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Abstract A sustainability program is about implementing essential sustainability practices
at various intensities that will not harm people because of firm actions. This paper formulates
an optimization model to identify an optimal intensity of implementation of selected sustain-
ability practices referred as sustainability program for maximising manufacturing industry
sustainability performance for a known set of budgetary and minimum thresholds constraints
with respect to economic, social and socio-economic criteria. Besides modelling the paper
proposes a random search procedure embedding the NN to determine the optimal sustain-
ability program and explains the usefulness with a sample problem. Sensitivity analysis is
carried out to understand the behaviour of the model. It is observed that the sustainability
performances depend on the constraints such as budget limitation and threshold values of
performance criterion.
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Symbols

B Budget
CPI Composite Performance Index
E Economic performance in percentage
itmax Maximum iteration
LR Learning rate
MSE Mean square error
N Number of neurons
S Social performance in percentage
SE Socio-economic performance in percentage
Z Overall performance score
Zopt Optimal performance

Parameters

Bmax Maximum budgetary limit
CPI j Composite Performance Index (industry wise)
CPI Aj CPI score of jth industry derived with MADM approach

CPIEj CPI score of jth industry predicted through NN Model
Cmp Operational cost of pth sustainable practice to its mode m
Emin Minimum threshold of economic performance in percentage
i Performance dimension
I Number of performance dimensions
it Initial iteration
j Industry identifier (alternative)
J No. of industries
m Modes
M Number of modes
p Practices
P Number of practices
PWPA

i j Actual percent weighted performance ith dimension of jth industry

PWPE
i j Estimated percent weighted performance ith dimension of jth industry

SEmin Minimum threshold of socio-economic performance in percentage
Ski Performance score for ith dimension to its kth level
Sim p

Performance scores for sustainable program,

Sij Performance score for jth industry to ith dimension
Smin Minimum threshold of social performance in percentage
Wi Weights of criterion
XOpt
m p Optimal sustainable program

Decision variable

Xmp Binary variable
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1 Introduction

Sustainable manufacturing involves the use of sustainable processes and systems to produce
sustainable products and it is recently recognised as an important activity in the manufactur-
ing industry (Faulkner and Badurdeen 2014). Roberts and Ball (2014) define environmental
technologies in terms of production equipment, methods and procedures that are available
to deal with sustainability that aim to conserve energy as well as natural resources and
to minimize environmental impact because of human activities. Sustainability in industries
is achieved through implementing practices that includes techniques such as technologies,
equipment, operating procedures and management orientation approaches such as product
design, manufacturing, environmental management, technology choice and design of indus-
trial systems. A sustainability program is a set of essential sustainability practices that are
implemented at various intensities from minimum level to maximum level to achieve the
desired performances is referred as modes in this paper. Sustainability practices are classi-
fied into three major categories to address the underlying triple bottom line performances of
industries such as Manufacturing Innovation Practices (MIP), Environmental Management
Regulation Systems (ERMS) and Societal Welfare Schemes (SWS) (Rho et al. 2001; Singh
et al. 2006). Sezen and Cankaya (2013) stated that sustainability issues are swiftly emerging
as one of the most important aspects in organisation and influences strategic decision making
such as business management, manufacturing, and product development. The achievement
of sustainability depends on sustainability program and varies significantly with respect to
the sustainable practice implementation decisions, which can be carried out with different
intensity levels referred as modes in this paper (i.e. levels). However, industries struggle to
understand what practices they need to select for implementation and what level or intensity
they need to concentrate to achieve the set performances. This is themajor gap in the literature
and it would be helpful for the industries if they know their concentration level of selected
practices to achieve the desired performance. Whatever be the sustainability program, it
requires the ways to measure how well a community is meeting the needs and expectations
of its present and future members. Linke et al. (2013) highlighted in their study that a sus-
tainable indicator may be defined “as a measure or an aggregation of measures from which
conclusions on the phenomenon of interest can be inferred”. Sustainability indicators need
to capture all three dimensions of sustainability at various levels within organisation with
respect to, facilities, processes, and products. The measures of sustainability are normally
referred in three dimensions such as economic, environmental and social. We measure effect
of environmental practices in terms of socio-economic measures and our three dimension
indicators are economic (E), social (S) and socio-economic (SE) Economic performance aims
to fulfil the current needs, the one that is needed for the survival of any business. The demand
for social performance arises to meet the equitable standard of living. The socio-economic
dimensions are meant to take care of future livings.

Besides, the industries need to meet a minimum level of performance or threshold with
respect to economic, social and socio-economic dimensions. Hence industries are keen to
know to what extent they need to implement practices to achieve the desired economic, social
and socio-economic performances targets.

