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The purpose of this paper is to provide a framework that can identify and evaluate the effectiveness of a given maintenance strategy
and to rank components of maintenance system. The framework is developed using DEMATEL method on maintenance strategy
as a guideline. To gain a richer understanding of the framework, a questionnaire is constructed and answered by experts. Then the
DEMATEL method is applied to analyze the importance of criteria and the casual relations among the criteria are constructed. The
scope of the paper is limited to performance measurement of maintenance strategies. It is found that the framework is applicable and
useful for the strategic management of the maintenance function. It is observed that the influencing and preferred infrastructures for
designing Learning and Training are three components, that is, optimal maintenance, CMMS, and RCM which are interdependent
on each other and are the fundamental components to realize the designed goals of maintenance process. This paper provides an
overview of research and developments in the measurement of maintenance performance. Many tools and techniques have been
developed in other fields. However, the applicability of those tools to maintenance function has never been tried. In that respect
this topic is novel. It helps in managing maintenance more effectively.

1. Introduction

Some challenges from modern competitors have provoked
many industrial companies to implement new manufacturing
approaches [1, 2]. Particularly salient among these is the con-
cept of lean production [3, 4]. Lean production is an approach
that includes a set of management practices, including just
in time, quality systems, work teams, cellular manufacturing,
and supplier management, in an integrated system. The main
core of lean production is that these practices can work
synergistically to create a high quality system for reaching
customer demand with no waste.

Some articles on the topic of lean production system
emphasize the relationship between implementation of lean
and performance. While most of these studies have focused
on a single aspect of lean and its performance implications
(e.g., [6-8]), a few studies have explored the implementation
and performance relationship with two aspects of lean (e.g.,

[8,9]). Even fewer studies have investigated the simultaneous
synergistic effects of multiple aspects of lean implementation
and performance implication. A noteworthy exception is
Cua et al’s [10] investigation of implementation of practices
related to just in time (JIT), total quality management (TQM),
and total preventive maintenance (TPM) programs and their
impact on operational performance. However, conceptual
research continues to stress the importance of empirically
examining the effect of multiple dimensions of lean produc-
tion programs simultaneously [11].

Companies implement lean strategies to achieve bet-
ter quality, designing the processes which meet customer
requirements and expectations, waste elimination (waste is
any activity that does not add value to the product or service)
and lead time reduction (it helps a Lean enterprise deliver the
products to the customer in a shorter time and reduce total
costs, both direct and indirect) [12].



Since waste elimination is one of the Lean objectives, it is
crucial for companies to identify wastes relevant to defects,
waiting time, overproduction (producing more, earlier, or
sooner than next workstation demand results in larger
inventory and costs), transportation (transportation within
Work-In-Process (WIP) resulting from weak plant layout
and shortage in understanding of production or process
flow), inventory (excess raw materials, finished products, and
WIP), unused creativity (failure in exploiting the knowledge
and unique abilities of the employees), movement (extra
transportation due to wrong location of equipment and
tools), and overprocessing (parts of processes that create no
added-value to the product or service) [13, 14].

Lean principles have been originated from Toyota’s pro-
duction system known as just in time (JIT) production
(15, 16]. The term lean has become widespread after the
publication of a book titled The Machine That Changed the
World. Then, the term lean production was widely used.
Mason-Jones et al. [17] have matched various strategies of
supply chain with product type. They have introduced a
“leagile” approach which determines the decoupling point
between lean and agile paradigms in a supply chain. Sullivan
et al. [18] have presented the performance of equipment
replacement decision problems within the context of lean
manufacturing.

They utilized VSM as a road map for providing necessary
information for the analysis of equipment replacement deci-
sion problem in lean manufacturing implementation.

Muda and Hendry [19] have proposed a world class
manufacturing concept incorporated with lean principles for
the make-to-order sector. Pavnaskar et al. [20] have presented
a classification scheme for lean manufacturing tools. They
have suggested that their classifications scheme enables com-
panies to become lean and serve as a foundation for research
into lean concepts. Many researchers have contributed to
the definition of lean manufacturing. Shah and Ward [11]
have provided a comprehensive definition of lean production
which is an integrated sociotechnical system whose objective
is to eliminate waste by reducing and minimizing the supplier,
customer, and internal variability.

