the basic inputs satisfy condition 3.

To satisfy condition 1, non-decreasing rule base is devel-
oped. The highest value of fuzzy sets applied in this model
as shown in Fig. 4 satisfies condition 2. (Won et al. (2002))
explained the condition 3 for triangularmembership function
as follows:

Fuzzy systems assigned triangular membership functions
Ã = (al , am, au) are piece-wise differential, if a p

l ≤
aql , a p

m ≤ aqm and a p
u ≤ aqu for all membership functions

(1, . . . , p, q, . . . ,m), where 1 ≤ p ≤ q ≤ m.

In this study, each input is assigned the membership
functions based on condition 3 for triangular membership
function.

Illustrative example

In this section, applicability of the proposed model is illus-
trated by a case study. The case company (hereafter known
as ABC) is located in Manesar, Gurgaon, India. ABC man-
ufactures auto electrical components for various vehicle
segments, gensets and home-appliances. ABC is an original
equipment manufacturer (OEM) and supplier to more than
20 vehicles and genset manufacturers. ABC is an ISO 9001
certified company and striving to obtain ISO 14001 certifi-
cation due to pressure from customers and also to achieve a
competitive edge. ABC has been using traditional BSC as a
performance evaluation framework for the last three years.
After deliberations with decision makers, the BSC is identi-
fied as a holistic and comprehensive approach to be used as a
framework for sustainability evaluation. The decisionmakers
also felt that a fuzzy based model, which can accommo-
date relative importance of indicators andmeasures, could be
used to deal with uncertainties associated with manufactur-
ing decisions. Three decisionmakers fromABC aremanager
(quality assurance), who is also responsible for sustainabil-
ity initiatives in the company, senior manager (finance) and
manager (production).

Data collection

The decision makers were asked to select the indicators
pertinent to ABC. Based on decision makers’ opinion, the
hierarchy of the performance evaluation using BSC was
defined as shown in Fig. 5. Decisionmakers’ opinion towards
the importance ofmeasures and indicators at respective levels
were collected in the form of pair-wise comparison matri-
ces as shown in Table 5. Decision makers were also asked
to assess the performances rating of their organization with
respect to selected indicators as shown inTable 6. It should be
noted that decisionmakers’ opinions towards performance of
ABC with respect to indicators are based on mutual agree-
ment.

Implementation and result extraction

The data were gathered from decision makers of ABC in
terms of linguistic variables. For further analysis, linguistic
variables were replaced by corresponding TFN (see Fig. 4;
Table 3). During the implementation and result extraction
process, importance weightage of aspects and indicators
were computed using FAHP [Eqs. (4)–(7)] for each decision
maker. All fuzzy positive reciprocal matrices were exam-
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Fig. 5 Hierarchal structure of BSC for sustainability evaluation in case company

ined for consistency by obtaining the consistency index of
corresponding positive reciprocal matrices. In the case of
inconsistency, decision makers were asked to re-evaluate
their opinions. This process was continued until the con-
sistency ratio for all comparison matrices became less than
or equal to 0.10. After obtaining the importance weigh-
tage of each indicator, aggregation method (as discussed in
“Aggregation and defuzzification” section) was applied to
combine the weightages obtained from three decision mak-
ers as shown in Table 7 under the heading of local TFN
weights. In order to compute the global relative weights,
local fuzzy weights of indicators were multiplied with the
local fuzzy weights of corresponding aspects. These global
fuzzy weights were converted to crisp values using the cen-
ter of area (COA) defuzzification method using Eq. (10) as
shown in Table 7. Similarly, the performances rating of ABC
with respect to indicators were also defuzzified to obtain real
numbers (Table 8). Crisp values of importance weight and
performance rating for corresponding indicator were multi-
plied to obtain weighted performance ratings as input values
for stage 1. It is seen that values obtained after the multipli-
cation process were reduced in proposed scale. To eradicate
this problem, these values were normalized at stage one. The
fuzzy logic toolbox ofMATLABprogramwas used to design
and implement the hierarchal FIS model. There were four
outputs from stage one that were considered as performance
ratings of the organization with respect to four aspects of the
BSC. The performance rating of each aspect is considered as
inputs at the stage 2. Stage 2 consists of two FIS with four

inputs and two outputs. Stage 3 consists of two inputs (out-
puts from stage 2) and one output with one FIS. The output
of stage three represents the overall sustainable performance
of manufacturing SMEs as a sustainability score (SS).

TheworkingofFISmodels is representedby the rule view-
ers. To demonstrate the structure of rule viewer, one FIS at
second stage is chosen as shown in Fig. 6. In this rule viewer,
each input variable is plotted along column and each rule
along a row. Input variable values can be changed by moving
the red line, and output can be observed from output column.
For all FIS in the proposed model, there are two input vari-
ables and five membership functions resulting into 25 (52)
rules. The monotonic behavior of proposed hierarchal FIS is
verified by varying the input values and observing the out-
put values. In addition, this behavior was also verified from
the output surface of a FIS as shown in Fig. 7. It is seen that
increasing the input values results in non-decreasing value of
outputs for each FIS. The robustness of the results obtained
from FIS models is generally validated by applying differ-
ent defuzzification methods (Ordoobadi 2009; Amindoust
et al. 2012; Singh et al. 2014a). As can be seen from Table 9,
the evaluation results are robust to alternative defuzzification
modes which show the validity of this model.