The above discussions reveal that sustainability program to be effective in manufacturing
industry need to address the following questions (1) What would be appropriate intensity
level to implement the selected practices to achieve the desired economic, social and socio-
economic dimensions of sustainability performance? and (2) how to estimate the relationships
between the practices and performances? This paper offers solution to identify an optimal

123



392 Ann Oper Res (2017) 250:389–425

sustainability program (i.e. practicemode combination set: Eachmode ‘m’ of practice ‘p’ that
contributes to three dimensions of sustainability performance) for maximum sustainability
performance under the budgetary and threshold performance constraints. Sustainable prac-
tices at higher operating modes can be achieved with the performance greater than threshold
levels with significant upfront additional investment. Generally, budget is the major concern
and constraint for any program. When the budget towards sustainable practice implementa-
tion becomes a constraint to any sector/industry, then there arises the problem of choosing a
specific combination of mode of practices for maximum sustainable performance by satisfy-
ing specific criteria threshold values. This necessitates the industry to identify and implement
specific mode of sustainable practices to optimise the required sustainability performances.
On this concern, this paper formulates an optimization model to identify an optimal sustain-
ability program to maximise manufacturing industry sustainability performance under the
limitation on budgetary and minimum thresholds on economic, social and socio-economic
criteria. Besides model formulations, a neural network optimization approach is proposed to
obtain the optimal solution. The rest of the paper is organized as follows: Sect. 2 reviews the
literature on sustainability models; Sect. 3 delineates the model formulation, problem state-
ment and mathematical model; Sect. 4 discusses the proposed methodology with illustration;
performance study is addressed in Sect. 5 and finally Sect. 6 concludes with the summary of
the contributions and future research directions for overcoming the limitations of the model
and solution methodology.

2 Review of sustainable optimization models and methods

Sustainable optimization models appeared in early twentieth century mainly concentrated on
economic and environmental aspects (Nahorski and Ravn 2000). Jayal et al. (2010) reviewed
the development of sustainable products, processes and systems, and stated that achieving
sustainability in manufacturing requires a holistic view spanning not just the product, and the
manufacturing processes involved in its fabrication, but also the entire supply chain, including
the manufacturing systems across multiple product life-cycles. Florez and Castro-Lacouture
(2013) have developed amixed integer optimizationmodel for the sustainablematerials selec-
tion using objective and subjective factors. Design, budget, and the number of points achieved
under the leadership in energy and environmental design (LEED) account for objective factors
while subjective factors comprehend user-based perceptions. Florez and Castro-Lacouture
(2013) have studied the influence of objective and subjective factors with two cases using
the optimization model proposed. Alshamrani et al. (2014) presented an integrated life cycle
assessment (LCA)—LEED model and assigned corresponding LEED scores to get a high
level of sustainability assessment, for the structure and envelope systems of buildings.

Sustainable management requires careful considerations of environmental sustainabil-
ity, economic sustainability and corporate social responsibility (CSR) related issues. Choi
(2014) formulate an optimization model to address the sustainability related issues. Choi
(2014) considered the number of accidents with a quantity dependent distribution parameter
and formulated the objective function by incorporating analytical constraints which relate
to environmental sustainability and CSR in to the model to obtain global optimal solution.
López-Villarreal et al. (2014) proposed a mathematical programming model for the pollution
trading among different pollution sources which considers the sustainability of surrounding
watershed. The formulation involved the minimization of costs associated to the imple-
mentation of required technology in order to achieve optimal water quality conditions. The
formulation was applied to a case study involving the drainage system of the Bahr El- Baqar
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region in Egypt; the results show the advantages of the proposed approach in terms of cost and
sustainability. The review reveals that optimization model have been applied to several appli-
cations and the concept is gradually spreading across the product, process and its entire supply
chain especially in the manufacturing context. Prior studies used mixed integer programming
approach with objective and subjective factors to select sustainable materials. However it is
obvious from the previous studies that there is no specific optimization model to choose a
suitable intensity of mode of sustainable practices to achieve desired set of performances.

Multi-criteria decision making approach is widely used methodology for sustainability
modelling and analysis. Chan and Tong (2007) presented a grey relation analysis includ-
ing environmental factor, besides technical and economic factors to rank the materials for
selection. Bouchery et al. (2012) proposed an inventory model, with one of the objective to
control carbon emissions, by sustainable procurement through optimal order quantity model.
The model with the set of efficient solutions (pareto optimal solutions) is analytically char-
acterized. They proposed the interactive procedure as a new combination of multi-criteria
decision analysis techniques. Govindan et al. (2014) proposed a sustainability integrated
multi-objective optimization model in decision-making, for a perishable food supply chain
network (SCN). The goal of the proposed integrated model, two echelon location-routing
problem with time-windows (2E-LRPTW), was to determine the location and number of
facilities and to optimize the amount of products delivered to lower stages and routes at all
levels. They also aimed to reduce costs caused by carbon foot print and greenhouse gas emis-
sions throughout the network. The proposed method included a novel multi-objective hybrid
approach called MHPV, a hybrid of two known multi-objective algorithms. MHPV features
two strategies for leader selection procedures (LSP), and crowding distance is compared to
common genetic algorithms based on meta-heuristics. Finally they indicate that the hybrid
approach achieves better solutions compared to others. Zhang et al. (2014) have considered
economic, social and environmental factors, as three aspects of sustainability and proposed
a multi-objective optimization to quantify sustainability performance of supply chain. From
the methods point of view most of the sustainable studies concentrate on optimizing the eco-
rival parameters to either minimize environmental hazardous waste or save scarce resources
(i.e. preservation of scarce resources for the use of future needs) for minimum environmental
effects. Prior studies considered grey techniques and genetic algorithms to solve non-linear
multi-objective models. However, it is very hard to find a method to identify a relationship
between intensity of practices and different dimensions of sustainability performances.

On this concern, this paper presents an analytical model to derive and maximize the
sustainability performance through the relationship established with neural network.