The tools and techniques of lean manufacturing include
TQM, TPM, Kanban, Kaizen, SMED, Poka-Yoke, and visual
control. Houshmand and Jamshidnezhad [21] have presented
an extended model of design process of lean production sys-
tem by means of process variables. They have used axiomatic
design theory for developing hierarchical structure to model
a design process of lean production system composed of
functional requirements, design parameters, and process
variables. Braglia et al. [22] have presented a new approach for
a complex production system based on seven iterative steps
associated with typical industrial engineering tools including
VSM. Shah and Ward [23] have defined the measures of lean
production. They have mapped the various conceptual lean
strategies [24].

Shin et al. [25] have provided the basic data-driven
methods including oft-line design and on-line computation
algorithms; original idea, basic assumption/condition, and
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computation complexity were presented. Provided methods
were implemented on an industrial benchmark.

11. Evolution of Equipment Management. To begin with,
there is a requirement to improve an understanding of the
basic perception of the maintenance role. Here, it is pertinent
to note that the maintenance function has undergone serious
change in the last three decades. The traditional perception
of maintenance’s role is to fix broken items. Taking such
a narrow view, maintenance activities have been confined
to the reactive tasks of repair actions or item replacement.
Thus, this approach is identified as reactive maintenance,
breakdown maintenance, or corrective maintenance. A more
recent view of maintenance is defined by Gits [26] as “All
activities aimed at keeping an item in, or restoring it to, the
physical state considered necessary for the fulfilment of its
production function.” Clearly, the scope of this opinion also
contains the proactive tasks such as the following:

routine servicing and periodic inspection,
preventive replacement,

condition monitoring.

In order to maintain equipment, maintenance must carry out
some further activities. These activities contain the planning
of work, purchasing and control of materials, personnel
management, and quality control [27]. This variety of respon-
sibilities and activities convert maintenance from a simple
function to a complex function to manage.

Maintenance should ensure equipment availability in
order to produce products at the compulsory quantity and
quality levels [28]. The scope of maintenance management
includes every phase in the life cycle of technical systems
(plant, machinery, equipment, and facilities), specification,
acquisition, planning, operation, performance evaluation,
improvement, and disposal [29].

111 Breakdown Maintenance (BM). This type of mainte-
nance states the maintenance strategy, after the equipment
failure equipment is repaired [30]. This maintenance strategy
was mainly implemented in the manufacturing organizations
before 1950. In this stage, machines are serviced only when
repair is required. This idea has some weaknesses such as the
following:

unplanned stoppages,

excessive damage,

spare parts problems,

high repair costs,

excessive waiting and maintenance time,

high trouble shooting problems [31].

1.1.2. Preventive Maintenance (PM). This concept is a type
of physical checkup of the equipment to prevent equipment
breakdown. Preventive maintenance includes activities which
are started after a period of time or amount of machine use
[32]. This type of maintenance depends on the estimated
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probability that the equipment will break down in the
specified interval. The preventive works are as follows:

equipment lubrication,
cleaning,

parts replacement,
tightening,

adjustment.

1.1.3. Predictive Maintenance (PdM). Predictive maintenance
is often mentioned as condition based maintenance (CBM).
In this strategy, maintenance is started in response to a
specific equipment condition or performance deterioration
[33]. The analytic techniques are organized to measure the
physical condition of the equipment such as temperature,
noise, vibration, lubrication, and corrosion [34]. When one
or more of these indicators reach a set deterioration level,
maintenance initiatives are assumed to restore the equipment
to desired condition. This means that equipment is taken out
of service only when direct evidence exists that deteriora-
tion has happened. Predictive maintenance is based on the
same principle as preventive maintenance. The advantages
of predictive maintenance are based on the need to perform
maintenance only when the repair is really necessary, not after
a specified period of time [32].

1.1.4. Corrective Maintenance (CM). The main core of this
concept is to prevent equipment failures. This type of main-
tenance system has been applied to the improvement of
equipment; hence the equipment failure can be removed
(improving the reliability) and the equipment can be simply
maintained (improving equipment maintainability) [35]. The
main difference between corrective and preventive main-
tenance is based on the time of maintenance action. In
the corrective action system a problem must exist before
corrective actions are taken [36]. The corrective maintenance
is following some purposes such as

improving equipment reliability,
maintainability,

safety,

reducing design weaknesses (material, shapes),
reducing deterioration and failures,

aiming at maintenance-free equipment.