Sensitivity analysis

Sensitivity analysis plays an important role in the deci-
sion making process by determining the effects of change
in a decision parameter on overall performance. This sec-

123



J Intell Manuf (2018) 29:1–18 13

Table 5 Pairwise comparison matrix for aspects and indicators

Aspects

F C P L

DM1

F 1̃ 9̃ 7̃ 5̃

C 9̃−1 1̃ 3̃−1 3̃

P 7̃−1 3̃ 1̃ 5̃

L 5̃−1 3̃−1 5̃−1 1̃

DM2

F 1̃ 7̃ 7̃ 5̃

C 7̃−1 1̃ 5̃−1 5̃

P 7̃−1 5̃ 1̃ 3̃

L 5̃−1 5̃−1 3̃−1 1̃

DM3

F 1̃ 9̃ 5̃ 7̃

C 1/9 1̃ 3̃−1 5̃

P 5̃−1 3̃ 1̃ 5̃

L 7̃−1 5̃−1 5̃−1 1̃

Internal process indicators

P1 P2 P3

DM1

P1 1̃ 5̃−1 3̃

P2 5̃ 1̃ 5̃

P3 3̃−1 5̃−1 1̃

DM2

P1 1̃ 7̃−1 5̃

P2 7̃ 1̃ 5̃

P3 5̃−1 5̃−1 1̃

DM3

P1 1̃ 3̃−1 5̃

P2 3̃ 1̃ 7̃

P3 5̃−1 7̃−1 1̃

Financial indicators

F1 F2

DM1

F1 1̃ 7̃

F2 7̃−1 1̃

DM2

F1 1̃ 5̃

F2 5̃−1 1̃

DM3

F1 1̃ 9̃

F2 9̃−1 1̃

Table 5 continued

Customer indicators

C1 C2

DM1

C1 1̃ 3̃

C2 3̃−1 1̃

DM2

C1 1̃ 5̃

C2 5̃−1 1̃

DM3

C1 1̃ 3̃

C2 3̃−1 1̃

Learning and growth indicators

L1 L2

DM1

L1 1̃ 7̃

L2 7̃−1 1̃

DM2

L1 1̃ 5̃

L2 5̃−1 1̃

DM3

L1 1̃ 3̃

L2 3̃−1 1̃

Table 6 Performance ratings with respect to selected indicators

Indicator Decision makers’ opinion

Manufacturing cost (F1) Very Good

Debt ratio (F2) Good

Customers’ satisfaction (C1) Average

Quality (C2) Good

Material intensity (P1) Good

Hazardous material ratio (P2) Very Good

Direct emission (P3) Average

Training hours/ employee (L1) Poor

Management’s commitment (L2) Good

tion attempts to help decision-makers to select the appro-
priate strategy by sustainability evaluation in the given
scenario. A scenario is defined by the available set of
sustainability indicators. The change in the values of indi-
cators and resulting change in the sustainability scores
observed, the decision makers could identify the most
important indicators to improve the sustainability
performance.
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Table 7 Aggregated
importance weightage of
measures and indicators

