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Abstract

Remanufacturing has been attracting attentions of global manufacturers as an important sustainable development
strategy. Component oriented remanufacturing decision-making for complex product involving two phases is
proposed in this paper. The first phase is to decide which components to be remanufactured using DEA. To
overcome the drawback of traditional DEA without weight constraints, an augmented DEA is applied to evaluate
the efficiencies of the pre-selected components considering manufacturing characteristic, comparative cost
advantage and general returned status. The second phase is to select an appropriate remanufacturing concept for
each efficient component. Interval 2-tuple linguistic model is used in obtaining and collecting experts’ evaluations.
Besides subjective experts’ weights, the objective weights of them are considered in the group decision-making
process, which are determined by the precision degree of information experts have given. TOPSIS integrated with
interval 2-tuple fuzzy linguistic representation model is proposed to rank alternative remanufacturing concepts. A
new distance measuring method between two interval 2-tuple vectors is given out considering both the subjective
and objective criteria weights. The objective criterion weight is determined by the discrete degree of the
performances of all alternatives on this criterion. A case study is carried out to demonstrate the effectiveness of the
developed remanufacturing decision-making approach for complex product.

Keywords: remanufacturing decision-making; data envelopment analysis; interval 2-tuple; concept selection;
TOPSIS method

1. Introduction

Technological improvements can contribute to potential
economy and society development to some extent, while
sustainable production and consumption become the
central issue of current international concern. In the real
practice,
service

and
the

environmental
development

protection
push

world
customized
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manufacturing companies to concern their products
through the whole life cycle. Companies tend to extend
their responsibilities to the product use and recycle
phases, and they should develop strategies which can
contribute to the efficient use of resources. One of the
important strategies attracts manufacturers’ attention is
remanufacturing (or Reman) , which can be defined as a
process to recover the discarded products back to
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‘likenew’ conditions and the warranty and quality are
equivalent to those given by Original Equipment
Manufacturer (OEM)[1]. The remanufacturing of
products or components brings benefits to companies,
customers and the environment. Products developed
through remanufacturing incur 40-65% less cost and
reduces energy needs by about 85% than those for new
products [2]. In recent years, a growing number of
OEMs such as Caterpillar, Kodak, Xerox and Delphi
have exhibited increased interest in remanufacturing due
to the potential for competitive gains, while improving
their environmental performance ([3]; [4]).

Decision making is of great importance in product
remanufacturing and there exists uncertainty in selecting
optimal concept. Many researches have been made to
propose decision models to solve this problem. Ullah et
al. [5] proposed the optimal strategy to deal with
decision making problems in machine tool
remanufacturing. Karaulova and Bashkite [6] proposed
an  integrated method for  evaluating the
remanufacturability of the used industrial equipment.
Goodall et al. [7] reviewed the state of art in tools and
techniques used to evaluate remanufacturing feasibility.
However, the existing approaches always deem the
remanufacturable product as a whole and make
remanufacturing strategies for the whole. Therefore,
they are not suitable for dealing with complex product,
which has so many components requiring independent
decision-making, such as the large construction
machinery.  This  paper pays attention to
remanufacturing strategies making for companies which
produce complex products. The complex product can
hardly be remanufactured as a whole, and the research
object should be a group of components. Some parts of
the component can be renewed through cleaning,
repairing, etc., and some invalid parts should be
discarded and replaced. There exist two problems to be
solved for remanufacturing strategies making aiming at
complex product: selecting the feasible components
which can be remanufactured and assessing the
remanufacturing concepts for each selected component.
The two problems are both multi-criteria decision
making (MCDM) problems. However, they are different
in the difficulty and complexity of the decision-making
process.

Selecting the components to be
remanufacturing has to evaluate the critical components
from the aspects such as manufacturing characteristics,

carried on

manufacturing cost, remanufacturing cost and failure
status. The goal is selecting the components with higher
remanufacturing performance and lower recovering
difficulty. The decision-making result is a group of
feasible components. The evaluating criteria can be
evaluated quantitatively by the experts from the design,
manufacturing and service departments. DEA is a useful
tool for performance assessment, which has been widely
used in decision-making circumstances when more
factors need to be considered. The efficiency assessed
for each alternative component by DEA is the feasibility
of implementing remanufacturing on it. The traditional
DEA model has a shortcoming that the weights of input
and output factors are determined in the optimizing
process without restraint. The augmented DEA model
with weight constraints can increase the distinguishing
ability for decision-making units. For the selected
components to be carried on remanufacturing activities,
selecting an appropriate remanufacturing concept for
each of them is critical for companies gaining benefits
and ensuring customer satisfaction. Unreasonable
concept selection may significantly decrease the
remanufacturing performance and profitability. Concept
evaluating criteria involve the environment protection,
process difficulty, quality of the remanufactured
components, etc. The related information lacks support
of historical data and can hardly be assessed
quantitatively. Therefore, this is a complex multi-
criteria group decision making (MCGDM) problem with
uncertain information.

The MCGDM problem of selecting remanufacturing
concept is the critical research point in this paper. It is
more rational for DMs to adopt imprecise linguistic
terms to express their judgments. The commonly used
means to deal with linguistic terms are the extension
principle [8] which operates based on fuzzy numbers
and the symbolic method [9] which computes based on
the indexes of the linguistic terms. The results obtained
by the above two methods do not exactly match any of
the initial linguistic terms and require an approximation
process to express the result in the initial expression
domain. This produces the consequent loss of
information and hence the lack of precision [10].
Herrera and Martinez [11] proposed the 2-tuple fuzzy
linguistic representation model based on the concept of
symbolic translation, which is composed by a linguistic
term and a real number. This computational technique

can compute with words without any loss of
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information. In recent studies, 2-tuple fuzzy linguistic
representation model has been used in group MCDM
problems successfully, e.g. material selection [12],
product management [13] and computer network
security systems evaluation [14]. In order to express
individualized information fully for DMs, interval 2-
tuple linguistic variable was defined by Lin et al. [15] to
better express information by relaxing
constraint of choosing from a given linguistic term set.
For the information aggregating problem in group
decision-making, the arithmetic weighted average is a
popularly  used  operator  because  of its
straightforwardness and convenience. However, how to
determine the DM’s weight has gained little attention of
researchers. The common means is to assign weights to
DMs subjectively according to their experiences and
backgrounds. However, the DM with higher authority
may not give judgment with higher precision degree.
This paper will combine the subjective weight and the
objective weight which is determined by the precision
degree of information given by a DM, to assign a
reasonable weight to him or her.

For remanufacturing concepts ranking problem, there
does not exist a systematic decision-making approach
based on interval 2-tuple linguistic variables. TOPSIS
introduced by Hwang and Yoon [16] provides a well-
structured analytical framework for alternatives ranking.
Proposition a MCDM approach integrating the interval
2-tuple linguistic with TOPSIS is a reasonable and
innovative attempt to solve component oriented concept
selection in remanufacturing decision-making. A new
distance measuring method between two interval 2-tuple
vectors is given out considering both the subjective and
objective criteria weights, and objective weight is
determined by the discrete degree of all concepts’
performances.

The rest of the paper is organized as follows. Section 2
presents a brief review of related works of this paper. In
Section 3, the problem of component oriented
remanufacturing decision-making for complex product
is described, and selection of the feasible components
using an augmented DEA is given out. The
remanufacturing concept selection based on interval 2-
tuple linguistic TOPSIS is presented in Section 4. In
Section 5, the proposed approach is applied in a real
world case of remanufacturing decision-making for
hydraulic excavator in a Chinese company. Conclusions
are then presented in the final section.

decision

2. Literature review

The United States and Europe consider remanufacturing
as a consolidated activity that brings great benefits to
the economy of these countries [17]. Developing
remanufacturing activities or service is an important and
necessary direction for manufacturing companies
especially which produce complex and high value
products. The existing researches mainly focus on three
aspects: (1) analyzing the motives and advantages of
remanufacturing; (2) applying this strategy in a specific
industry from the technical perspective; (3) developing
a decision-making model to select remanufacturing
technology or concept.

