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After the continuous success of previous [EEM conferences, the organizing committee of
[EEMZ2012 is pleased to welcome you to the 2012 IEEE International Conference on Industrial
Engineering and Engineering Management in Hong Kong.

IEEM2012 received almost 1000 submissions and each paper was sent to 3-5 reviewers,
and acceptance decisions were made based on at least two consistent recommendations.
Our rigorous review process has helped to maintain a high standard as for the past [EEM
conferences.

The organising committee would like to take this opportunity to thank all the technical
programme committee and the reviewers for their contribution towards the review process.
We are also grateful to all authors for their interest and participation.

Hong Kong is a vibrant and wonderfully
conference and a pleasant stay :

niry. We wish all delegates a fruitful
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Abstract This paper aims to analyze the
interrelationships among the key performance indicators of
sustainable manufacturing evaluation in automotive
companies. The initial key performance indicators have been
identified and derived from literature and were then
validated by industry survey. Interpretive structural
modeling (ISM) methodology is applied to develop a
hierarchical structure of the key performance indicators in
three levels. Of nine indicators, there are five unstable
indicators which have both high driver and dependence
power, thus requiring further attention. It is believed that
the model can provide a better insight for automeotive
managers in assessing their sustainable manufacturing
performance.

structural
sustainable
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I. INTRODUCTION

Sustainable manufacturing has become a very
important issue amongst industries worldwide. Achieving
sustainability in manufacturing activities have been
recognized as a critical need due to diminishing non-
renewable resources, stricter regulations related to
environment and occupational safety, and increasing
consumer preference for environmentally-friendly
products [1].

The adoption of sustainable manufacturing offers
companies a cost effective route to improve their
economic, environmental, and social performance as the
three pillars of sustainability [2]. Companies that adopt
sustainable practices are able to achieve better product
quality, higher market-share, and increased profits [3].

It has been suggested that sustainable manufacturing
must respond to [4]: (i) economical challenges, by
producing wealth and new services ensuring development
and competitiveness through time; (ii) environmental
challenges, by promoting minimal use of natural
resources (in particular non-renewable) and managing
them in the best possible way while reducing
environmental impact; and (iii) social challenges, by
promoting social development and improved quality of
life through renewed quality of wealth and jobs.

Sustainable manufacturing has to be evaluated based
on the triple bottom line of economic, environmental, and
social performance [5] as well as to consider their
interdependencies [6].
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There are few studies that have identified the key
performance indicators for sustainable manufacturing
which integrate the triple bottom line of sustainability.
However, to the best of author’s knowledge, there exists
no hierarchical structure to which one can provide insight
to the relationship among the key performance indicators.
In this research, attempt is made to identify the
interrelationships among the indicators. A hierarchical
structure model has been developed using the Interpretive
Structural Modeling (ISM) methodology.

II. METHODOLOGY

The methodology has three interrelated stages:
Stage 1. Identification of KPIs

This study starts with the development of initial key
performance indicators (KPIs) for  sustainable
manufacturing evaluation in automotive companies
through literature review. The initial KPIs have been
constructed by integrating manufacturing performance
indicators and sustainable manufacturing indicators. The
initial KPIs have adopted the triple bottom line of
sustainability consisting of environmental, economic, and
social performance factors. As a result, the initial KPIs
consist of three factors divided into nine indicators were
identified [7] as shown in Table I.

TABLE I
INITIAL KPI OF SUSTAINABLE MANUFACTURING EVALUATION
Factors Indicators
1. Environmental performance 1. Emissions
2. Resource utilization
3. Waste
2. Economic performance 4. Quality
5. Cost
6. Delivery
7. Flexibility
3. Social performance 8. Employee
9. Supplier

Stage 2: Conducting industry survey

In order to validate the initial KPIs, a survey was
conducted to 118 automotive companies which
manufacture parts and accessories for motor vehicles and
their engines listed in Proton Vendor Association (PVA)
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members. A total of 54 completed responses were
received and three of them were incomplete, resulting in a
response rate of 43.2 percent. The survey results indicate
that all the initial KPIs are at important to very important
level as shown in Table II.

In term of factors, social performance is regarded as
the highest important factor, followed by economic and
environmental performance. For indicators, supplier and
quality are the most important indicators. Finally, three
factors with a total nine indicators have been proposed as
the KPIs for sustainable manufacturing evaluation in
automotive companies [8].

TABLE II
MEAN IMPORTANT LEVEL OF THE KPI

Factors Mean Indicators Mean
Social 4.170 Supplier 4.240
Economic 4.143 Quality 4.208
Environmental 4.062 Delivery 4.158
Resource utilization 4.140
Cost 4.135
Employee 4.128
Emission 4.060
Flexibility 4.056
Waste 3.960

Stage 3: Conducting ISM survey

An ISM questionnaire was designed and mailed to six
senior managers from the automotive companies in
Malaysia. Those managers were carefully selected based
on their experience in automotive industry. The result is
used to develop a hierarchical structure model of the KPIs
for sustainable manufacturing evaluation. Details are
given in the following section.