1.1.5. Maintenance Prevention (MP). This type of mainte-
nance system is based on the design phase of equipment.
Equipment is designed such that they are maintenance free
and an ideal condition of “what the equipment and the
line must be” is attained [35]. In the development of new
equipment, MP activities must begin at the design stage of
equipment [37]. Maintenance prevention often applies some
earlier equipment failures and feedback from production
areas to ensure equipment design for production systems.

1.1.6. Reliability Centered Maintenance (RCM). RCM can
be defined as an organized, rational process for improving
the maintenance requirements of a physical resource in its
operating context to understand its “inherent reliability;”
where “inherent reliability” is the level of reliability which
can be attained with an effective maintenance program. RCM
is a process implemented to determine the maintenance
requirements of any machines or equipment in its operating
context by recognizing their functions, the causes of failures,
and the effects of the failures.

RCM has seven basic steps:

(1) identify the equipment/system to be analyzed;
(2) determine its functions;

(3) determine what constitutes a failure of those func-
tions;

(4) identify the failure modes that cause those functional
failures;

(5) identify the impacts or effects of those failures’ occur-
rence;

(6) use RCM logic to select appropriate maintenance
tactics;

(7) document your final maintenance program and refine
it as you gather operating experience [38].

The various tools employed for affecting maintenance impro-
vement on these 7 steps include

(1) failure mode and effect analysis (FMEA),

(2) failure mode effect and criticality analysis (FMECA),
(3) physical hazard analysis (PHA),

(4) fault tree analysis (FTA),

(5) optimizing maintenance function (OMF),

(6) hazard and operability (HAZOP) analysis.

1.1.7. Productive Maintenance (PrM). The main aim of pro-
ductive maintenance is to increase the productivity of a man-
ufacturing unit by decreasing the total cost of the equipment
over the whole life from design to equipment degradation.
The significant features of this maintenance viewpoint are
equipment maintainability and reliability focus, as well as cost
reduction of maintenance actions. The maintenance strategy
including all previous viewpoints to increase equipment
productivity by applying preventive maintenance, corrective
maintenance, and maintenance prevention is named produc-
tive maintenance [39, 40] (see Figure 3).

1.1.8. Computerized Maintenance Management Systems
(CMMSs). Computerized maintenance management sys-
tems (CMMSs) are vigorous for the management of all
activities related to the availability, productivity, and main-
tainability of complex systems. Modern computational facil-
ities have offered a dramatic scope for improved effectiveness
and efliciency in, for example, maintenance. Computerized
maintenance management systems (CMMSs) have existed, in
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FIGURE 1: The performance measurement framework for the maintenance function.

one form or another, for several decades. CMMS can be used
to mechanize the PM function and to help in the control of
maintenance inventories and the buying of materials. CMMS
can reinforce reporting and analysis capabilities [41, 42].
Accessibility and accuracy of information can provide more
reliable decisions in CMMS because of closer working
relationships between maintenance and production [43, 44].

1.1.9. Total Productive Maintenance (TPM). This method-
ology is linked to the maintenance systems designed and
perfected by “Toyota family” companies including Denso and
Aisin Seiki [45, 46].

TPM is an innovative approach to maintenance that
optimizes equipment effectiveness, removes breakdowns, and
promotes autonomous maintenance by operators through
day-to-day activities involving total workforce [47]. A strate-
gic approach to improve the performance of maintenance
activities is to effectively implement strategic TPM initiatives
in the manufacturing organizations. TPM brings mainte-
nance into attention as a necessary part of the business.
The TPM initiative is aimed at improving competitiveness of
organizations TPM try to find to involve all levels and func-
tions in an organization to optimize the overall effectiveness
of production equipment. This method also tunes up existing
processes and equipment by reducing mistakes and accidents.
TPM is a world class manufacturing (WCM) initiative that
pursues to optimize the effectiveness of manufacturing equip-
ment [48].

