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CONCURRENT ENGINEERING: Research and Applications

A Decision-Making Support System on a Products
Recovery Management Framework. A Fuzzy Approach

Isabel Fernández,* Javier Puente, Nazario Garcı́a and Alberto Gómez

Superior Polytechnical School of Engineering, Department of Bussiness Administration

University of Oviedo, Campus Viesques s/n, 33204 Gijón, Asturias, Spain

Abstract: The considerable amount of uncertainty involved in defining the factors that affect reverse logistics (RL) decision-making and the

complex interrelationships between those factors make it rather difficult to decide what recovery policy a business should pursue. This article

proposes a fuzzy system that helps in such decision-making and thereby mitigates these difficulties. The knowledge related to the decision is

incorporated into the system by means of conditional rules, which serve to provide the ideal recovery policy for each particular case. The model

proposed is applied to the analysis of a number of examples and proves to be a versatile tool that provides coherent results. These

characteristics could be of critical importance especially in the point of entry into the RL pipeline and in the centralized return centres.

Key Words: fuzzy decision support system, reverse logistics, recovery options.

1. Introduction

Recent years have witnessed an ever-increasing
interest in reverse logistics (RL). Yet despite a burgeon-
ing of papers on the subject there is a lack of shared,
standardized methodologies for decision-making in the
field [1]. In this line the aims of this article are twofold:
first, it supplies a new model based upon fuzzy
methodology to include subjectivity and uncertainty,
inherent features of the returns management, in the
decision-making processes [2]. Incorporating a fuzzy
system into this emerging discipline to help decision-
making will thus provide a back-up for quantitative
studies in a field where the qualitative studies abound as
hallmarks of the initial stage of research. Second,
establishing a fuzzy model for this decision-making
may prove a valuable tool in daily RL practice as the
model provides an efficient system for returns manage-
ment that rationalizes processes, facilitates returns
diagnosis, and limits the exception-driven effect so
commonly confronted in the RL context, having, in
consequence, a direct impact on the companies’ time of
response and thus on its profitability. These features
make the model especially decisive for the so-called
gatekeeping, the centralized returns centres within the
RL pipeline and for high clock-speed industries [3,4] and
high ‘marginal value of time’ products [5].

This article is organized as follows. The next section
explains the inherent complexity of RL management

through the analysis of factors that affect the decision-
making, their interrelationships and their relevance
depending on the type of product. The construction of
the fuzzy model is then described, and results are
analyzed. The article ends with the conclusions to be
drawn from the study.

2. Some Considerations on RL and the Main
Factors Affecting RL Strategies

For the purposes of this article, RL is defined as the
efficient and effective management of any item (used or
not, finished article or component, module, material or
packaging) that is sent by one member of a supply chain
(SC) to another upstream-member for the purpose of
recovering added value or material or for proper
disposal. RL thus encompasses three types of activity:
waste management (incineration or landfill), service
(re-use), and recovery of the product. The latter option
divides into further options: repair, refurbishing, rema-
nufacturing, cannibalization, and recycling, which are in
ascending order according to the amount of disassembly
required and in descending order according to the
recovered value.

The question as to which of the above options is the
right one for a returned item is far from being trivial [6].
Nor is it always easily answered [7]. To illustrate this
idea note that not all products are equally suited for
value recovery and not even every unit of the same
product is equally suited. A number of researchers claim
that the plethora of intertwining factors that come into
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play during decision-taking figures amongst the reasons
explaining the lack of progress in defining a solid
theoretical framework for optimum decision-taking in
the field of recovery [8,9] and the lag in daily praxis.
The literature coincides in assigning critical impor-

tance to two of these factors: the characteristics of the
product and the customer (see for instance [49]). In the
context of RL, these two factors encompass a wide
range of sub-factors summarized in Figure 1 (for paper
dimension limits). The nature of the returned item
largely determines the recovery options. For example,
categories of packing and packaging will be candidates
for reuse (pallets), recycling (plastic and glass bottles,
aluminium tins), or waste disposal. The range of options
for commercial and industrial goods is wider, and choice
will generally depend on different parameters.
One of the hallmarks of return flows is that they are

low in volume (except certain sectors, where returns can
be as high as 50%). This feature hinders economies of
scale, a key concern when return policies are being
considered [10,11]. The volume of returns is in turn
influenced by cultural features, the physical character-
istics of the article (weight, dimensions, and the number
of articles in circulation).
As far as the recovery cost is concerned, it should

include the logistics cost of organizing, collecting,
packaging, consolidating, and sending articles to their
final destination, and the costs inherent to the processes
required to transform the product. The latter will in turn
depend on parameters like: the amount of disassembly
that the chosen recovery option entails, the degree of
complexity/sophistication of materials and manufactur-
ing alike and the uncertainty about the condition of the
returned article. The availability of a unit can often only
be ascertained after the product has been disassembled.
A unit may then be found to be useless, meaning that the
costs of disassembly, which is often labor intensive and
frequently requires qualified staff, cannot be recovered.
Regarding value, two facets need to be considered: the