Lebreton and Tuma [18] investigated to what extent
remanufacturing activities could be extended and
applied an OEM-centered decision model in order to
analyze potential future scenarios. Seitz [19] examined
whether the ‘classic’ motives for product recovery were
applicable to automotive remanufacturing. Rathore et al.
[20] investigated the opportunity of establishing
remanufacturing as a formal activity and answered the
fundamental questions of whether remanufactured
products would be accepted by Indian consumers.
Subramoniam et al. [21] developed the Reman
Decision-Making Framework (RDMF) for OE supplier
companies based on the following factors: strategic
product planning, design for remanufacturing, plant
location, production systems, physical distribution, and
cooperation among remanufacturing stakeholders. AHP
was employed to further validate the RDMF framework
and to prioritize the strategic decision-making factors
[22]. Jiang et al. [23] developed a MCDM model based
on AHP for selecting remanufacturing technology
considering technology portfolios.

The existing researches have not decomposed and
analyzed the detailed remanufacturing decision-making
process especially for companies which provide
complex products and attempt to implement
remanufacturing service. The remanufacturing decision-
making problem for complex mechanical product can be
decomposed into two sub-problems: evaluating the
remanufacturing feasibility of the components and
selecting the appropriate remanufacturing concept for
each feasible component.
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2.1. Problems on evaluating the remanufacturing
Sfeasibility of component

Selecting several feasible components to be
remanufactured is a MCDM problem. DEA developed
by Charnes et al. [24] is a commonly used MCDM
method to measure and analyze the relative efficiencies
of comparable decision-making units (DMUs) with
multiple inputs and outputs. It has been used in ranking
alternatives ([25]; [26]) and performance assessment in
terms of efficiencies of DMUs ([27]; [28]). Dotoli and
Falagario [29] proposed an approach integrating DEA,
TOPSIS and linear programming to select supplier
which had three phases, and DEA was used to evaluate
the efficiency of each supplier in the first phase in order
to select several suppliers for TOPSIS evaluation.

The traditional DEA model has a shortcoming that the
weights of input and output factors are determined in
the optimizing process without restraint. Dotoli et al.
[30] proposed an extension of the DEA model called
DEA-P in supplier selection, which provided the
weights of the input and output factors directly in
percentages and exhibited the same computational
complexity with the traditional DEA. Kuo and Lin [31]
applied ANP in considering the interdependency among
factors to release the constraint of DEA that the users
cannot set up factor weight preferences. Wu and
Blackhurst [32] introduced weight constraints in DEA
to reduce the possibility of having inappropriate input
and output factor weights and applied this model to

evaluate suppliers. The augmented DEA model
considering  weight  constraints has  enhanced
discriminatory power and higher computational

efficiency over basic DEA models, which can be
applied to evaluate and select a group of efficient
components to be considered in remanufacturing service
development.

2.2. Problems on selecting remanufacturing
concept for each feasible component

Remanufacturing concept selection is a typical
MCGDM problem. The first difficult issue involved in
the MCGDM is how to capture and integrate uncertain
information existing in the decision-making process.
Fuzzy set theory has been used in decision-making
process for a long time due to its ability to deal with
information  involving vague and  subjective
characteristics of human nature. The use of linguistic
information implies to operate with processes of

computing with words (CWW). Rodriguez and
Martinez [33] focused on and analyzed the symbolic
linguistic computing models widely used in linguistic
decision making. Many researchers ([34]; [35]) have
successfully applied fuzzy theory to deal with uncertain
linguistic information in concept evaluation. For using
fuzzy set theory, linguistic evaluation information is
expressed in triangle or trapezoidal fuzzy numbers, and
the integrated fuzzy numbers by group decision-making
can hardly match any of the initial linguistic terms. The
2-tuple fuzzy linguistic representation model was
proposed to solve this problem, which can compute with
words without any loss of information. Since it was
proposed by Herrera and Martinez [11], this model has
been researched and applied in MCDM problems
popularly. The reasons of its wide usage are its accuracy,
its usefulness for improving linguistic solving processes
in different applications, its interpretability, its ease
managing of complex frameworks in which linguistic
information is included and so forth [36].

The common 2-tuple linguistic variables are always
given by DMs from a given linguistic term set. DMs
may find the cardinality of the term set is too small to
fully express their professional judgments on some
attributes or so big that the evaluations on some other
attributes are out of their ability [37]. The interval-
valued 2-tuple linguistic representation model can
tolerate experts to select different numbers of linguistic
terms to express their judgments. Zhang [37] put
forward the interval-valued 2-tuple linguistic
representation model based on the definition of Lin et al.
[15], which can be regarded as a standardized interval 2-
tuple linguistic model. By wusing interval 2-tuple
linguistic representation model, decision information
can be not only fully expressed but also be unified
easily [38]. Therefore, the interval 2-tuple linguistic
representation model is more flexible and accurate to
deal with linguistic terms in group MCDM problems.
For the group decision-making problems, Herrera and
Martinez [11] extended different classical aggregation
operators to deal with the 2-tuple linguistic model.
Generally, these operators aggregate all DMs’
judgments based on the pre-determined DMs’ weights
considering their backgrounds. These static weights
have certain subjectivity. Zhang [38] determined the
DM’s weight according to the precision degree of
interval 2-tuple linguistic information he or she given.
The subjective weight and objective weight reflected by
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the precision degree of given information being both
taken into consideration in determining the DM’s
weight for group decision-making is a reasonable and
efficient strategy.

The second difficult involved in the
remanufacturing concept selection is how to rank the
alternative concepts efficiently according to the group
decision-making information. This issue is a typical
MCDM problem. AHP developed by Saaty [39] is a
commonly used MCDM method. Although the AHP
method offers many advantages for concept evaluation,
it can be a time-consuming process with the increase of

issue

the number of evaluation criteria and design alternatives.

Furthermore, the consistency in the pair-wise
comparisons must be controlled at a high-level because
a low consistency may make AHP analysis meaningless.
This strict requirement may force DMs to adjust their
judgments iteratively and the objectivity of judgments
may be distorted [40]. TOPSIS introduced by Hwang
and Yoon [16] is another popular MCDM method. The
framework of TOPSIS is to find the positive ideal
solution (PIS) and the negative ideal solution (NIS) in
the n-dimensional space, and determine the preferred
alternative according to the relative closeness degree to
the PIS. TOPSIS integrated with linguistic information
treating approach is applied widely to solve decision
making problems in management. Fuzzy TOPSIS has
been used in evaluating service quality in service quality
management [41], prioritizing failure modes for risk
management [42] and ranking suppliers in supply chain
management [43]. TOPSIS integrated with vague set
has been used in supplier evaluation [44] and product
design concept evaluation [45].

Integrating TOPSIS with interval 2-tuple linguistic
model is an interesting and challenging attempt. The
challenging point is how to calculate the distance
between two interval 2-tuple vectors. Liu et al. [12]
defined the distance between two interval 2-tuples based
on the linear compensation. However, this definition
can be improved by considering the definition of
Euclidean distance to be much more appropriate and
understandable. Another problem in the interval 2-tuple
linguistic TOPSIS approach requiring to be solved is
how to determine reasonable criteria weights. The
perspective of solving this problem is similar to that of
solving the DMs’ weights determination problem in
group decision-making. Therefore, criterion weight

should be obtained by considering both subjective
weight and objective weight. The objective weight of a
criterion can be determined according to the discrete
degree of the evaluations of all alternatives on this
criterion.