1.2. Lean TPM and Maintenance Performance Framework.
The integration of Lean Thinking [3] and total productive
manufacturing (Lean TPM) applies the proven business
models of “world class” manufacturing enterprise.

The maintenance performance conceptual framework
proposed by Muchiri et al. [49] recognizes main processes

that lead the maintenance function to delivery of perfor-
mance required by manufacturing objectives. The conceptual
framework supports alignment of maintenance objectives
with the manufacturing and corporate objectives. The con-
ceptual framework has three main sections that include
maintenance alignment with manufacturing, maintenance
effort/process analysis, and maintenance of results perfor-
mance analysis.

The first area of the conceptual framework pursues
aligning the maintenance objectives with the manufacturing
strategy. By studying the requirements of the stakeholders,
the performance requirements of the manufacturing system
can be well-defined. Cognitive mapping is a crucial tool for
studying the cause and effect relationship between strategic
essentials [50].

1.3. The Maintenance Performance Indicators. The mainte-
nance performance framework summarizes the main essen-
tials that are central in the management of the mainte-
nance function. The essentials make sure that the right
work is recognized and effectively implemented for definite
results that are in line with the manufacturing performance
requirements. Each step is important for effective manage-
ment of the maintenance function. Both the maintenance
process (leading) indicators and maintenance results (lag-
ging) indicators are vital for measuring the performance
of the maintenance function. For each essential, the main
encounter is to recognize the performance indicators that
will express whether the essentials are managed well. Efficient
indicators should cover control and monitoring performance
and support maintenance actions towards achievement of
objectives. Muchiri et al. [49] have provided some indicators
that appear often in literature. The classification of Muchiri
et al. [49] is applied in this paper for facilitation of perfor-
mance measurement of maintenance system (see Figure 1).
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FIGURE 2: The process of the DEMATEL method (adopted from [5]).

1.3.1. Maintenance Process (Leading) Indicators. The main-
tenance leading indicators monitor some maintenance pro-
cesses that are as follows:

work identification,
work planning,
work scheduling,

work execution.

Key performance indicators for each process are pro-
posed by Muchiri et al. [49] to measure if requirements of
each process are satisfied.

1.3.2. Maintenance Results (Lagging) Indicators. The results
of the maintenance process can be divided into efficiency of
technical systems and cost systems. The lagging indicators are
used to measure maintenance results in terms of equipment
performance and maintenance cost [49].

1.4. DEMATEL Method. DEMATEL method was developed
between 1972 and 1979 by the Science and Human Affairs
Program of the Battelle Memorial Institute of Geneva, with
the purpose of studying the complex and intertwined prob-
lematic group.

It has been extensively recognized as one of the methods
to explain the cause and effect relationship among the criteria
[51-55]. This method is applied to analyze the relationship
between cause and effects and among evaluation criteria [56]
or to originate interrelationship among factors [55].

Based on Shieh et al. [57], the procedure of DEMATEL
method is presented in Figure 2.

2. Research Methodology

This research includes both classes of fundamental and
applied researches because it seeks to explain relations and
indices and present model. In this research, survey method
is used in terms of time and is descriptive (nonexperimen-
tal) research in terms of data collection and classification.
Case and field research method is used for presentation
of model and technique and final conclusion because the
present research includes a series of the methods which

aims to describe conditions or relations between the studied
phenomena on which basis the technique and model are pre-
sented by recognizing the previous position and presenting
the present position completely.

The present research is conducted with field and library
method such as library references including books, publica-
tions, theses, and sources available in the university, scientific
centers have been used for theoretical information and review
of the literature, and direct observation has been used for
collecting data.

2.1. Research Domain (Theme, Space, and Time). Business
management and plant management problems particularly
problems of maintenance management are some of the
multidimensional problems and have abundant complexities
which may not be evident at the first look. But it becomes
evident after deliberation that these problems have deep
and extensive dimensions and their multilateral study may
be time consuming. Therefore, it is necessary that each
researcher first specify limits of his research to prevent
confusion and waste of time and sources.

Thematic domain: in this research, researcher tries to
study empowering and effective components of mainte-
nance process optimization in manufacturing industries and
presents a suitable and practical model for effective applica-
tion of each component to achieve goals of organization.