3 Model formulation

Sustainability performance depends on sustainability program consideration and implemen-
tation. Based, on the extensive review from the previous studies that widely considered major
sustainability elements relating to ‘Sustainable Manufacturing’ and the discussions with the
leading practitioners the following six sustainable practiceswere identified as the contributors
of sustainability programs (Klassen and McLaughlin’s 1996; Singh et al. 2006; Montabon
et al. 2007; Delmas 2001; Curkovic 2003; Yang et al. 2010; Jayal et al. 2010; Pandian et al.
2013b).

• Training on environmental practices to employees: success of any new initiative needs
training, which plays a major role in its adaptation. Besides, it has to be given several
times depending upon the knowledge level of employees.
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• Environmentalmanagement systems—variety ofEMSsystems are available for use. Each
practice has unique features and impacts differently on the sustainable performances. The
process and product characteristics influence the selection of EMS.

• Environmental performance audit—any implementations needs continuous monitoring
for betterment and improvement. The auditing is the onewhichmaterialize the continuous
improvement model.

• Research and development—it is the foundation for business sustainability, earlier con-
sidered for as a contributor for economic growth. Now it is recognised as mandatory for
environmental and climate change concerns.

• R&D investment—it is a dimension that exposes the interest of the industry on the society.
• Quality and management practices—systematic practices leads to higher efficacy. Every

practice has its own merits and limitations. Industries would experience different perfor-
mances under different practice-modes, which depends on their nature of products and
services.

The literature addresses number of practices such as managerial, sustainable, and envi-
ronmental, and so on. Table 1 presents the six practices (p) that are identified based on
the rationalization and can contribute significantly to any of the sustainability performance
dimensions such as economic, social and socio-economic. In general, these practices are
carried out either at five different levels or falls under five groups as addressed as “modes”
(m) in Table 1. It is assumed that the cost of operating a practice ‘p’ at its mth mode ‘Cmp ’
is known (from past experiences and estimations) for all p and m.

The aim of the paper is to develop a model to select a best and acceptable sustainability
program evaluated in terms of economic, social and socio-economic performance dimen-
sions (criteria) under budget limitations and other constraints. Table 2 shows the twelve
dimensions (sub criteria), four each for economic, social and socio-economic performance
dimensions (criteria), identified for evaluating the sustainability, giving importance to all the
sub criteria.

There are more practices such as managerial, sustainable, environmental and so on which
are implemented in thefirms to improve sustainability performance.However, all the practices
cannot be included in our study as it diverts the focus of the study . Hence, we have associated
them into six groups (6) as shown in Table 1. Furthermore, the mode of practice is distributed
into five point (5) Likert scale as it is widely used in many articles and gives appropriate
number of options to choose for respondents than any other options such as bi-optional,
three, seven or nine point Likert scales.

Sustainability stands on three dimensions such as economic, social and socio-economic
performances, however its contribution may vary with respect to the nature (based on the
impact of industries like Chemical manufactures, vehicle Assembly etc) of the industry.With
respect to this model, three performance dimensions are considered equal irrespective of the
sector of study.

Each mode ‘m’ of practice ‘p’ contributes to every sustainable performance dimension
(i = 1−12). Figure 1 shows the architecture of the inter-relationship between the practice
‘p’, optional mode ‘m’ and performance dimension ‘i’.

The performance contribution by mth mode of practice p to the ith dimension is addressed
here as Sim p

. Let binary variable ‘Xmp ’ (0 or 1) denote the selection ofmode ‘m’ for practice ‘p’

and Si represents the sustainable performance of dimension ‘i’ to any sustainability program
‘Xmp ’ (practice-mode combination set). Hence, Si can be determined using the relationship
given in Eq. 1.
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Table 2 Dimensions that influence sustainable performance

Goal criteria Sustainable performance dimension (i)

Economic (1–4) Social (5–8) Socio-economic (9–12)

Sub-criteria Income/profit Increase in literacy rate Increase in per capita
income

Production Drop in accidental rate Improved transport and
communication
facilities

Turn over Fall in crime rate Regularity of the
employee

Return on investment Decline in patient
admissions in hospitals

High unity and morale of
the employees

Sustainable Practices ‘p’ (1-6) Mode ‘m’ (1-5)  Performance Dimension ‘i’(1-12) 

Fig. 1 Inter-relationship between p–m–i

Si =
6∑

p=1

5∑

m=1

Sim p
× Xmp (1)

The summation of all performance scores indicates the overall sustainable performance of
the combination of the modes selected for implementation. Equation 2 provides the overall
performance score ‘Z’ for a sustainability program. The objective of the model thus becomes
maximization of Z.

Z =
6∑

p=1

5∑

m=1

12∑

i=1

Sim p
× Xmp (2)

The model assumes that only one mode is chosen to each practice. The constraint Eq. 3
takes care of this limitation.

5∑

m=1

Xmp = 1 (∀p = 1 to 6) (3)

Besides, industry is constrained with budgetary limit of ‘Bmax’ for implementing sustain-
able practice. This limit on budget is protected with Eq. 4.
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6∑

p=1

5∑

m=1

Cmp × Xmp ≤ Bmax (4)

In addition to this, the model is formulated with certain minimum threshold/target values
on each of the economic ‘Emin’, social ‘Smin’ and socio-economic ‘SEmin’ performances.
The threshold values depend on manufacturers’ target on return on investment, depends on
societal pressure, company policies and government regulations etc. It varies region wise and
is decided by the manufacturer. Equations 5–7 administer the above conditions.