3. Evaluating remanufacturing efficiencies of
critical components using an augmented DEA

The complex product is composed of various
components. The critical components have the
possibility to catch the experts’ interests in developing
remanufacturing service or activities due to higher
manufacturing cost and higher influence to overall
performance, and then several components are selected
to be remanufactured from them. This paper proposes a
two-phase remanufacturing decision-making approach
for complex products. The framework of the component
oriented approach is shown in Fig.1.

3.1. Determining the evaluation factors in the
augmented DEA

In DEA model, the efficiency of a DMU is defined as
the ratio between the sum of weighted outputs values
and the sum of weighted inputs values. Since higher
efficiency is expected for a DMU, the measures of the-
larger-the-better type are used as output measures while
the measures of the-smaller-the-better type are used as
input measures [46]. DMUs are ranked in terms of their
efficiencies. The principle of determining the evaluation
factors in the augmented DEA is selecting factors
influencing remanufacturing efficiency and easy to be
measured at the same time. The technical and economic
factors are typical points of great importance .The
technical feasibility of component remanufacturing can
be analyzed based on the physical structure and the
status. The economic feasibility can be
analyzed from comparison between manufacturing cost
and remanufacturing cost. Manufacturing characteristic,
comparative cost advantage and general status of the
returned components are assumed as the three key
factors used to judge a component whether to be
remanufactured or not in this paper. Manufacturing
characteristic is assessed from four aspects which are
disassembly index, test index, replace index and restore
index.

returned
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Phase 1
Critical components Oogg
of the target Ooog
complex product ooOong

e it

Evaluating remanufacturing
efficiency of critical components

The selected components
to be remanufactured

Alternative
remanufacturing concepts
for each component

[
I using an augmented DEA
I

Phase 2

Collecting DMs’ opinions using
interval 2-tuple linguistic model on all
concepts for each evaluating criterion

.

| I
| I
| I
[ I
Aggregating DMs’ evaluating |
| information using weighted average
| factor considering Subjective and I
| I
| |
| I
| |
| I

objective weights

Assessing and ranking the alternatives
utilizing TOPSIS considering
subjective and objective criteria
weights

Fig. 1. Problem formulation of remanufacturing decision-making.

Disassembly index defined as reflects

H, the
disassembling efficiency of a component composed of
many parts. The higher the disassembly index is, the
better the component’s remanufacturing efficiency is.

H,, =the number of parts which can be disassembled X

1
1
averaged disaseembly time M

Test index defined as g reflects the testing efficiency
of a component. The higher the test index is, the better
the component’s remanufacturing efficiency is.
H,= the number of parts which can be tested X
1
averaged fest time

@

Replace index defined as 4, reflects the replaceable
ability and assembling efficiency of a component. The
higher the replace index is, the better the component’s
remanufacturing efficiency is.

Hy, = the number of parts which can be replaced X
1
averaged assembly time

3)

Restore index defined as g, reflects the restored
performance of a component. The higher the restore
index is, the better the component’s remanufacturing
efficiency is.

By, = the number of parts which can be restored X

1
averaged restore fime

“)

The four aspects are all benefit index. They can be
evaluated by experienced experts quantitatively
according to the standards of their specialized fields.
The integrated evaluation of the four aspects can be
obtained by the simple arithmetic average factor, and it
should be normalized first to be deemed as an output
value of the augmented DEA model.

Comparative cost advantage defined as ¢ is evaluated
based on the manufacturing cost and remanufacturing
cost.

. manufacturing cost - remamifacturing cost

manufacturing cost ©®)
Manufacturing cost can be obtained quantitatively from
the manufacturing department. It has much higher
necessity to conduct remanufacturing activity for the
component  with  higher = manufacturing  cost.
Remanufacturing cost can be estimated quantitatively
according to the experiences of remanufacturing experts
and existing remanufacturing information from other
companies. It has much higher necessity to conduct
remanufacturing activity for the component with lower
remanufacturing cost. Comparative cost advantage is a
benefit index and it is an output factor of the augmented
DEA model.
General returned status reflects the possible status of the
retrieved component, and it can determine the
remanufacturing difficulty to some extent. The general
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returned status of a component depends on the main
failure modes (FMs) which can lead to the component
scrap, and it can be analyzed by evaluating the
integrated severity evaluation of several main FMs. The
severity of a FM is evaluated quantitatively by the
experts from the pre-given severity rating scale. The
quantity of FMs evaluated is also determined previously
by the experts. The higher the severity value is, the
higher the component’s remanufacturing difficulty is.
Therefore, the general returned status is a cost index and
its normalized value is an input value in the augmented
DEA model.

3.2. The augmented DEA model

In DEA, suppose » DMUs (i.e. n components) need to
be evaluated in terms of m inputs and s outputs. In this
paper, m=2 and s=1. Let x; (i = 1,2,...,m) and y,; (r =
1,2,...,s) be the input and output values of DMU; (j=
1,2,...,n). The efficiency of DMU; is defined by

S
Z u.y,
r=1

_;)jzlsza'..9n (6)

- m
PRES
i=1

where v; (i = 1,2,...,m) and u, (r = 1,2,...,s) are weighting
factors for the m inputs and s outputs.

The objective of the DEA efficiency evaluation model is
to find a set of v; and u, to maximize the efficiency of an
observed DMU, while assuring the efficiencies of the
other DMUs are not larger than one. The original DEA
model developed by Charnes et al. [24] uses a fractional
non-linear programming model to maximize the
efficiency of an observed DMU. By wusing the
transformation developed by Charnes and Cooper [47],
a linear programming (LP) model which is equivalent to
the fractional programming model can be obtained. The
LP DEA models are classified into two categories: the
output maximization LP model and the input
minimization LP model.

The output maximization LP model with virtual
standards and weight constraints for the DMU, (the
DMU under evaluation) is described as follows:

E.

J

Max E, = Zu,,y,0 (N

r=1

m
vaxio =1

i=1

S m
Zuryrj —Zv,.xij <0,j=12,---,n
r=1 i=1

N m

* *
E uy, — E vx, <0
r=1 i=l1

s.t. j
u—gSDlStan—Cduk)’ g,k:Lz’.”’S
u,  Distance(u,)
I;i.<:_£2£foZZZEEzSZE-2 éz’k’:: 1’2,«~-,Iﬁ

v, Distance(v, ) ’

Uy  Distance(vp) = o 1o s k=12 m

v,  Distance(u ) ’

where y’ is the maximum value of the output factor u, in
* n * . .
the component base, y, = m."lxyr/; x, is the maximum
s

value of the output factor v; in the component base,
x: = mszxi,-; Distance(u, ) is the difference of maximum
j=1

value and minimum value of ;.
s s
Distance(u, ) = max U, —min U, ,
k=1 k=1
m m
Distance(v,)= nza]x Vi — r?lrl Vi - 8

The efficiency values of all components obtained by the
augmented DEA model are used to classify the
components into two categories. The efficient category
goes on to be analyzed to select a remanufacturing
concept for each component in it.