Spatial domain: place of this research includes 9 plants,
that is, Pol Film and Atlas Film (production of polymer
packaging), Plot and Azin Chap (printing and production of
heliogravure print cylinder), Zanjan and Bead Wire Indus-
tries in the field of wire and welding electrode production,
Fardan Aryan Industries (production of food packs and pre-
form), MEdisk (production of optical compact disc, CD
and DVD) and Arya Kian Industries (automobile steering
assembly line).

Time domain: time of the present research is year of
2012 in six-month period and information, statistics, and
documents relate to this time period.

Requirement of each applied research is study and
recognition of factors affecting working field of research.
Information collection instrument is questionnaire. Different
maintenance strategies and indices and key elements for



implementation of lean maintenance were identified and
these concepts were used in two questionnaires.

In questionnaire 1, the experts were asked to specify effect
of each lean maintenance element as pairwise comparison
and announce in front of each row if these components
have been applied in their plants and in what level these
components are applied for its implementation.

In questionnaire 2, experts were asked to determine
effect and significance of each component affecting making
maintenance process lean based on four groups of leading
indicators and two groups of lagging indicators. This effect is
specified according to Saati’s scale. It is necessary to note that
the following scale is positive for the positive indicators. To
determine effect and significance of the component relating
to negative indicators, reverse Saati’s scale is used.

The indices were determined considering application of
interpretive structural modeling approach to ensure theoret-
ical dominance, practical experience, and access due to time-
consuming and different types of the questionnaire compared
with the common questionnaires. To ensure comprehensive-
ness of attitudes, the following indices were obtained:

relationship between working experience of experts
and maintenance issue,

the presence of experts as maintenance managers and
senior experts,

experts with the related academic education.

Study of the papers which have used interpretive structural
method for analyzing results has suggested the number of
experts to be between 4 and 64. 64 selected experts include
maintenance managers of 9 plants selected for field studies
and 5 experienced maintenance experts are working in these
plants.

2.2. Data Analysis Method. Extraction of useful results from
a research requires application of suitable scientific, accurate,
and confirmed methods. In this regard, the following stages
are used for analyzing data in this research.

Step I It is extraction of approximate agreement matrix
for intensity of direct relations between lean maintenance
process components adapted from data of questionnaire 6
which was filled by 64 selected experts.

Step 2. This is to structure effect of each lean production
component on each other and study feedback and its rela-
tions and determine effect of DEMATEL method on lean
maintenance process. Application of this method can give the
research a suitable structure considering relations between
lean maintenance components and make the optimal model
policy possible for explaining strategy with lean approach
in maintenance process. By extracting two influencing and
influenced indices between components of lean maintenance
process, effect of components on each other can be evaluated
to analyze them properly for ranking these components
considering significance of each of them:

making direct relations matrix normal,

creating general relations matrix,
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creating cause and effect matrix,
creating Dependence matrix,
specifying influence order of elements on each other,

extracting influencing and influenced indices of lean
production components.

Step 3. Approximate agreement matrix is extracted using
data of questionnaire 2 and lean maintenance components are
regarded as alternative and maintenance leading and lagging
indices are regarded as criterion to which output of Step 2,

that is, influencing and influenced indices of components, is
added.

Step 4. Determining weight of indices using Shannon
entropy method: to determine weight of the index, Shannon
entropy method is used instead of experts’ view due to uncer-
tainty. In this analysis, it specifies weight and significance of
each group of leading and lagging indices and influencing
and influenced indices of the process lean production com-
ponents.

Step 5. Ranking and determining weights of lean mainte-
nance components using TOPSIS technique: TOPSIS tech-
nique has been used for ranking and weighting because
this technique is a compensatory summative method which
compares alternatives through weight of each criterion and
normalized numbers on each criterion and calculation of the
criterion. It is assumed that TOPSIS has an equal measure for
increasing or decreasing values.