6∑

p=1

5∑

m=1

4∑

i=1

Sim p
× Xmp ≥ Emin (5)

6∑

p=1

5∑

m=1

8∑

i=5

Sim p
× Xmp ≥ Smin (6)

6∑

p=1

5∑

m=1

12∑

i=9

Sim p
× Xmp ≥ SEmin (7)

The decisions of implementing the mode ‘m’ at practice ‘p’ (i.e.Xmp ) influence the objec-
tive function (Eq. 2) and constraints (Eqs. 3–7). Hence Xmp (∀p = 1−6,∀m = 1−5)
become the decision variables to the model.

3.1 Statement of the problem

Determination of optimal sustainability program XOpt
m p (∀p = 1−6,∀m = 1−5) for max-

imum sustainable performance (Z) under limited budget for sustainable practice ‘Bmax ’
while meeting the minimum threshold values on economic ‘Emin’, social ‘Smin’ and social-
economic ‘SEmin’ performances, given the cost of implementation ‘Cmp ’ ∀p = 1−6,m =
1−5.

3.2 Mathematical formulation

Themathematicalmodel developed to evolve sustainable program formaximumperformance
(Eq. 8) under the operational practice (Eq. 9), budgetary limitation (Eq. 10), and performance
threshold constraints (Eqs. 11–13) are as follows:

MaxZ =
6∑

p=1

5∑

m=1

12∑

i=1

Sim p
× Xmp (Sustainable performance) (8)

Subject to,

5∑

m=1

Xmp = 1 (∀p = 1 to 6) (One mode for one practice) (9)

6∑

p=1

5∑

m=1

Cmp × Xmp ≤ Bmax (Budget limitation) (10)

6∑

p=1

5∑

m=1

4∑

i=1

Sim p
× Xmp ≥ Emin (Economic performance target) (11)

123



398 Ann Oper Res (2017) 250:389–425

6∑

p=1

5∑

m=1

8∑

i=5

Sim p
× Xmp ≥ Smin (Social performance target) (12)

6∑

p=1

5∑

m=1

12∑

i=9

Sim p
× Xmp ≥ SEmin (Socio-economic performance target) (13)

Xmp ∈ [0, 1] (14)

Xmp is an integer (∀p = 1−6,∀m = 1−5) (15)

Constraints 14 and 15 restrict Xmp as a binary variable.

4 Proposed methodology

The performance scores, Sim p
(∀p = 1−6,∀m = 1−5 and ∀i = 1−12) are not discrete val-

ues and depend on combination of practice-mode set Xmp (∀p = 1−6,∀m = 1−5), which
is the decision variable to the formulation. There is no mathematical expression between
Sim p

and Xmp . Taking the discrete factors of the problem into consideration, it is clear that
it is not possible for developing a precise mathematical model for eliciting the relationships.
This limits the application of any analytical approach to solve this model. However, the
performance scores Sim p

can be predicted with the responses for the twelve performance
criteria to the set of practice-mode combination ‘Xmp ’ (∀p = 1−6,∀m = 1−5) through the
questionnaire survey. Numerous studies have adopted neural network (NN) approach for
the prediction or for any other purposes intended for the results irrespective of the study
area. It can be taken into consideration that the NN application of prediction is used widely.
Meanwhile, another approach is required to identify such hidden patterns. Owing to such
intricacy, the proposed model should have classification and prediction capabilities, which
make artificial neural network (ANN) an appropriate technique to develop expert systems
and it is now commonly used in the literature (Rouhani and Ravasan 2013). On this con-
sideration, this paper proposes a NN approach for estimation of Sim p

. Hence, a random
search procedure (RSP) embedding the NN is proposed to find the optimal sustainability
program. Figure 2 shows the structure of the proposed RSP. The various modules of it are
illustrated in the following sections. The model is created in MATLAB (version 10a) soft-
ware.

4.1 Input module

The following data governing/influencing the decision on sustainable practice implementa-
tions are given as input: Bmax , Emin, Smin, SEmin and Cmp (∀p = 1−6,∀m = 1−5).The
data used for the illustration purpose are: Bmax = Indian Rupee (INR) 30 lakhs (1US
≈ INR60), Emin = 12; Smin = 6; and SEmin = 9; Cmp as given in Table 3.

4.2 Parameter initialisation module

The initial iteration count ‘it’, the counter ‘itmax’ that fix the number of evaluations to be
carried out before termination and the optimal performance value parameter ‘ZOpt’ are set
as 1, 1000 and 0 respectively.
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Identified Index combination  

Set Parameters:
o It = 1, It Max = 1000 
o ZOpt = 0,  

Generate Investment option ‘X ’, (  p = 1 to 6, m = 1 to 5) (count all feasible program set)

Calculate:  Cost of ERMS plan ‘B’ = (C  * X ) 

Check for Budgetary 
availability )

ANN Evaluation 
for the prediction 
of Performance 

score 

min & min
& min

Fix Z opt = Z & = X

It = It + +

Yes

No

No

Find: Economic (E), Social(S) and Socio-
Economic (SE) Values

ANN Input
X selected by industry 
for NN training

ANN Output: 
E, S and SE values as 
results from ANN
analysis

Calculate score i.e. is ‘Z’ = E + S + SE 

No

Yes

Yes

No

Input: 
• Investment data related to sustainable environmental practices ‘C ’ 
• Threshold value of performance: , , 
• Budget availability ‘ ’

Output:  1. Optimal Performance value ‘ZOpt’ 
2.