product’s market value and the recovery value.
Products’ market value is highly influential in deciding
recovery strategies as a high value equates positively
with company commitment to recovery [12]. In respect
to recovery value, recovering strategic components or
high-value modules represents an obvious unexploited
business opportunity to reduce overheads (cost of
acquiring new materials, disposal costs, fines for
nonfulfillment of legal obligations, etc). To sum up,
the ‘value to be recovered’ figure should reflect a net
value that takes into account all the monetary variables
and opportunity costs.
The fifth sub-factor considered in this article is the

useful life of a product. Generally, end-of-life products
rarely provide opportunities for recovery and efforts
should be better focused on products with longer useful
life and therefore more recovery potential. Finally there

is the need for a market for reprocessed products
[13–16]. Even though Purohit [17] defends the prolifera-
tion of secondary markets for products linked to rapid
technological change or where consumers get rid of the
product before the end of its life, there is a wide selection
of examples of recovery systems that have failed because
there is no market for remanufactured products.

With relation to ‘customer characteristics’, aspects
such as distance to customers, number of customer
locations, and their geographical distribution have
influence on the economic feasibility of certain recovery
options [18,8]. The degree of availability and the
knowledge that clients have about recovery programmes
should also be taken into account [19]. The knowledge
of a company about its customers should also be taken
into account when recovery decision is taken [15,20];
a close relationship with the customer reduces the
inherent uncertainty to the process of returns, facilitat-
ing and enhancing recovery options that would be
unfeasible in other scenarios. A final point to be noted is
that customers’ negative perceptions of remanufactured
products can generally affect the profitability of the
operation, and thus influence the recovery decision [21].
Vietor [22] describes how the inclusion of used
components in some Xerox products lowered customer
predisposition to buy the products.

Finally, the intertwining nature of all the above-
mentioned factors should be noted, and therefore the
importance of undertaking a detailed analysis of those
links before taking a decision. To sum up, both the
number of factors and variables involved in returns-
related decision-making together with the interaction and
influences they have on each other make analyzing the
right recovery options for specific cases far from easy.

3. A Fuzzy Decision Support System to
Determine Ideal RL Strategies

3.1 Justification of the Fuzzy Methodology
in RL Context

An exhaustive analysis of all the above mentioned
factors, the uncertainty associated to its evaluation and
the knowledge about their interrelations constitute a
reliable basis for creating the knowledge base which will
allow a fuzzy system to infer the optimal recovery
option. Uncertainty and subjectivity are two settings in
which a fuzzy methodology is particularly well suited, as
the system it generates can be more manageable, flexible
and adaptable to a particular business setting [23].

Fuzzy approaches in the SC management literature can
be found in a range of different ways: to estimate the
operative cycle times in the SC [24], to select ideal
partners [25], to study fuzzy demands, supplies and/or
costs related to the right inventory management
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policies [26–30]. In spite of these works, there is a
dearth of studies applying fuzzy methodologies to
traditional SC [31], which becomes more acute in the
RL field. This article attempts to fill a gap in the literature
by generating a fuzzy decision system that renders the
ideal RL strategy for any type of product in the light of
certain key factors.
Fuzzy decision support systems are based on the

theory of fuzzy sets [32], and allow an uncertainty
component to be incorporated into models, making
them more effective in terms of approximating to reality
[33]. Linguistic variables can be used to handle
qualitative or quantitative information, so that the
content can be labeled taking words from common or
natural language as values. This contrasts with numeric
variables, which can only take numbers as values [34].
All decision problems require a knowledge base
provided by an expert who is able to explain how the
system works through a set of linguistic rules involving
the system’s input and output variables; the structure of
the system’s variables, that is, the form and range of the
labels for each variable, must therefore be defined in
fuzzy form. Fuzzy decision support systems of the
Mamdani type depend on this logic to model systems in
a process which has five stages [35]. The software used
for the inference model design applied to the RL
problem was MATLAB 6.5 – Toolbox ‘Fuzzy’ (v. 2,0).
Mamdani Model – [36].