Normalization usually requires parameters and criteria
which almost have heterogeneous dimensions in multicri-
teria problems. In compensatory methods, such as TOPSIS,
exchange between criteria is compulsory so that weak results
of a criterion are neutralized and compensated through good
results. Compensatory methods preset more realistic form
than noncompensatory methods which ignore the solutions
obtained through cuts applied on them:

creating normalized decision matrix,
calculating weighted normal matrix,
determining positive and negative ideal point,

calculating Euclidean distance of positive and nega-
tive ideal solutions,

ranking: these numbers are ranked decreasingly to
select the preferred option.

Based on output values of TOPSIS, weights of each compo-
nent are specified using weighted mean method.

Step 6. This step encompasses studying the trend of indices
considering implementation levels of lean maintenance com-
ponents to determine relationship between components of
lean maintenances process and trend of maintenances indices
in 9 plants selected for field studies, to evaluate effectiveness
or loss of efficiency of maintenance process in each one of the
plants in six-month period for application or nonapplication
of the lean maintenance components.



Mathematical Problems in Engineering

Model of effective maintenance strategy

g Profitability and
= competitive advantage
£¢
§ Purchasing and Direct and indirect costs of] Maintenance
= inventory costs maintenance ability
z g
¥ < Habili Number of
== Availability OEE MTBF '
s = failures
*
=g
Maintenance Human resource Quality of
| scheduling || MTTR || | productivity | | work

CBM E| AM H ﬁ 58 H cM
T [ oM | T

Maintenance execution

L |

Availability of equipment and machines

T

Planning and
scheduling

Learning and
Training

FIGURE 3: Model of effective maintenance strategy.

2.3. Model Integration. There is an integration of outputs
of DEMATEL and TOPSIS methods that shows elements
dependency and ranks that have been specified. Final results
of the conducted field studies and analysis of trend between
lean maintenances components and trend of maintenances
indices have been achieved. An optimized model is presented
for explaining maintenance strategy with lean thinking
approach and depicted in Figure 3.

3. Research Findings and Analysis

In this way, 9 components have been identified as the factors
of which proper implementation can make maintenance
process lean and optimal. These components are as follows:

inventory management with lean approach,

5,

CMMS,

training and learning,

CBM,

RCM,

AM,

PM,

CM.

Extraction of approximate agreement matrix for intensity of
direct relationship between components of lean maintenance
process.

9 x 9 the following pairwise comparison matrix of which
components are taken from the studies conducted in review
of the literature is a matrix 9 which has been taken from
data of questionnaire 6 by 64 selected experts based on group
decision making entitled approximate agreement matrix for
intensity of direct relationship between components of lean
maintenance process. The results have been shown is Table 1.

3.1. Determining Effect of Lean Maintenance Components
Using DEMATEL. The following results are obtained by
implementing DEMATEL technique as shown in Table 2.

In this step, we specify influence order of elements on
each other. Elements of column di indicate hierarchy of
the influencing elements and order of elements of column
ri indicates hierarchy of the influenced elements. (d - j)
indicates position of an element and this position will be
certainly influencing in case of positivity (d — j) and will be
certainly influenced in case of negativity. (d + j) indicates
sum of intensity of an element in terms of influencing
element and influenced element. Position of an element will
be certainly influencing in case of positivity (d — j) and
will be certainly influenced in case of negativity. The above
analysis shows that CMMS, RCM, education, and culture
building are the most effective on their effective execution in
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TABLE 1: Pairwise matrix of Lean elements of maintenance.

Lean elements of Inventory Training
maintenance management with 55 CMMS anq CBM RCM AM PM CM
lean approach learning
Inventory management
with leanyapproagch 0 3 ! 2 2 2 2 4 4
55 4 0 3 3 3 2 4 3 3
CMMS 4 3 0 2 4 4 2 4 4
Training and learning 2 4 2 0 3 3 4 3 4
CBM 3 2 3 2 0 4 3 3 4
RCM 3 2 2 4 4 0 3 4 4
AM 1 2 2 2 3 3 0 4 4
PM 4 2 3 2 2 2 3 0 4
CM 4 2 2 1 1 2 2 2 0
TABLE 2: Determining effect of Lean maintenance components using DEMATEL.
Influence matrix T': 9 criteria

Row sum (di) Column sum (ri) di + ri di—ri
Inventory management with lean approach 4.33 5.54 9.87 -1.20
55 5.42 4.38 9.80 1.04
CMMS 5.82 4.03 9.85 179
Training and learning 5.42 3.96 9.38 1.47
CBM 5.22 4.68 9.90 0.54
RCM 5.60 4.75 10.35 0.85
AM 4.61 4.98 9.58 -0.37
PM 4.75 5.80 10.54 -1.05
CM 3.57 6.63 10.20 -3.06

TaBLE 3: Ranking based on influenced indices of lean production
components.