4. Selecting remanufacturing concept based on
interval 2-tuple linguistic TOPSIS

For the selected components to be remanufactured,
experts are called together to design alternative
remanufacturing concepts or strategies from the process
perspective. The second MCGDM phase is carried out
to evaluate the alternative remanufacturing concepts for
each selected component. The significant problems in
this phase are constructing the evaluation index,
acquiring the interval 2-tuple evaluation information
and applying TOPSIS to rank the alternative concepts.

For a specific component, designing a remanufacturing
concept has to consider the part cleaning technology,
part testing technology, etc., and has to decide whether a
part to be replaced by a new one or to be restored. The
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evaluation index to measure a concept involves the
following five aspects: environment protection (i.e., the
amount of pollution emissions), remanufacturing cost
including equipment cost, labor cost and resource
consumption (energy and material), process difficulty
represented by process time and technical requirements,
quality of remanufactured component involving the
reliability and work efficiency, and required service
level involving training and maintenance. For a
component lacking data on remanufacturing activities,
the above criteria are hard to be evaluated
quantitatively. Linguistic variables are preferred in this
circumstance.  The interval 2-tuple linguistic
representation model is used to facilitate DMs to
express diversified opinions.

4.1. Interval 2-tuple linguistic variables

Let $={s,:i=0,1,2,---, g} be a finite and totally ordered

discrete linguistic term set, where s; represents a

possible value for a linguistic variable, and it must have

the following characteristics [48]:

o The setis ordered:s, 25, if i>j.

e There is the negation operator: neg (s;) = s; such
that j=g-i.

*  Max operator: max (s;,s;) =s; if 5, 25,

*  Min operator: min (s; ,5;) = s;if 5, <5

Definition 1 [11]: Let f be a value representing the

result of an aggregation of the indices of a set of labels

assessed in linguistic term set S, i.e., the result of a

symbolic aggregation operation f €[0,g], being g+1

the cardinality of S. Let i =round(f) and o = [ —i be

two values such that i €[0,g] and ¢ €[-0.5,0.5), then

a is called a symbolic translation.

The linguistic representation model 2-tuple (s;,c;) ,

s, €8, a, €[-0.5,0.5) is developed from the above

concept.
e s5; represents the linguistic label center of the
information;

e ¢, is a numerical value expressing the value of the
translation from the original result S to the closest
index label, i ,in the linguistic term set S, i.e., the
symbolic translation.

Definition 2 [11]: Let S = {s,,s,,"**,5,} be a linguistic

term set and f €[0,g]to be a value representing the

result of a symbolic aggregation, then the 2-tuple that
expresses the equivalent information to [ is obtained

with the function A .

A:[0,g]—> §x[0.5,-0.5) )
S, i=round(f)

A(B) =(s,,a,), with {ai =B-i, a €[-0.5,0.5)

where round(-) is the usual round operation, s; has the
closest index label to f# and ¢, is the value of the
symbolic translation.

Contrarily, let § = {sy,s,,"*-,s,} be a linguistic term set

and (s,,;)be a 2-tuple. There is always a A~ function:

A Sx[0.5,-0.5) = [0, 2] (10)
Al(s,,a)=i+a,=f

The original linguistic evaluation variable can be
converted into a linguistic 2-tuple by adding a value
zero as symbolic translation: s, € S = (s,,0) .

To ensure the DMs can fully express their opinions
from a finite linguistic term set, the interval-valued 2-
tuple linguistic representation model is used under
multi-granular linguistic context. DMs can select one
linguistic variable from the given set or give an interval
set from one linguistic variable to another due to the
uncertainty of decision-making. A single linguistic
variable can also be transformed into an interval from.
Definition 3 [37]: Suppose S = {sy,s,,",s,} be an
ordered linguistic term set. An interval 2-tuple is
composed of two linguistic terms and two crisp
numbers, denoted by ((s;,a,),(s;,@,)), where i< j and
o, <a; if i = j s(s;) and a,(a;) represent the

linguistic label of the predefined linguistic term set S
and symbolic translation, respectively. The interval 2-
tuple expresses the equivalent information as an

interval value AL, B,1(B,, B, €[0,11, B, < B,), which is
derived by the following function:

AL B,1= ((5,.,).(s,.x,) . with
S, i=round(fB,*g)
i J =round(p;*g)
(Zi:/fi—i/g, 0(’.=[—0.5/g,0.5/g)
aj:ﬂj_j/g’ aj:[_os/gﬂos/g)

(11

Conversely, there is always a A™' function such that an
interval 2-tuple can be converted into an interval value

(B, B, 1B, B; €[0,1], B, < j;) as follows:
A (s, ). (5.2 =[i/g + e jfg +a, =15, 8,1(12)

Co-published by Atlantis Press and Taylor & Francis
Copyright: the authors
1



X.Geng et al. / Component oriented remanufacturing decision-making

The negation operator over an interval 2-tuple is defined
as follows

Neg((s;,;),(s;5a;))

= A(1=A7(s;50)),1=A7 (s, @)]) (13)

4.2. Dynamic group decision-making with interval
2-tuple linguistic information

Given that 4 ( i=1,--,m ) represents the i th
remanufacturing concept for an efficient component,
C;(j=1,---,n) represents the j th evaluation criterion.
A group of DMs {d, |1£k£h} are selected to give
their judgments on each criterion of all alternative
concepts. Suppose S = {s,,s,...,5,} is a pre-given
linguistic variable set for supporting DMs to give their
judgments. pilj‘. (k=1,---,h) represents the judgment
of d, on C; of 4, , which takes the form of interval
linguistic variable [s,,s,], 0<a<b<g.

The
(([sa,sh])g)mxn was transformed into interval 2-tuple

interval  linguistic  evaluation information

k
ij/mxn *

linguistic information (((s,,0),(s,,0)) The next

work is to integrate the evaluation information of all
DMs’ into a collective matrix and to select an ideal

concept. The dynamic group decision-making approach
involves the following two steps:

Step 1. Determine the DM’s subjective weight and
objective weight.

Step 2. Integrate the DMSs’ evaluations using the
weighted averaging operator.

The subjective DMs’ weight reflects his or her
experience and background, which is given in advance.
Suppose sw, represent the subjective weight of d, ,

where 0 < sw, <1, Zh:swk =1. The objective weight of a
k=1

certain DM varies from one criterion to another in the
decision matrix, and it reflects the precision degree of
his or her evaluation comparing with those of other
DMs’ on the same criterion.

Take the computation of objective weight of d, on the
criterion C; for 4; evaluation as an example, which is

defined as dw .
1 1 1 1 2 2 2 2
Let ((Sijasaija )>(Sijbaaijb)) > ((Sija5ajja )>(Sijbaaijb)) seees

k k k k h h h h
((Sija’aija)’(sgbaaijb)) 90y ((Sy'aaag/a)’(sljhaafjh)) be the

interval 2-tuple linguistic information given by all the

DMs,  where
k —
a,|I<k<h=0

1<k<h |
The

a, [1<k<h=0

>

degree of precision of

((s;‘.a,a;a),(s;‘.h,a;h )) is formulated as follows.

DP((sy,,0t5,): (83, 3,))

[A7l (Sg];b ’ail;b) -A" (sg'];avail;a )]/g + l/g
=1- (14)
1+1/g

For the interval 2-tuple linguistic information ((sy,
0),(s4,0)), which is the extreme case, the degree of
precision of this information is zero. This result

indicates that the extreme evaluation information is
invalid.
The objective weight dw] of d, is calculated as:

_ DP(s} ). (shy o)
h c
Zk:l DP((SII;a ’ a[f'a )9 (S;b b a;}; ))

i
k

15)

The final weight w/ of d, can be determined by
combing the subjective weight sw, and the objective

weight dw .
i — i -
w =a -sw +a,-dw, 0<a,,a,<1, o +a,=1 (16)

where o, and o, explains the attention degree to the
professional background and information precision,
respectively.