Yes

Fig. 2 Structure of the proposed random search procedure

Table 3 Sustainable practices
operational cost matrix Cmp (in
100,000 INR)

P M

1 2 3 4 5

1 2 4 3 7 9

2 4 3 4 5 5

3 3 7 6 6 8

4 1 5 3 8 7

5 2 2 5 9 4

6 4 1 3 4 8
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Table 4 Sustainability program
‘Xmp’

P M

1 2 3 4 5

1 0 0 0 0 1

2 0 0 0 1 0

3 1 0 0 0 0

4 0 0 0 0 1

5 0 1 0 0 0

6 0 0 1 0 0

4.3 Generation of sustainability program module

The sustainability program Xmp , (∀p = 1 to 6,∀m = 1−5), satisfying one mode for one
practice, are randomly generated as amatrixwith binary code. Table 4 shows the sustainability
program matrix Xmp generated randomly in the first iteration.

4.4 Budget estimation and checking module

This module estimates the budget ‘B’ towards implementing sustainability program ‘Xmp ’
under evaluation, (indexed as ‘Xmp ’ = X51 = 1, X42 = 1, X13 = 1, X54 = 1, X25 =
1 and X36 = 1) using the relation given in Eq. 16

B =
6∑

p=1

5∑

m=1

Cmp × Xmp (16)

Then the estimated budget is checked with the budget limit Bmax , to find whether the
randomly generated plan is feasible or not. If feasible (i.e. B ≤ Bmax ), then it proceeds to
evaluation module. Otherwise, it is diverted to algorithm termination check module. The
estimated budget corresponding to plan is found as INR 29,00,000 and hence the algorithm
proceeds to evaluation model.

4.5 Evaluation module

The evaluation parameters of any budgetary feasible sustainability program are the perfor-
mances with respect to economic, social and socio-economic dimensions. A neural network
(NN) model, a sustainable performance estimator, developed to provide them. This module
briefly describes first the NN model development process and subsequently how the perfor-
mances to the given sustainability program are derived using the NN model is explained.

4.5.1 Neural network model

This section presents the NN model developed for the estimation of individual sustainable
performance to the any sustainability program of an industry. The capacity to generalize is
the key property of neural networks. This is how neural networks take care of the inputs
which have not been learned but which are similar to inputs seen during the training phase.
Generalization can be seen as a way of reckoning from a number of examples to the general
case. This type of reasoning is not suitable in a logical context but can be observed in human
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behavior (Ding et al. 2014). The proposed back propagation algorithm is used to train the
weights of the feed-forward neural (FNN) network as the back propagation algorithm is strong
towards local searching ability (Sarangi et al. 2013). The Sect. 4.5.1.1–4.5.1.3 delineate the
data, architecture and optimization of the NN network respectively.

4.5.1.1 NN data The input and output data that are required (1) to train NN, (2) to determine
the optimal number of neurons in the hidden layer, and (3) to test the validity of the NN have
been obtained through the survey instrument (questionnaire) is given in Appendix (Pandian
et al. 2013b). The input data for the NN is collected from the responses provided in the
Table 16 of the questionnaire, which provides the code (1–5) for each mode ‘m’ to all the
practices ‘p’. The Output data for NN is derived by applying multi attribute decision making
(MADM) approach (Pandian et al. 2013a) based on the performance level ‘k’ indicated by the
respondents to each performance dimension ‘i’ in Tables 17, 18, 19 of the same questionnaire
in appendix and relative weights which is used for the estimation of composite performance
index for industrial sustainability. One of themost vital steps in the application of anyMADM
is the precise judgment of the criterion weight. It is decisive in methods where there is a need
to draw out qualitative information from the decision maker. Very often qualitative data
cannot be known in terms of absolute values. Consequently, many decision making methods
attempt to determine the relative importance, or weight of the alternatives in terms of each
criterion involved in the problem (Triantaphyllou and Mann 1995). The required output data
for NN are estimated by applying MADM technique, with the aid of the weights to all
the dimenionions of sustainability. The AHP based pair wise comparison method which is
proposed by Saaty (1980) has long attracted the interest of many researchers. The factor
prioritisation influences decision making and it can be dealt with AHP approach (MADM
technique), which is suitable for both qualitative and quantitative analysis (Subramanian et al.
2014). Configuration of objective by using recognized indicators to achieve the sustainability
performance dimension is a demanding task and in addition, it becomes more complicated
when it ismeasured on various dimensions and converted into a single value (Kuik andGilbert
1999). However, the qualitative information requires some sort of conversion into quantitative
scores to evolve anymeaningful insights. The performance scoreSki for ith dimension to its kth
level is valued in the range 1–5. Supposing that Sij indicates the performance score obtained by
the jth industry to the ith dimension, then the Composite sustainability performance index of
the jth industry (CPIj) is estimated in the scale of 1–100 using the relationship given in Eq. 17.