TABLE 4: Ranking based on influencing indices of lean production
components.

Ranking based on influenced indices of lean production

Ranking based on influencing indices of lean production

components components
Component Column sum (ri) Component Row sum (di)
CM 6.63 CMMS 5.82
PM 5.80 RCM 5.60
Inventory management with lean approach 5.54 Training and learning 5.42
AM 4.98 5S 542
RCM 4.75 CBM 522
CBM 4.68 PM 4.75
5S 4.38 AM 4.61
CMMS 4.03 Inventory management with lean approach 4.33
Training and learning 3.96 CM 3.57

the first level compared with other components. Such analysis
specifies that CM and PM, spare parts store and purchase
will be mostly influenced by application and execution of
other components. It is necessary to note that these three
components are certainly influenced by other components.
Outputs of di will be used as influencing positive index and
ri will be used as influenced negative index in the next step

for ranking lean maintenance components. The results have
been shown in Tables 3 and 4.

3.2. Extraction of Approximate Agreement Matrix for Evalu-
ating Lean Maintenance Components as Maintenance Indices.
Approximate agreement matrix is extracted using data of
questionnaire 2 and lean maintenance components are
regarded as alternative and maintenance leading and lagging
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TABLE 5: Determining weight of indices using Shannon entropy
method.

Type Group Weight
Work identification 12.32%
; 0
Leading indicator Work planning 12.40%
Work scheduling 13.24%
Work execution 20.69%
i 13.22%
Lagging indicator Equipment performance o
Maintenance cost 28.12%
TABLE 6: Ranking by TOPSIS.
Ranking by TOPSIS
. . Cumulative
Lean production components cli+ weight
PM 0.6422 13.8%
CMMS 0.6286 13.5%
RCM 0.5918 12.7%
Inventory management with lean 0.5325 115%
approach
CM 0.4955 10.7%
Training and learning 0.4758 10.3%
CBM 0.4479 9.6%
55 0.4172 9.0%
AM 0.4104 8.8%

indices are regarded as criterion to which output of Step 2,
that is, influenced and influencing indices of components,
is added. The indices which are included in dark cells are
regarded as positive indices and the indices which are in
bright cells are regarded as negative indices.

3.3. Determining Weight of Indices Using Shannon Entropy
Method. Considering the extracted weights, it is observed
that weight of each main class of the maintenance leading and
lagging indices is shown in Table 5.

Considering the analysis in Table 6, we see that 4 compo-
nents, that is, PM, CMMS, RCM, and spare parts purchase
and store, with lean thinking approach are the most impor-
tant components for moving toward optimum in mainte-
nance. These four components include 52% of the lean weight
of the maintenance process.

4. Model Presentation

Outputs of integration methods have been applied in select-
ing optimal maintenance strategy, optimal model is presented
for explaining maintenance with lean thinking approach.

In this model which was presented as bottom-up method,
it is observed that the influencing and preferred infras-
tructures for designing Learning and Training are three
components, that is, optimal maintenance, CMMS, and
RCM which are interdependent on each other and are the
fundamental components to realize the designed goals of

maintenance process. In the next step, other components of
lean maintenance are given to realize other goals.

5. Conclusion

The presented model is an applied model which can be
used in different plants and different production lines for
optimizing maintenance process. In the performed analyses,
it was observed that each one of the lean maintenance com-
ponents should be valued differently; significance and weight
of each of them should be included properly in budgeting
for execution. To execute these components for realizing
maintenance goals, one should start with the mentioned
infrastructures and then apply other components.

In the further researches based on the methodology
introduced in the research, one can replace ANP (analytical
network process) with TOPSIS or utilize combinatory statisti-
cal analysis of Fisher’s test and logistic regression test instead
of multicriteria decision methods and compare their results
with the present research.
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