The collective evaluation matrix
E = ((845%;0)» (85> %;)),, can be obtained according
to the subjective and objective DMs’ weights.

((S,‘jg E) aija )5 (Sijb > aijb ))

h _ h _
= A X0 A ) X0 A (s ) | (1)

4.3. Interval 2-tuple linguistic TOPSIS

TOPSIS integrated with interval 2-tuple linguistic
evaluation is proposed to proper
remanufacturing concept for each feasible component.
The process of interval 2-tuple linguistic TOPSIS
involves the following steps.

Step 1. Identify the PIS and the NIS from the collective
concept evaluation matrix E (i =1,---,m, j=1,--+,n).

PIS= {[(s},.},). (s}, )]} =

[mlfclx(s,.ja,a”a), miax(s,.jb,ayb )] for benefit criterion

select a

: . (18)
[min(s, ,a,,), min(s,,,a;,)] for cost criterion
i Wi % P i
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NIS= {[(s;,. @) (5,.@;,)]} =

[mins,, ., ). min(s
1 1

ija>ija

a;,)]  for benefit criterion
(19

ijb>

a.

o> Cija a;,)] for cost criterion

[m?x(s b

)

Step 2. Compute the relative closeness degree between
the performance of 4, defined as P, and the PIS in the
matrix M.

B is represents by {p,,p,,:", P, s D, sWhere

ﬁij = [(Sifa e ), (Sijb > Oy 1.
The definition of the distance between two interval 2-

), max(s
1

tuples p, and f?; is given as follows.

d(p;»p;) =M [%[((A’l (805 23) — A7 (5, ),))’

HA (5y00) A7 (55,0 )TV (20)

The distance between one concept and PIS or NIS is
measured according to the criteria weights. The
subjective criteria weights {sw,,j=1--,n} are pre-
determined by DMs according to their professional
assessments. From the objective perspective, the
discrete degree of all concepts on each criterion also
influences the criterion weight. The larger the difference
among all concepts on one criterion is, the higher the
weight of this criterion is, and vice versa.

The discrete degree dis(C;)is measured by calculating

the summarized distance between each evaluation and
the central value.

dis(C)=Y ,.”;A{[%[«A* (5,02, - A (5, E,)°

A (5,000) - A Go@, )T 1)

where A (5,,,a;) is the averaged value of
A (s,,,0;,) (1<i<m ), A'(5,,@,) is the averaged
value of A’l(s,.jb,al.jb) (1<i<m).

The objective weight of criterion dw; is determined by
normalizing dis(C;) . Let dis(C;) be represented
as (D;,a;) in the form of 2-tuple linguistic model
and w, is the final dynamic weight of the j th evaluation

criterion.
-1
A~(D;,a;)

daw, BESIEVEVEEEN
2.0 (D)

J

(22)

w,=psw+ B -dw,, 0< B, B, <1, i+, =1(23)

where S, and f, explains the attention degree to the
subjective aspect and objective aspect, respectively.

D(P.PIS)=3 w,-d(p,;.p;) (24

D(B,NIS)=3 " w,-d(p,;.p;) (25)

Let D(P,PIS) and D(P,NIS) be represented as
(P,a;)and (N,,e;) in the form of 2-tuple linguistic
model, respectively. The relative closeness degree
between P, and the PIS is defined as

A'(P,a,
R=A— 4 (f’ag? ,0<0,0, <1.(26)
6A (B,a,)+0,A" (N,,a,)

where 6, , 6, explains the attention degree to the PIS and
the NIS respectively.

Finally, alternatives are ranked according to C; in
ascending order. The alternative which has a small C;
will have a higher position in the order. Generally, C;
ranked first is the ideal concept to select.

5. Case study

Company H 1is one of the famous companies
manufacturing construction machinery in China, which
provides complex mechanical products and related
service to domestic customers such as excavator,
bulldozer, crane and so forth. Sustainability and
innovation are its future developing strategy. The world-
class companies in this field have devoted a lot of
efforts to remanufacturing business. With the promotion
of this trend, company H begins to
remanufacturing strategies to improve
competiveness. Component oriented remanufacturing
decision-making of the hydraulic excavator produced in
this company is presented as a real-world example to
demonstrate the application of the proposed approach.
The relevant information comes from a collaborative
project with this company.

make
its market

5.1. Selecting the efficient components to be
remanufactured

Experts from the design department and after-sale
department are called together to decide the key
components of hydraulic excavator. 12 components are
selected to be analyzed by the proposed augmented
DEA. These components are air cylinder head
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assembly, cooling water pump, injector assembly,
compressor, brake assembly, control device, short
engine, hydraulic oil cylinder, track assembly, hydraulic
valve, hydraulic pump and turbocharger assembly,
which are defined as M,;, M,, ..., M;,, respectively.
They are analyzed from the following three factors:
manufacturing  characteristic,  comparative
advantage and general returned status. The evaluation
data of the three factors are shown in Table 1. The
illustration of how to obtain the related data is given as
follows.

Factor 1. The manufacturing characteristic is evaluated
by averaging the four aspects, which are the

cost

disassembly index u,, , the test index z., the replace

index i, and the restore index ¢, . These aspects are
assessed by experienced experts quantitatively using Eq.
(1-4), respectively.

Factor 2. The comparative cost advantage is assessed
by balancing the manufacturing cost and
remanufacturing cost using Eq. (5). The cost data are
estimated by experts from the work experience and
industry data.

Factor 3. The general status of the returned component
is assessed by synthesizing the severity evaluation of
several main FMs. The number of FMs evaluated is
determined as three in this case. The severity of FM is
evaluated in numerical scales. The parameter scales
used in severity evaluation are: remote (1), low (2/3),
moderate (4/5/6), high (7/8), and very high (9).

All the evaluation data of components on each factor is
normalized in order to implement the augmented DEA
by using Eq. (7-8). The final evaluation result is that
four components are selected to be taken into the second
decision-making phase. The four components are air

cylinder head assembly (M;), cooling water pump (M),
injector assembly (A4;) and hydraulic oil cylinder (M).

5.2. Determining the evaluation information in
interval 2-tuple TOPSIS

The Engineers from the manufacturing department give
alternative  remanufacturing  concepts for  the
components M;, M, M; and M;. Taking concept
evaluation on M; as an example in this case, six
remanufacturing concepts are given out by
manufacturing engineers. The alternative concepts A,
A,, ...and A4 for M, are the evaluation objects in the
second decision-making phase. The evaluation criteria
are given by senior experts including environmental
protection level (C;), remanufacturing cost (C;), process
difficulty (Cj;), quality (C,) and required service level
(Cs). The importance weights of them are: 0.162, 0.186,
0.309, 0.244 and 0.099, respectively. C;and C, are the
benefit criterion, and C,, C; and C; are the cost
criterion.

There are ten DMs from manufacturing, design, R&D
and after-sale department participating in the
remanufacturing concept evaluation. The objective
weights of the ten DMs are pre-determined as 0.125,
0.109, 0.084, 0.131, 0.064, 0.209, 0.093, 0.075, 0.069
and 0.041, respectively.

All DMs give their judgments on each alternative
concept aiming at the five evaluation criteria. A totally
ordered discrete linguistic term set S; is pre-given to
express evaluation on C; and C,. Another pre-given set
S, is used to express evaluation on C,, C; and Cs.

S= { s, =extremely poor; s, =very poor; s, =poor;
s, =slightly poor;

s, =fair; s, =slightly good;

s =good; s,=very good; s, = extremely good}.