III. DEVELOPMENT OF ISM MODEL

ISM is a computer-assisted learning process that
enables individuals or groups to develop a map of the
complex relationships between many elements involved
in a complex situation [9]. It helps build an interaction
map to identify the interrelationships between variables.
ISM methodology gives a better understanding of a
system structure and draws up a useful guideline in
generating a graphical representation of the structure [10].

The following steps show the development of an
interpretive structural model of the nine KPIs for
sustainable manufacturing evaluation in automotive
companies.

A.  Structural self-interaction matrix (SSIM)

Six experts were consulted in identifying the
relationships amongst the KPIs through ISM survey. In
total, 19 direct relationships were confirmed in the survey.
The SSIM for the KPIs is given in Table III.
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TABLE 111
STRUCTURAL SELF-INTERACTION MATRIX (SSIM)

2
X

Dimensions 1
1. Emission -
2. Resource
utilization
Waste -
Quality
Cost
Delivery
Flexibility
Employee
. Supplier
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Four symbols are used to denote the direction of
relationship between the indicators (i and j):

for the relation from i to j

for the relation from to i

for both directions, relations from i to j andj to i.
if the relation between the indicators does not
appear valid.

O x> <

B. Initial reachability matrix

The SSIM is transformed into a binary matrix, called
the initial reachability matrix by substituting V, A, X, O
by 1 and 0 as per the following rules:

If the (i, j) entry in the SSIM is V, then the (i, j)
entry in the reachability matrix becomes 1 and
the (j, i) entry becomes 0.

If the (i, j) entry in the SSIM is A, then the (i, j)
entry in the reachability matrix becomes 0 and
the (j, i) entry becomes 1.

If the (i, j) entry in the SSIM is X, then entry for
both (i, /) and (j, i) is 1.

If the (i, j) entry in the SSIM is O, then entry for
both (i, j) and (j, i) is O.

The initial reachability matrix of the KPIs for
sustainable manufacturing evaluation is obtained by
following the rules above and shown in Table IV.

TABLE IV
INITIAL REACHABILITY MATRIX

Dimensions 1 2 3 4 5 6 7 8 9
1. Emission 1 1 0 0 0 0 0 0 0
2. Resource

Utilization 1 1 ! ! ! 1 0 0 0
3. Waste 0 0 1 0 1 0 0 0 0
4. Quality 0 0 0 1 1 0 0 0 0
5. Cost 0 0 1 1 1 1 1 1 1
6. Delivery 0 0 0 0 0 1 0 0 0
7. Flexibility 0 0 0 0 0 0 1 0 0
8. Employee 0 0 0 1 1 0 0 1 0
9. Supplier 0 0 0 1 1 1 0 0 1
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C. Final reachability matrix

The final reachability matrix, shown in Table V, is
developed from the initial reachability matrix by
incorporating the transitivities using the following
equation:

M=M=M" k> (1)
where k denotes the powers and M is the reachability
matrix. Note that the reachability matrix is under the
Boolean operations. The transitivity is a basic assumption
of ISM, which stated that if a variable A is related to B
and B is related to C, then A is necessarily related to C
[9].

In the table, the driving and dependence power of
each indicator are also shown. The driving power is the
total number of indicators (including indicator itself)
which it may relate. The dependence power is the total
number of indicators which may relate to it.

From the table, emission and resource utilization have
the highest driver power, but they have the least
dependence power. On the other hand, delivery and
flexibility have the least driving power, but the highest
dependence power. For other indicators, the values for
both driver and dependence power are the same.

TABLE VI

LEVEL PARTITIONS (ITERATION 1-3)

Dimensions Reachability Antecedent Intersection Level

set set set

1. Emission 1,2,3,4,5, 1,2 1,2 11
6,7,8,9

2. Resource 1,2,3,4,5, 1,2 1,2 11

utilization 6,7,8,9

3. Waste 3,4,5,6,7, 1,2,3,4,5, 3,4,5,8,9 11
8,9 8,9

4. Quality 3,4,5,6,7, 1,2,3,4,5, 3,4,5,8,9 11
8,9 8,9

5. Cost 3,4,5,6,7, 1,2,3,4,5, 3,4,5,8,9 11
8,9 8,9

6. Delivery 6 1,2,3,4,5, 6 1

8,9
7. Flexibility 7 1,2,3,4,5, 17 1
7,8,9

8. Employee 3,4,5,6,7, 1,2,3,4,5, 3,4,58,9 1I
8,9 8,9

9. Supplier 3,4,5,6,7, 1,2,3,4,5, 3,4,58,9 11
8,9 8,9

For this case, the process of level partitions involving
three iterations. The identified levels of the indicators will
aid in building the digraph and the final model of ISM [9].
Then, the final reachability matrix is converted into the
canonical (lower triangular) matrix by arranging the
indicators according to their determined levels as shown
in Table VII.