CPIj = 20 ×
∑(

Wi × Sij
)

(17)

As the judgements by the respondent are in the scale of 1 to 5, the requisite percentile
CPI score ‘CPIj’ for an industry is derived only when the weighted scores (Wi × Sij) are
multiplied by 20 to get resultant CPI index. Composite sustainable performance (CPIj) index
using the above Eq. 17 is found out for a single manufacturing firm by providing each
performance dimension, its identifier, appropriate weights and the responses are given in
Table 5. Table 6 displays the sample input and derived output data set of 120 responses of
Indian Manufacturing Industries

Table 6 displays the sample input and derived output data set of 120 responses of Indian
manufacturing firms.

4.5.1.2 NNarchitecture The architecture ofNNhas beenmodelledwith six neurons, one each
for each sustainable practice, as input layer, 12 output neurons matching to individual scores
of each sustainable performance dimension as output layer, and a single hidden layer with
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Table 5 CPIj for sustainability

Performance
dimension
(criteria)

Dimension
identifier ‘i’

Weight for
criteria ‘Wi’

Response to the
criteria by the
respondent ‘k’

Weighted
score Wi × Sij

Income/profit 1 0.045497 3 0.136491

Production 2 0.074222 4 0.296888

Turn over 3 0.066679 3 0.200037

Return on investment 4 0.044688 5 0.22344

Increase in literacy rate 5 0.035198 4 0.140792

Drop in accidental rate 6 0.011196 5 0.05598

Fall in crime rate 7 0.018704 4 0.074816

Decline in patient
admissions in hospitals

8 0.038731 4 0.154924

Increase in per capita
income

9 0.036647 3 0.109941

Improved transport and
communication
facilities

10 0.120284 5 0.60142

Regularity of the
employee

11 0.097249 4 0.388996

High unity and morale of
the employees

12 0.410907 4 1.643628

1 4.027353

CPI j = 80.55

‘n’ number of neurons (varied from 1 to 20). On the whole, a neural network architecture that
uses linguistic inputs and outputs with numeric weights was developed by Park (1993). Khan
(2012) in his article on performance analysis, has employed a feed forward neural network
model consisting of one input layer, varied hidden layers with one output layer. TheNN archi-
tecture developed formapping thepracticeswith dimensional performances is shown inFig. 3.

4.5.1.3 NN optimization The architecture is optimised using the model created in the tool
box of MATLAB (version 10a) and the error function ‘mean square error’ (MSE), which is
given in the Eq. 18.

MSE = 1

J

J∑

i=1

[
1

12

12∑

i=1

(PWPAij − PWPEij)
2

]
(18)

where, MSE—mean sum of the square ‘i’, PWPAij—actual percent weighted performances

(∀i = 1−12,∀j = 1−J), PWPEij—estimated percent weighted performances (∀i =
1−12,∀j = 1−J), i—performance dimension identifier, j—industry identifier, J—no. of
industry

Table 7 shows the performance (MSE) of the NN obtained on training with 100 data sets
(taken from the Table 6) at various learning rates (0–1, 0.01 increments), number of neurons
in the hidden layer, ranging between 1 and 20 and fixed epoch as 1000. The results revealed
that the configuration, one that has minimumMSE, corresponds to the NNwith eight neurons
in the hidden layer at the learning rate of 0.8.
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Inputs  mp = 30       Hidden Neuron (n=20)      Output/ target Performance (12)

Fig. 3 NN architecture of practice intensity and dimensional performance model. Sustainable environmental
practices (30) as inputs and 1–12 (right) performance dimensions as output to the network

4.5.1.4 Validation The learned NN configuration is tested for its validity with the remaining
20 data sets to confirm the prediction of the dimensional performance of the proposed NN
model (101–120 in Table 6). Table 8 furnishes the absolute deviation (AD) between results
obtained from MADM and NN output for all the performance dimensions of the test data.
The mean absolute deviation ranges between 0.208922 and 4.4330936 and highlights it’s
much lesser deviation. This validates the learning of the NN configuration.

4.5.2 Performance estimation

The sustainability program is decoded to the performance modes mp (for all p = 1−6), The
value of Xmp whose value is 1, indicates the selected sustainability program of mth mode at
pth practice (i.e. mp) In this illustrative example, Xmp = 1 for the following binary variables:
X51 , X42 , X13 , X54 , X25 and X36 . Hence the decoded value for input to NN are: m1 = 5;
m2 = 4; m3 = 1; m4 = 5; m5 = 2 and m6 = 3.

The trained NN provides the Sim p
values as the output. Then the Sim p

values are converted
to E, S and SE scores for the given sustainability program using the following equations.

E =
6∑

p=1

5∑

m=1

4∑

i=1

Sim p
(19)

S =
6∑

p=1

5∑

m=1

8∑

i=5

Sim p
(20)

SE =
6∑

p=1

5∑

m=1

12∑

i=9

Sim p
(21)

The E, S and SE values obtained, as NN evaluation, from the above Eqs. 19–21 are
E = 12.759,S = 7.1481 and SE = 38.4696.
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Table 9 Optimal solutions obtained with different maximum number of iterations

Maximum no.
of iterations

100 500 1000 2000 5000 10000

Performance
‘ZOpt’

50.1672 50.5937 51.9148 52.2605 56.6913 56.6913

Computational
time

434.5044 1841.611 3155.42 2980.012 5687.255 12222.63

4.6 Threshold checking module

The expected performances of the sustainability program, which are derived from the output
of NN, are checked whether all of them meet the minimum threshold respectively Emin,Smin

and SEmin. On satisfaction of the above module condition, the module proceeds to optimal
solution update module. Otherwise, the module bypasses to termination checking module.
Since, the economic (E = 12.759), social (S = 7.1481) and socio-economic (SE = 38.4696)
values of the current solution meet their required respective threshold values, the algorithm
proceeds to optimal solution update module.