Aspects/indicators Local TFN weights Global TFN weights Crisp value

Financial (F) (0.57, 0.62, 0.64) (0.57, 0.62, 0.64) 0.61

Manufacturing cost (F1) (0.72, 0.87, 0.90) (0.41, 0.44, 0.57) 0.45

Debt ratio (F2) (0.10, 0.13, 0.21) (0.06, 0.08, 0.13) 0.08

Customer (C) (0.08, 0.12, 0.17) (0.08, 0.12, 0.17) 0.12

Customers ‘satisfaction C1) (0.50, 0.82, 0.88) (0.04, 0.10, 0.15) 0.10

Quality (C2) (0.13, 0.18, 0.34) (0.01, 0.02, 0.05) 0.03

Internal business process (P) (0.16, 0.20, 0.52) (0.16, 0.20, 0.52) 0.29

Material intensity (P1) (0.16, 0.24, 0.35) (0.02, 0.05, 0.18) 0.06

Hazardous material ratio (P2) (0.50, 0.67, 0.68) (0.08, 0.13, 0.35) 0.16

Direct emission (P3) (0.07, 0.09, 0.14) (0.01, 0.01, 0.07) 0.02

Learning and growth (L) (0.05, 0.06, 0.08) (0.05, 0.06, 0.08) 0.07

Annual training hours/employee (L1) (0.50, 0.82, 0.88) (0.02, 0.03, 0.07) 0.03

Management’s commitment (L2) (0.13, 0.18, 0.34) (0.01, 0.01, 0.02) 0.01

Table 8 Fuzzy and crisp
Performance rating values

Indicators Decision makers’ opinion TFN Crisp value

Manufacturing cost (F1) Very Good (75, 100, 100) 91.6

Debt ratio (F2) Good (50, 75, 100) 75

Customers’ satisfaction (C1) Moderate (25, 50, 75) 50

Quality (C2) Good (50, 75, 100) 75

Material intensity (P1) Good (50, 75, 100) 75

Hazardous material ratio (P2) Very Good (75, 100, 100) 91.6

Direct emission (P3) Moderate (25, 50, 75) 50

Training hours/ employee (L1) Poor (0, 25, 50) 25

Management’s commitment (L2) Good (50, 75, 100) 75

Sensitivity analysis requires the computation of the gra-
dient of sustainability score with respect to each indicator.
A gradient gives the increase of sustainability score per unit
increase of an indicator. To perform sensitivity analysis, we
followed method suggested by Phillis and Davis (2009). The
steps of the sensitivity analysis are as follows:

1. Calculation of the sustainability score: For a givenorgani-
zation, obtain the performance valueswith respect to each
indicator using the proposed method. Start from stage 1
of the hierarchal FIS and proceed successively to obtain
the sustainability score.

2. Introduction of perturbation: For an indicator, say, i ,
increase its weighted performance value (xi ) by some
fixed amount (δ), for example, 10%. If the result is greater
than 100, then truncate it to 100 to avoid overshooting the
permissible region of the indicators.

3. Sensitivity analysis: evaluate the sustainability scorewith
the same set of data in step 1 except for indicator ‘i’
whose value is now xi + δ. Denote the new evaluation as
SS (xi+δ). The gradient of SS with respect to i th indicator
is defined by forward difference

Δi = SS(xi+δ) − SS

Reset the value of indicator to xi .
4. Loop: repeat step 2 and 3 for all indicators.
5. Ranking: identify the gradient with the largest values,

which corresponds to the indicators which affects most
in given scenario.

During the sensitivity analysis, biasness towards indicators
which belongs to small groups was observed. For example,

Table 9 Validation of proposed
model

The evaluation result (Sustainability score) of ABC using different defuzzification method

COM MOM SOM LOM BOM

50 50 50 50 50
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Fig. 6 Rule viewer of a FIS in the case example

Fig. 7 Output surface of a FIS for case company

financial aspect depends on only two indicators. Therefore,
an increase in the debt ratio has nearly direct effect on SS.
Internal business process has three indicators, an improve-

ment in one of these indicators results in small improvement
of SS. To avoid this bias, the indicator ‘i’ is ranked according
to scaled gradient (Di ).

Di = (100 − xi )Δi

where (100−xi ) is the distance of the i th indicator from sus-
tainable value and Δi is gradient of sustainability score with
respect to i th indicator. Therefore, indicators which affect the
SSmost and are farther from sustainable region are identified
and ranked to improve the sustainability performance. The
results of sensitivity analysis for ABC are shown in Table 10.

The overall sustainability performance of ABCwas found
to be moderate. At present scenario, as can be seen from
Table 10, the order of importance of indicators is C1 > L1 >

F2 > P1 > P3 > C2 > L2. As manufacturing cost (F1) and
hazardous material ratio (P2) are already within sustainable
region (i.e., distance from sustainable value is zero or near
zero), these indicators are not identified as the important indi-
cators. Based on this analysis, decisionmakers can devise the
strategy to improve its sustainability performance.
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Table 10 Most important indicators for sustainability improvement in
case company

Indicator (i) Scaled gradient (Di )

Customers’ satisfaction (C1) 0.416

Training hours/ Employee (L1) 0.199

Debt ratio (F2) 0.132

Material intensity (P1) 0.099

Direct emission (P3) 0.083

Quality (C2) 0.049

Management’s commitment (L2) 0.016

Conclusions

This study presented an integrated FAHP–FIS method for
sustainability evaluation of manufacturing SMEs. The main
contributions of this work are summarized as follows:

(1) Sustainability evaluation of manufacturing SMEs: to
date, there are very few studies on sustainability eval-
uation of manufacturing SMEs. Considering the char-
acteristics of SMEs, the indicators for sustainability
performance evaluations are identified from literature and
classified in four perspectives of BSC framework.

(2) The proposed method can be used for any scenario
(i.e. any number of input indicators can be used).
The varied importance of indicators and measures are
considered to be relative that is very often in the deci-
sion making in manufacturing organization. The rel-
ative importance of indicators and measures obtained
by FAHP method are considered more reliable than
absolute weights directly obtained from decision mak-
ers.

(3) Due to the vagueness in manufacturing decision mak-
ing, the decision makers express their opinions into
linguistic terms instead of crisp values. Therefore, FIS
based method was proposed to deal with subjectivity
involved in performance evaluation of manufacturing
SMEs.

(4) Using sensitivity analysis, this study identified the most
important indicators for sustainability performance. Future
research can be focused on the interaction effects (i.e.
increasing two or more inputs’ values simultaneously)
on sustainability performance to identify most important
set of indicators.
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