TABLE v
FINAL REACHABILITY MATRIX TABLE VI
CANONICAL MATRIX

. . Driver
Dimensions 12 3 4 5 6 7 8 Power Dimensions 6 7 3 4 5 8 9 1 2
1. Emission 1 1 1 1 1 1 1 1 1 9 6. Delivery 1 0 0 0 0 O O O O
2. Resource L1 1 1 111 7. Flexibility o 1 0 0 O O O O O

utilization 3. Waste 1 1 1 1 1 1 1 0 O
3. Waste o o 1 1 1 1 1 1 1 7 4. Quality 1 1 1 1 1 1 1 0 O
4. Quality o o 1 1 1 1 1 1 1 7 5. Cost 1 1 1 1 1 1 1 0 O
5. Cost o o 1 1 1 1 1 1 1 7 8. Employee 1 1 1 1 1 1 1 0 O
6. Delivery o 0 o0 O O 1 O 0 O 1 9. Supplier 1 1 1 1 1 1 1 0 O
7.Flexibility 0 0 0 0 O O 1 0 O 1 1. Emission 1 1 1 1 1 1 1 1 1
8. Employee 0 O0 1 1 1 1 1 1 1 7 2. Resource utilization 1 1 1 1 1 1 1 1 1
9. Supplier o o 1 1 1 1 1 1 1 7
Dependence s 2 7 7 7 8 8 7 7
Power

D. Level partitions

From the final reachability matrix, the reachability set
and antecedent set [11] for each indicator can be obtained.
The reachability set consists of the indicator itself and the
other indicators, to which it may relate. The antecedent set
consists of the indicator itself and the other indicators,
which may relate to it. Then, the intersection of these sets
is derived for all indicators.

The indicator for which the reachability and the
intersection sets are the same is given the top-level
indicator in the ISM hierarchy. After the identification of
the top-level indicator, it is discarded from the other
remaining indicators. This iteration is continued until the
level of all indicators is obtained as shown in Table VI.
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ISM-based model

Based on the relationships given in the canonical
matrix, a directed graph (digraph) is generated and the
transitivities are removed. The indicators are organized in
a hierarchical structure in three levels as shown in Fig. 1.
Delivery and flexibility are regarded as the basic
indicators by Malaysian automotive companies in
evaluating  sustainable manufacturing performance.
Emission and resource utilization appear to be the leading
indicators in achieving sustainable manufacturing
performance. It might be because they are most closely
related to the environment factor. In the intermediate
level, cost is regarded as the most influencing indicator
for sustainable manufacturing evaluation in Malaysian
automotive companies. It is followed by quality, supplier,
employee, and waste.
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6. Delivery 7. Flexibility LEVEL |
A
LEVEL Il
. Quality 8. Employee
LEVEL Il

—
2. Resource
utilization

Fig. 1. ISM model for SMP dimensions

1. Emission

F. MICMAC analysis

The MICMAC analysis is used to analyze the driver
and dependence power of the indicators [12]. The
indicators are classified into four clusters as shown in Fig.
2. The clusters are named autonomous, dependent,
linkage, and driver, respectively.

It can be seen that there are no autonomous indicators
(in first quadrant) in the driver—dependence power
diagram. This brings to light the fact that all the indicators
are influencing to the sustainable manufacturing
performance evaluation in the Malaysian automotive
companies.

9 1,2

8

7 3,4,5,8,9
5
£ 6
=9 Driver v Il  Linkage
g s
E Autonomous 1 II  Dependent
2y

3

2

1 6,7

1 2 3 4 5 6 7 8 9

Dependence power

Fig. 2. Driver-dependence power diagram
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The diagram indicates that delivery and flexibility are
in second quadrant as dependent indicators. They are not
driving any other indicators but driven by all other
indicators. On the other hand, emission and resource
utilization in fourth quadrant as driver indicators, are
driving all other indicators but not driven by any other
indicators. Waste, quality, cost, employee, and supplier
fall in the third quadrant are unstable indicators. Any
action on these indicators will have an affect on the others
and also provide a feedback effect on them. The decision
makers should pay more attention to these indicators.

IV. CONCLUSION

This paper has developed an interpretive structural
model (ISM) of key performance indicators (KPIs) for
sustainable manufacturing evaluation in automotive
companies. The indicators are structured into three levels.
The digraph establishes the interrelationships among the
indicators. The relative importance and interdependencies
among the indicators are also given by driver-dependence
power diagram. The ISM-based model gives a visual and
a better understanding of the interrelationship among the
indicators. The model can provide the decision makers
with a more realistic representation of relationships
among the indicators for sustainable manufacturing
evaluation in automotive companies. Future work will
further incorporate the model into Analytical Network
Process (ANP) methodology to the development of
sustainable manufacturing evaluation tool for automotive
companies.
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