Table 1. The evaluation data of the 12 key components for the augmented DEA.

M,; M, M; My M; M M; Mg My Mo M;; M;>
D‘S?sfj‘:)‘:bly 093 092 098 08 090 08 078 095 087 089 084  0.84
Manufacturing Test index 08 08 095 075 08 072 079 091 08 08 078 079
characteristic Replace index 098 094 088 08 092 08 08 095 078 077 081 081
Restore index 081 079 092 08 067 071 068 08 093 071 068 072
Manc‘;f;%fmg 1190 560 820 1080 470 165 4500 320 120 140 3500 3800
Economy index Remi‘;‘g"(‘g;“““g 750 320 480 820 290 110 2500 170 80 85 2800 3000
¢ 0370 0429 0415 0241 0383 0333 0444 0469 0333 0393 0200 0211
Severity of FM; 4 3 2 6 8 5 7 4 4 6 7 5
General status
of returned Severity of FM; 6 5 4 4 8 6 6 2 6 6 6 8
components .
Severity of FM; 3 4 5 3 7 7 4 3 6 7 8 9
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S= { s, =extremely low; s, =very low; s, =low;
s, =slightly low; s,=fair; s,=slightly high; s, = high;
s, =very high; s, = extremely high}.

Step 1: Acquire DMs’ judgments on each criterion of
all alternatives. DMs can give their judgments with
different granularities of uncertainty according to
personalized habit and background. The granularity of
uncertainty is reflected by the width of the interval-
formed linguistic judgment. The interval-formed
linguistic judgment of decision maker d; given on
alternative A4, is shown in Table 2. All the DMs’ interval
2-tuple linguistic evaluation information on 4; is shown
in Table 3.

Table 2. The interval-formed linguistic judgment
of d;given on A4,

d, C, C, C; C, Cs

A; [s2,54  [s5s7]  [s385]  [ses7]  [53,84]

Step 2: Aggregate all the DMs’ judgments on each
criterion of all alternatives to obtain the final decision
matrix according to the DMs’ subjective weights and
the objective weights.

The objective weight of each DM varies from criterion
to criterion for different alternatives, and it can be
calculated by Eq. (14-15).The subjective weights of all
DMs’ and their various objective weights on 4; is given
in Table 4. The final weights of all DMs on each
criterion of different alternatives can be obtained by
averaging the subjective and objective weights using
Eq. (16). In this case, ¢, and &, in Eq. (16) are assigned

the same value 0.5. Fig.2 shows the distribution of all
the DMs’ subjective weights and final weights on
different criteria. From this figure, it can be illustrated
that DM dj; has the highest subjective weight, but his or
her final weight on all criteria are not much higher than
the other

DMs’ weights because of the information he or she
given has much higher uncertainty degree. In the
contrary, DM d,, has the lowest subjective weight, but
his or her final weights on all criteria are not much
lower than the other DMs’ weights. The final weight of
d;p on Cs is even higher than the final weight of dy. This
is because that the information he or she given has much
lower uncertainty degree.

The final decision matrix of all alternative concepts
obtained by aggregating all the DMs’ judgments is
shown is Table 5. The information in this table are in
the form of interval 2-tuples .The translated evaluation
on A4; in interval 2-tuple linguistic information is: ((s3,-
0.27), (s5, -0.32)), ((55,-0.30), (85, 0.41)), ((54-0.38), (s5,
0.49)), ((ss, 0.38), (s7, -0.21)), ((s3,-0.43), (s4, 0.23)).
This form of information is convenient for experts to
distinguish or compare the performances of all criteria.
However, the first step to deal with the final decision
matrix is calculating the distance between each
alternative’s evaluation information and the PIS/NIS,
and the interval 2-tuple linguistic information should be
transformed into the interval 2-tuples. Therefore, the
final decision matrix as shown in Table 5 is given in the
form of interval 2-tuples.

Step 3: Identify the PIS and NIS of the final decision

—+—subjective weight

—&—final weight on C1
~—final weight on C2
== final weight on C3

== final weight on C4

—a—final weight on C35

0.19
Z
D 0.14 -
E
=
=]
g

0.09

0.04

1 2 3 4 5 7 8 9 10
The DMS'ID

Fig. 2. The distribution of all the DMs’ subjective weights and final weights on different criteria.
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A; C; G Cs Cy Cs
d ((52,0).(54,0)) ((s5,0),(57,0)) ((s3,0),(55,0)) ((56,0).( 57,0)) ((53,0),(54,0))
d, ((52,0).(52,0)) ((s5,0),(55,0)) ((s4,0),(55,0)) ((s5,0),(55,0)) ((s3,0),(55,0))
ds ((52,0).( 55,0)) ((s5,0),(57,0)) ((54,0).(57,0)) ((56,0).( 57,0)) ((52,0).( 56,0))
dy ((53,0),(54,0)) ((55,0),( 55,0)) ((53,0),(54,0)) ((s5,0),(57,0)) ((54,0),(54,0))
ds ((53,0),(550)) ((55,0),(55,0)) ((s4,0),(550)) ((s5,0),(550)) ((s1,0),(54,0))
ds ((54,0),(54,0)) ((53,0),( 55,0)) ((s4,0),( 55,0)) ((s6,0),(57,0)) ((52,0),(52,0))
d; ((54,0).(57,0)) ((s6,0),(57,0)) ((55,0).( 57,0)) ((55,0).( 57,0)) ((52,0).(54,0))
ds ((52,0).( 55,0)) ((s5,0),(55,0)) ((52,0).(54,0)) ((s5,0),(55,0)) ((52,0).( 55,0))
dy ((53,0).( 57,0)) ((56,0),(55,0)) ((53,0).( 57,0)) ((54,0).(57,0)) ((s3,0),(55,0))
di ((53,0),( 55,0)) ((55,0),( 55,0)) ((54,0),(54,0)) ((56,0),(56,0)) ((53,0),(53,0))
Table4. The subjective weights of all DMs’ and their objective weights on 4.
W, dw;' (C)) dw? (C) dw;’ (Cs) dw (C) dw;’ (Cs)
0.125 0.102 0.098 0.098 0.108 0.111
d; 0.109 0.136 0.115 0.098 0.108 0.095
dz 0.209 0.085 0.082 0.082 0.108 0.063
dy 0.131 0.119 0.082 0.115 0.092 0.127
ds 0.064 0.085 0.114 0.098 0.108 0.079
ds 0.084 0.136 0.098 0.115 0.108 0.127
d; 0.093 0.085 0.115 0.098 0.092 0.095
ds 0.075 0.085 0.066 0.098 0.077 0.079
dg 0.069 0.068 0.131 0.066 0.077 0.095
dpy 0.041 0.102 0.098 0.131 0.123 0.127

matrix, and the results are listed in Table 5.

Step 4: Determine the final criteria weights by
combining the pre-determined subjective weights and

objective weights.

The objective weight of one criterion is calculated
according to the discrete degree of all the alternatives’

evaluations on this criterion using Eq. (21-22). The
calculation of final criterion weight is carried out using
Eq. (23). In this case, f, and f, in Eq. (23) are assigned

the same value 0.5. The subjective weight, objective
weight and final weight of all the criteria are given out
in Table 6.