3.2 Definition of Variables

The consideration of a high number of input factors in
the creation of a fuzzy model will provide greater
discrimination potential when assigning the right output
to the decision system, though it will also substantially
increase the maximum number of decision rules to be
generated, i.e., there are as many rules as combinations
of the values of input variables [37]. In view of this, the
fuzzy model proposed here includes the four input
variables considered to be the easiest to evaluate in
practical terms: product value, recovery value, useful life
and level of sophistication. The output variable will be
the optimal recovery policy.
‘Product value (VALUE)’, refers to the price the

customer pays to acquire the article in the market. Four
labels (very low, low, medium, and high) were created
for this variable; examples of each one might be:
(1) small household appliances, (2) large household
appliances and office equipment, (3) means of transport,
and (4) major works and structures (industrial ware-
houses, power plants). ‘Recovery value (RESVALUE)’
will be expressed as a percentage of a product’s value,
with three possible labels: low, medium, and high. Four
labels were created for ‘Product life (LIFE)’ variable

(low, medium, high and very high), so the longer a
product’s useful life is, the more incentives there are to
choose the recovery option. Three labels (low, medium
and high) have been created for ‘Sophistication
(SOPHISTIC)’ variable, which refers to the amount of
material in a product. Greater sophistication of materi-
als generally results in more advanced recovery options;
this is: more costly separation of the materials involved
is required, higher staff costs, more qualified human
resources etc. Finally, the fuzzy inference system
generates a value that equates to one of six options
relating to ‘Recovery policy (POLICY)’: five recovery
options and one disposal option. Three labels have been
used, with two options within each label. Thus, the ‘low’
label corresponds to the disposal and recycling options,
the ‘medium’ label to refurbishing and repair, and the
‘high’ label to cannibalization and remanufacture.
Whereas the ‘low’ label encompasses options where
there is less recovery value (when disposal does not even
figure as a recovery option; recycling only involves
recovering materials), the other two alternatives indicate
ever-higher recovered added value. The structure of all
these variables is depicted in Figure 2.

3.3 Definition of the Fuzzy Rule Base

Once the structure of the variables of the system has
been defined, knowledge relating to decision-making
must then be incorporated into the model. To do this,
the expert will use his/her experience to derive the
‘if-then’ rules that will determine the right recovery
policy for each feasible combination of labels of the
input variables. An example of a rule may be: if
((VALUE is med) & (RESVALUE is high) & (LIFE is
low) & (SOPHISTIC is med)), then (POLICY is low). In
our study a few practitioners were asked to give insights
about the rules. Some case studies from literature were
also enlightening in the task of building the knowledge
required for the system. A priori, the combinations of
the labels assigned to the input variables (3� 4� 3� 3)
provided the experts with as many as 108 rules for
assigning recovery policies.

Once the knowledge base has been defined (input
and output variables and decision rules), the fuzzy
inference process (Mamdani type in this article)
is obtained for each entry vector of ‘crisp’ values.
Figure 3 illustrates the decision system and the score
given to each proposed recovery policy from any
combination of values assigned to the four input
variables. The tool can also represent the sensitivity of
the proposed recovery policies for different scenarios
according to the variations in any of the input variables.
The surface maps obtained in this way are analyzed in
the following section.
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4. Analysis and Discussion of the Results
Provided by the Decision Support System

This section contains an analysis of the decision
system’s output for some different combinations of
input variables.

Figure 4 shows possible recovery policy decisions for
products with a ‘low’ product value and ‘average’
sophistication for any value of the other two input
variables: useful life and recovery value. The surface
map highlights how even the items in this low product
value category may be candidates for advanced recovery

options provided they still have long periods of useful
life and reasonable rescue value. On the other hand,
products with a shorter life cycle are mostly consigned to
disposal/recycling by the model.

When only the recovery value axis is considered,
the surface map highlights how higher recovery value
levels would point towards such policies as remanufac-
turing; in contrast, low values of this variable
would indicate less advanced alternatives, such as
disposal or recycling.

Figure 5 illustrates three possible recovery policy
output decisions for products with a ‘low’ value and
‘low’-‘average’-‘high’ useful life respectively for any
values of the other two input variables: sophistication
and recovery value.

These three graphs show the sensitivity of the policies
recommended by the fuzzy decision system to valuate
changes in the variables. The upper chart, in particular,
shows how the best policy for a product with a short
useful life is one of repair or refurbishing only when the
recovery value and product sophistication are low.

The product’s life has been increased from 2–8 years
in the chart in the middle, while the other values
remaining unaltered. It is noteworthy that the policy
of remanufacturing is recommended for high
recovery value combined with low sophistication. Such
a decision shift is explained by the greater time
margins available for a company during which a more
complex recovery process and dispatch-to-market
procedure can be implemented. As sophistication
levels increase and/or recovery value diminishes, the
recommended options shift towards repair/refurbish-
ment; for more extreme values the shift is towards
recycling or mere disposal. Finally, the chart at the
bottom illustrates the case of an item with a
useful lifespan of 14 years, where the remanufacturing
option is more adequate for a broader range of
situations. Indeed this option is valid not only in the
most favorable cases of low sophistication and recovery
value of above 40% but also for other alternatives as
well, such as high sophistication levels and lower
recovery value.