4.7 Optimal solution update module

The overall performance Z,which is the sumof E, S and SE (i.e. Z = E+S+SE), is compared
with Zopt. If Z is found greater than ZOpt, then Z is set as Zopt and the current sustainability

program Xmp (∀p = 1−6,∀m = 1−5) is updated as XOpt
m p . In the first iteration, the value of

Z (58.3767) is greater than the initial Zopt value of 0. Hence, the current Z value of 58.3767
becomes the updated Zopt.

4.8 Termination check module

The termination criterion often used in exploration search methods is either minimum error
or maximum number of iterations. As these approaches are random walk search approaches,
the errors between consecutive solutions (difference in objective values) may get frozen at
early stage of exploration itself with inferior values and would lead to premature conver-
gence. On the other hand, the criterion, maximum number of iterations, when set values
are more than required, would lead to higher computation, but result a solution closer to
optimal. As the objective of the model is to find optimal solution, ignoring time complexity,
this paper uses maximum number of iteration as the termination criterion. In this model
formulation, there are 15625 possible combinations of Xmp sets (decision variables) and
solutions available for evaluation. Table 9 shows the optimal solutions obtained for the sam-
ple problem under different Itmax values. The results point out that the optimal solutions for
5000 and 10000 iterations are same and hence, it can be accepted that Itmax can guarantee
optimal or near optimal solution. On this concern, the maximum number of iteration is set
as 10000. The algorithm terminate when it reaches itmax (i.e. it ≥ itmax), on termination
it proceeds to output module. Otherwise, it goes to generation of sustainability program
module.

The iteration of the algorithm will consider the maximum count of iteration ‘itmax ’ =
1000, where the initiation begins in iteration ‘1’.
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Fig. 4 Budgets versus performances

4.9 Output module

The output module will provide the optimal sustainability program ‘XOpt
m p ’ for maximum

performance ‘ZOpt’ that has evolved during the random search process. The optimal sus-

tainability program is [‘XOpt
m p ’ = X51 , X32 , X53 , X34 , X55 and X26 ] and its corresponding

operational performance =[72.9634%].

5 Sensitivity study

This section studies the variations in optimal sustainability program and their performance
keeping the optimal cost matrix as shown in Table 3 under various environments, i.e. different
values on Bmax,Emin,Smin and SEmin. The effects of such parameters are detailed in the
following Sects. 5.1–5.4.

5.1 Effect on budgetary limit

Budget is the limiting factor to implement the strategies. The firmswould be interested to find
the potential increase in their performances with the subsequent increase in the budget. On
the above consideration, this section studies the effect of sustainable practices on sustainable
performance under the conditions of varied budget limits (Bmax: 20–50) keeping the threshold
values (i.e. Emin = 15,Smin = 7 and SEmin = 10) and the cost matrix (i.e. Table 3) as
constants. Table 10 shows the sustainable performances obtained for the various budget
limits and the same is presented in Fig. 4. They indicate the followings:

• No feasible solution (i.e. solution that could not meet any one of the threshold values) is
possible if the budget is less than INR 25,00,000 and it can be generalized that the target
threshold values determine the minimum budget required;

• Marginal increase in sustainability performance is experiencedwith increase in the budget
beyond INR 25,00,000 and felt gradual increase in performance as the budget increases.
This indicates that minor variations occur over certain budget range and depends upon
the performances of the sustainability program.

• Whatever be the sustainability program the maximum sustainable performance achieved
is between 40 and 70%. This falls in the range of performances obtained during the
training.
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Fig. 5 Emin versus performances

5.2 Effect on threshold values Emin

The minimum target of the performance on economical dimensions to be met (Emin) differs
with industry depending on the payback period. Smaller payback period projects warrants
higher rate of returns (i.e. Emin). This section explores the effect of variation in Emin value
on sustainable performance. The Table 11 provides the optimal performances obtained for
various Emin (range 7–20%) under different budgetary limits ‘Bmax’ (range 25–50 lakhs),
with constant threshold values Smin and SEmin of value 7 and 13 respectively, and the cost
matrix (i.e. Table 3). Figure 5 presents the results graphically. The results presented in Fig. 5
convey that:

• Whatever be the budget allocation, Emin is obtained between the range of 35 and 65%
for any sustainable program.

• Sustainability performance lies in the specified range and there is no significant variation
with limit in ‘Bmax’ value. However, beyond certain limit, the increase in performance
is marginal.

• As industries focus on the economical outputs, there is always possibility for attaining
Emin as basic criterion.