Table5. The final decision matrix of all alternative concepts aiming at M;

M, C C, C; Cy Cs

A, A[2.73,4.68] A[4.70,6.41] A [3.62,5.49] A[5.38,6.79] A[2.57.4.23]
A, A [2.04,3.98] A [5.47,7.36] A[3.21,5.23] A[4.23,6.18] A [5.62,7.98]
A; A [4.19,6.24] A[3.11,4.99] A[2.17,4.34] A[5.85.,8.07] A[2.38,5.19]
A, A [3.85,6.01] A[2.77.4.39] A [2.76,4.58] A [5.47,7.43] A[6.13,8.75]
As A[1.87,3.49] A [5.89,7.29] A[2.89.4.51] A[2.45.4.67] A [4.17,6.64]
As A[3.28,5.59] A[3.76,5.81] A[2.674.12] A[6.17,7.92] A[1.63,3.87]
PIS A [4.19,6.24] A[2.77,4.39] A[2.17,4.12] A[6.17,8.07] A[1.63,3.87]
NIS A[1.87,3.49] A[5.89,7.36] A [3.62,5.49] A[2.45.4.67] A[6.13,8.75]
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Table 6. Three different weights of all criteria on M;

M, lof! cG G C G
The subjective weight 0.162 0.186 0.309 0.244 0.099
The objective weight 0.175 0.208 0.083 0.206 0.328
The integrated weight 0.169 0.197 0.196 0.225 0.214
Step 5: Calculate the closeness degree between each
alternative and the PIS, NIS with the final criteria

weights using Eq. (24-25). The result is shown in Table
7.

e In the circumstance of subjective weights, Cy is the
worst concept. However, the relative close degree
of C, in the circumstance of objective weights is
much higher, and its ranking position rises
obviously in the circumstance of integrated
weights. The change of ranking position for C, is
the largest of those for all concepts. In the
circumstance of integrated weights, C; is the worst
concept and it has much lower relative close degree
with the PIS in the other two circumstances.

Table7. The closeness degree between each alternative and the PIS, NIS

M] A ] A2 A3 A4 A5 A6
D(P,PIS) A (1.86) A (3.45) A (0.576) A (1.85) A (3.55) A (0.662)
D(P,NIS) A (2.59) A (0.988) A (3.88) A (2.56) A (0.869) A (3.81)

R, A (0.418) A (0.777) A (0.129) A (0.42) A (0.803) A (0.148)

Step 6: Calculate the relative closeness degree between Therefore, C; is worse than C, from the
each alternative and the PIS using Eq. (20), comprehensive perspective.
where 6, , 6, are assigned the same value 0.5. Therefore, the ranking result in the circumstance of
The result is shown in Table 7. Cs is the ideal concept integrated criteria weights has higher rationality and
for M,. Furthermore, the results in three different effectiveness than the circumstance considering the
circumstances: evaluation with the subjective criteria subjective criteria weights exclusively.
weights, evaluation with the objective criteria weights
and evaluation with the integrated criteria weights, are 6. Conclusions
contrasted intuitively in Fig.3.
¢ In the circumstance of subjective weights, Cs ranks Manufacturing companies are striving to implement
ﬁrst and C; ra.mks second. In the circumstance of sustainable development strategies and obtain a larger
integrated weights, Cs also ranks first, but the share of the market to enhance competitiveness and
d}llstance. bte)tweelrll ]1; aﬁd ¢ s 'sl}ortened. Tlﬁs profitability. Remanufacturing is an important strategy
change 1s broug t Yy the gap existing among the which can Dbenefit manufacturers and customers,
objective criteria weights.
0.9
2]
0.8
2
<07
-"é 06 B The close degree obtained
" with subjective criteria
E,D.S i weights
[T
: 0.4 - B The close degree obtained
3 with the objective criteria
©03 weights
£07 | The close weight obtained
= . . —
S 01 4 = with the integrated criteria
v weight
E o
1 2 3 4 5 6
The concepts'sID

Fig. 3. The comparative relative close degrees of all concepts with three different criteria weights.
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especially for complex product with higher
manufacturing cost. Systematic remanufacturing
decision-making research for complex product is rare in
literature research. In this paper, a component oriented
remanufacturing decision-making for complex product

is proposed for manufacturers to select feasible

components to be remanufactured and evaluate
remanufacturing concepts for each of them.
The major characteristics of this research are

summarized as follows.

e An augmented DEA is proposed to evaluate
efficiencies of pre-selected components. Three
factors are considered: Manufacturing
characteristic, comparative cost advantage and
general returned status.

e TOPSIS integrated with interval 2-tuple linguistic
is proposed to select remanufacturing concept for
efficient components. The DMs’ subjective weights
and objective weights are both considered in
deriving the collective judgments. The objective
weights are determined by the precision degrees of
information given by DMs. The related close
degree between each alternative and PIS/NIS is
calculated by considering subjective and objective
criteria weights. The objective criterion weight is
determined by the discrete degree of all
alternative’s performances on this criterion.

Acknowledgements

The project was supported by National Natural Science
Foundation of China (No0.71301104, No. 51475290),
Research Fund for the Doctoral Program of Higher
Education of China (No. 20133120120002), Innovation
Program of Shanghai Municipal Education Commission
(No.14YZ088), and Supported by Shanghai First-class
Academic Discipline Project (No.S1201YLXK). The
authors would also like to express their grateful
appreciation to the anonymous referees for their helpful
comments to improve the quality of this paper.

References

1. Gray, C., & Charter, M. (2006). Remanufacturing and
Product Design: Designing for the 7th Generation. The
Centre for Sustainable Design. University College for the
Creative Arts, Farnham, UK.

2. Guintini, R., & Gaudette, K. (2003).Remanufacturing:
the next great opportunity for boosting US productivity.
Business Horizons, 46(6), 41-48.

10.

11.

12.

13.

14.

15.

16.

17.

Martin, P., Guide, Jr., & Craighead, C.W. (2010). Supply
chain sourcing in remanufacturing operations: an
empirical investigation of remake versus buy. Decision
Sciences, 41 (2), 301-324.

Ferguson, M. (2010). Strategic issues in closed loop
supply chain with remanufacturing. In: Ferguson, Mark
E., Souza, Gilvan C. (Eds.), Closed-Loop Supply Chains,
New Developments to Improve the Sustainability of
Business Practices. Auerbach Publications, ISBN 978-1-
4200- 9525-8 eBook ISBN: 978-1-4200-9526-5.

Ullah, S.M.S., Muhammad, 1., & Ko, T.J. (2016).
Optimal strategy to deal with decision making problems
in machine tools remanufacturing. International Journal
of Precision Engineering and Manufacturing-green
Technology, 3(1), 1-8.

Karaulova, T., & Bashkite, V.(2016). Decision-making
framework for used industrial equipment. Inzinerine
Ekonomika-Engineering Economics, 27(1), 23-31.
Goodall, P., Rosamond, E., & Harding, J. (2014). A
review of the state of the art in tools and techniques used
to evaluate remanufacturing feasibility. Journal of
Cleaner Production, 81(15), 1-15.

Klir, GJ., &Yuan, B. (1995). Fuzzy sets and fuzzy logic:
theory and applications. Englewood Cliffs, NJ: Prentice-
Hall.

Yager, RR. (1981). A new methodology for ordinal multi
objective decisions based on fuzzy sets. Decision
Science, 12(4), 580—600.

Carsson, C., & Fuller, R. (2000). Benchmarking and
linguistic importance weighted aggregations. Fuzzy Sets
System, 114(1), 35-42.

Herrera, F., & Martinez, L. (2000). A 2-tuple fuzzy
linguistic representation model for computing with
words. /[EEE Trans Fuzzy Systems, 8(6), 746-752.

Liu, HC,, Liu, L., & Wu, J. (2013). Material selection
using an interval 2-tuple linguistic VIKOR method
considering subjective and objective weights. Materials
and Design, 52,158-167.