Charts in Figure 6 respectively show the recovery
policies to be pursued for products with ‘average’
sophistication and ‘low’-‘very low’ values for any of
the other two input variables: useful life and recovery
value.

The remanufacturing option recommended in the
above figure for a higher value product with a long
useful life and high recovery value is not worthwhile if
the product has a low market value. In this particular
case, the higher costs that remanufacturing entails
compared to the simpler option of recovery and the
longer time required to remanufacture fail to justify

1

0.5

0

1

0.5

0

1

0.5

0

1

0.5

0

1

0.5

0

0

0

0

0 1 2 3 4 5 6 7 8 9 10

0 1 2 3 4 5 6 7 8 9 10

5 10 15

10 20 30 40 50 60 70 80 90 100

1 2 3
Input variable 'value'

Input variable 'resvalue'

Input variable 'life'

Input variable 'sophistic'

Output variable 'policy'

Med

Med

Lowvl

Low

Low

Low

Low

High

High

Med

Med

High

High

Med Strong

vhigh

4 5 6
× 104

Figure 2. Structure of the model’s input and output variables.

A Fuzzy Decision-Making Support System for Recovery Management 133



choosing this option over other options such as repair,
for example.
All the above graphs highlight both the user-

friendliness and the consistency of the decision system
that this article proposes. They demonstrate that it is an
extremely useful tool to supply answers for different
scenarios, and show how the recovery option evolves in
line with changing input variables. Moreover, products
that are well known and described in the literature have
also validated the tool (Table 1). The ideal option
for cell phones at the end of their useful life, for
example, is usually disposal or recycling. When the
system described here was tested on this type of product,
four input values were used, as follows: VALUE¼ ‘very
low’, RESVALUE¼ ‘low’, LIFE¼ ‘low’, and
SOPHISTIC¼ ‘medium.’ The system gives a value that
equates to a ‘low’ output policy, which is equivalent to
assigning a policy of disposal or recycling to this type of
product. Figure 3 illustrates the inference process for
this decision.
A further example will be considered to state

the sensitivity of the proposed model when changes
affect input variables. In this new example, two
additional inference processes for a photocopier
machine will be described. This product is the epitome
of a ‘low’ value product with an ‘average’ sophistication.
So, in case the machine were at the end of its useful
life (with low recovery value), model’s input data might

be: [VALUE¼ 1000, RESVALUE¼ 15, LIFE¼ 2,
and SOPHISTIC¼ 5]. Under these conditions
the system would return a value [POLICY¼ 2.12],
related to the disposal or recycling options. However,
if the machine were at the beginning of its useful life
(with a higher recovery value), input data become:
[VALUE¼ 1000, RESVALUE¼ 60, LIFE¼ 10, and
SOPHISTIC¼ 5]. In this case the returned value
[POLICY¼ 8.47] is now related to the cannibalization
or remanufacturing options. In both cases, the
policy recommended by the system matches those
described in literature.

Figure 3. Inference viewer. The policy assigned to each input value vector.
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5. Conclusions and Suggestions for
Further Research

Returns management is still considered by many
companies to be one of the down sides of being in
business and as a drain on management resources. This
view may be the result of the lack of procedures and
processes to aid that management. In turn, this might be
compounded by the high degree of complexity and
uncertainty inherent to the field of returns. However,
both factors make the discipline the ideal field for the
application of a fuzzy methodology, which serves to
simplify returns management considerably. Two points
in the RL pipeline may greatly benefit from speeding up
this type of tasks: the gatekeeping point and the
centralized returns centres. On the other hand, if
decreasing processing times is important for any kind
of product, it becomes decisive for high clock-speed
industries and high ‘marginal value of time’ products.
Results show the consistency and adequacy of
the decision system built to account for real
decisions to assign a given recovery policy. The
system offers a coherent, dynamic diagnosis that
shows how policy might change as values of the input
variables also change.

Some of the major advantages of applying the
fuzzy system in practice may be: a reduction in the
inventory levels of returned products, a reduction in
decision times, a reduction in flow congestion of
returned products, shorter handling times in an
activity that is traditionally labor-intensive, or fewer
risks of degradation and ensuing loss of product value,
among others. Furthermore, the ease with which the
system can be slotted into a business management
system is widely acknowledged, since MATLAB and
its ‘fuzzy’ toolbox, which is a scientific, versatile
and commercially available tool, are supported within
WINDOWS environment.

Further research could include other factors that
affect the final decision to different extents:
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environmental regulations imposed by legislative bodies
or pressure from other stakeholders, company attitude
towards environment-related issues, or a company’s
demographics, among others. The model could also be
further developed by adding weights to its rules to boost
the role of certain recovery policies in the environments
they are considered necessary in.
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