5.3 Effect on threshold values Smin

The minimum performance on social dimensions (Smin) to be met varies with stringent
nature of the product/process of an industry. More the stringency of the product/process of
the industry deserves higher level of societal concern (i.e. Smin). This section explores the
effect of variation in Smin value on sustainable performance. Table 12 provides the optimal
performances obtained for various Smin (range 2–14%) under different budgetary limits
‘Bmax’ (range INR 25,00,000–50,00,000) with constant Emin and SEmin values of 15 and 13
respectively as shown in the costmatrix (i.e. Table 3). Figure 6 presents the results graphically.
The results, presented in Fig. 6 convey that:

• Maximum performance achievable is at 8% of Smin for any budget limit. Beyond this
value, there is no feasible sustainable program and

• Varied performances (35–65%) has been witnessed in the feasible region and hence it is
data dependent.
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Fig. 6 Smin versus performances

5.4 Effect on threshold values ‘SEmin’

The minimum performance on socio-economical dimensions (SEmin) to be achieved dif-
fers with industry depending on the country’s living standards. Higher standard of living is
associated with high level of SEmin. This section explores the effect of variation in SEmin

on sustainability performance. Table 13 provides the optimal performances obtained for
various SEmin (range 5–55%) under different budgetary limits ‘Bmax’ (range INR 25,00,000–
50,00,000)with constants Emin andSEmin values 15 and 7 respectively and the costmatrix (i.e.
Table 3). Figure 7 presents the results graphically. The results, presented in Fig. 7 convey that:

• Amarginal variation in the sustainable performance (around40–60%)has beenwitnessed
in the feasible regions.

• The achievable value of sustainable performance on SEmin is approximately 25% for any
amount of budget allocation. Beyond this value, there is no feasible sustainable program.

6 Conclusion

This paper, formulated a combinatorial optimization model to identify an optimal sustain-
ability program for maximum sustainability performance of manufacturing firms under the
limitation on budgetary andminimum threshold on economic, social and socio-economic cri-
teria. A random search procedure (RSP) embedding the NN is developed to find the optimal
sustainability program and the procedure is illustrated with a sample problem. A sensitiv-
ity analysis carried out to understand the behaviour of the model. The analysis reveals the
following points:

• The effect of increase in budget limit (Bmax) over certain level is very small.
• The minimum budgetary requirement is dependent on threshold values of Emin,Smin and

SEmin.
• The economic threshold value Emin obtained in the range of 35 and 65% for any sustain-

able program for and budget allocation.
• Maximum performance value achievable is at 8% of Smin for any amount of budget

allocation and varied performances of 35–65% has been witnessed in the feasible region
and hence it is data dependent.

• A marginal variation in the sustainability performance (around 40–60%) has been wit-
nessed in the feasible regions and sustainability performance on the socio-economic
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Fig. 7 SEmin versus performances

threshold value SEmin is feasible approximately around 25% for any amount of budget
allocation. Beyond this value, there is no feasible sustainable program.

The implications of sustainability program model proposed and analysed indicates that the
industries can utilize the model to (1) devise a sustainable program suitable to their budget,
(2) derive maximum sustainability performance while satisfying the needs of their environ-
ment, operating policies, and government regulations and (3) to determine possible range of
performances (minimum to maximum) that is achievable in each dimension irrespective of
the budget.

The developed model assumes that only one mode of operation for each sustainable prac-
tice. Besides, the number of modes of operations and number of practice have been limited
between 5 and 6 respectively. The model can be expanded by including more number of
practices, modes of operation and adoption of sustainability program. The data used for opti-
mising NN (for evolving sustainable program) are obtained through survey instrument which
is respondent perception and it is qualitative information. The weights are estimated using
AHP approach. Though the discussions on the model analysis are based on the responses
and the estimated weights, the outcome towards a sustainable program could be determined
reasonably by this model. With higher samples, the model outcome could be generalised.
The general limitations are sample size and the number of firms selected within manufac-
turing sector. The discussions and inferences are based on 120 samples. Strong voluntary
participation of industry leaders in the future would uplift the sustainability studies.

Appendix: survey instrument

See Tables 14, 15, 16, 17, 18, 19.

Respondent’s details

Name 
Age 
Name of the industry
Current Designation 
Other Designations worked 

Experience 
in number 
of years

In present 
company
Total

Educational Qualification
(Sort from Highest to lowest)
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Table 17 (D) Economic performance

Q. no Particulars Your feed (by providing
√

mark)

D1 Income/profit Poor Below average Average Above average Excellent

D2 Production Poor Below average Average Above average Excellent

D3 Turn over Poor Below average Average Above average Excellent

D4 Return on investment Poor Below average Average Above average Excellent

Average during last 5years: Poor = −30%≤,Below average = −29 to − 6%,Average = −5 to 5%,

Above average = 6−29%,Excellent = ≥30%

Table 18 (E) Societal performance

Q. no Particulars Your feed (by providing
√

mark)

E1 Increase in literacy rate Very low Low Medium High Very high

E2 Drop in accidental rate Very low Low Medium High Very high

E3 Fall in crime rate Very low Low Medium High Very high

E4 Decline in patient
admissions in hospitals

Very low Low Medium High Very high

Proportional change during last 5years: Very low = −30%≤,Low = −29 to − 6%,Medium = −5 to 5%,

High = 6−29%, Very high = ≥30%

Table 19 (F) Socio-economic performance

Q. no Particulars Your feed (by providing
√

mark)

F1 Increase in per
capita income

Very probably
not

Probably not Probably Very
probably

Definitely

F2 Improved
transport and
communication
facilities

Very probably
not

Probably not Probably Very
probably

Definitely

F3 Regularity of the
employee

Very probably
not

Probably not Probably Very
probably

Definitely

F4 High unity and
Morale of the
employees

Very probably
not

Probably not Probably Very
probably

Definitely

Proportion change during last 5years: Very probably not = −30%≤,−29 to − 6% = Probably not,
−5 to 5% = Probably, 6−29% = Very probably,≥30% = Definitely
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