Merigo, J.M., & Gil-Lafuente, A.M. (2013). Induced 2-
tuple linguistic generalized aggregation operators and
their application in decision-making. Information
Sciences, 236, 1-16.

Zhang, L. (2011). A model for evaluating computer
network security systems with 2-tuple linguistic
information.  Computers and  Mathematics  with
Applications, 62(4), 1916-1922.

Lin, J., Lan, J.B.,, & Lin, Y.H. (2009) Multi-attribute
group decision-making method based on the aggregation
operators of interval 2-tuple linguistic information,
Journal of Jilin Normal University, 1, 5-9.

Hwang, C., & Yoon, K. (1981). Multiple attribute
decision making: methods and applications: a state-of-
the-art survey: Springer-Verlag , New York.

Lund, R.T., & Hauser, W.M. (2010). Remanufacturing —
an American perspective. In: Annals of 5th international
Conference on Responsive Manufacturing e Green
Manufacturing. China.

Co-published by Atlantis Press and Taylor & Francis
Copyright: the authors

998



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

X.Geng et al. / Component oriented remanufacturing decision-making

Lebreton, B. & Tuma, A. (2006). A quantitative approach
to assessing the profitability of car and truck tire
remanufacturing. Internal Journal of Production
Economics, 104(2), 639-652.

Seitz, M. A. (2007). A critical assessment of motives for
product recovery: the case of engine remanufacturing.
Journal of Cleaner Production, 15(11-12), 1147-1157.
Rathore, P., Kota, S., & Chakrabarti, A. (2011).
Sustainability through remanufacturing in India: a case
study on mobile handsets. Journal of Cleaner
Production, 19(15), 1709-1722.

Subramoniam, R., Huisingh, D., & Chinnam, R.B.
(2010). Aftermarket remanufacturing strategic planning
decision-making framework: theory & practice. Journal
of Cleaner Production, 18 (16- 17), 1575-1586.
Subramoniam, R., Huisingh, D., Chinnam, R.B., &
Subramoniam, S. (2013). Remanufacturing Decision-
Making Framework (RDMF): research validation using
the analytical hierarchical process. Journal of Cleaner
Production, 40, 212-220.

Jiang, Z., Zhang, H., & Sutherland, J.W. (2011).
Development of multi-criteria decision making model for
remanufacturing technology portfolio selection. Journal
of Cleaner Production, 19, 1939-1945.

Charnes, A., Cooper, W., & Rhodes, E. (1978).
Measuring the efficiency of decision making units.
European Journal of Operational Research, 2(6), 429-
444,

Adler, N., Friedman, L., & Sinuany-Stern, Z. (2002).
Review of ranking methods in the data envelopment
analysis context. FEuropean Journal of Operational
Research, 140(2), 249-265.

Zerafat Angiz L, M., Emrouznejad, A., Mustafa, A., &
Rashidi Komijan, A. (2009). Selecting the most
preferable alternatives in a group decision making
problem using DEA. Expert Systems with Applications,
36(5), 9599-9602.

Xu, J., Li, B., &Wu, D. (2009). Rough data envelopment
analysis and its application to supply chain performance
evaluation.  International  Journal of Production
Economics, 122(2), 628-638.

Wang, Y.-M., Luo, Y., & Liang, L. (2009). Fuzzy data
envelopment analysis based upon fuzzy arithmetic with
an application to performance assessment of
manufacturing  enterprises.  Expert  Systems  with
Applications, 36(3), 5205-5211.

Dotoli, M.&Falagario, M. (2012).A hierarchical model
for optimal supplier selection in multiple sourcing
contexts. International Journal of Production Research,
50(11): 2953-2967.

Dotoli, M., Falagario, M., Mangini, A. M.&
Sciancalepore, F. (2010). An extension of the DEA
model for supplier evaluation and selection. In:
Proceedings of the 15th IEEE international conference
on emerging technologies and factory automation, 13—16
September, Bilbao, Spain. Bilbao: Institute of Electrical
and Electronics Engineers (IEEE), 1-8.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Kuo, R.J., & Lin, Y.J. (2012). Supplier selection using
analytic network process and data envelopment analysis.
International Journal of Production Research, 50(11),
2852-2863.

Wu, T., & Blackhurst, J. (2009). Supplier evaluation and
selection: an augmented DEA approach. International
Journal of Production Research, 47(16), 4593-4608.
Rodriguez, R.M., & Martinez, L. (2013). An analysis of
symbolic linguistic computing models in decision
making. International Journal of General Systems, 42(1):
121-136.

Sun, J., Kalenchuk, D., Xue, D., & Gu, P. (2000). Design
candidate identification using neural network-based fuzzy
reasoning.  Robotics and  Computer  Integrated
Manufacturing, 16(5), 383-396.

Tsai, H., & Hsiao, S. (2004). Evaluation of alternatives
for product customization using fuzzy logic. Information
Sciences, 158, 233-262.

Martinez, L., & Herrera, F. (2012). An overview on the
2-tuple linguistic model for computing with words in
decision making: Extensions, applications and
challenges. Information Sciences, 207(10), 1-18.

Zhang, H. (2012). The multiattribute group decision
making method based on aggregation operators with
interval-valued 2-tuple linguistic information.
Mathematical and Computer Modelling, 56(1-2), 27-35.
Zhang, H. (2013). Some interval-valued 2-tuple linguistic
aggregation operators and application in multiattribute
group decision making. Applied Mathematical Modelling,
37(6), 4269-4282.

Saaty, T. (1990). How to make a decision: The analytic
hierarchy process. European Journal of Operational
Research, 48(1), 9-26.

Brunelli, M., & Fedrizzi, M. (2007). Fair consistency
evaluation in fuzzy preference relations and in AHP.
Lecture notes in computer science, 4693, 612-618.
Awasthi, A., Chauhan, S.S., Omrani, H., & Panahi, A.
(2011). A hybrid approach based on SERVQUAL and
fuzzy TOPSIS for evaluating transportation service
quality. Computers & Industrial Engineering, 61(3),637-
646.

Kutlu, A.C., & Ekmekcioglu, M. (2012). Fuzzy failure
modes and effects analysis by using fuzzy TOPSIS-based
fuzzy AHP. Expert Systems with Applications, 39(1):61—
67.

Liao, C., & Kao, H. (2013). An integrated fuzzy TOPSIS
and MCGP approach to supplier selection in supply chain
management. Expert Systems with Applications, 38(9),
10803-10811.

Boran, F. E., Kurt, M., & Akay, D. (2009). A multi
criteria intuitionistic fuzzy group decision making for
selection of supplier with TOPSIS method. Expert
Systems with Applications, 36(8): 11363-11368.

Geng, X., Chu, N., & Zhang, Z. (2010). A new integrated
design concept evaluation approach based on vague sets.
Expert Systems with Applications, 37(9), 6629-6638.

Co-published by Atlantis Press and Taylor & Francis
Copyright: the authors

999



X.Geng et al. / Component oriented remanufacturing decision-making

46. Golany, B., & Roll, Y. (1989). An application procedure
for DEA. Omega (The International Journal of
Management Science), 17(3), 237-250.

47. Charnes, A., & Cooper, W. (1962). Programming with
linear fractional functionals. Naval Research Logistics
Quarterly, 9(3-4), 181-186.

48. Herrera, F., Herrera-Viedma, E., & Martinez, L. (2000).
A fusion approach for managing multi-granularity
linguistic term sets in decision making. Fuzzy Sets
System, 114, 43-58.

Co-published by Atlantis Press and Taylor & Francis
Copyright: the authors
1000




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


