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The performance of activities in manufacturing systems and
processes requires many factors that interact between them.
Thus, machines, tooling, operators, techniques, methodolo-
gies, and information integrate a set that must be coordinated
to work towards a common aim in an industrial plant.
Some cases can be clearly observed in industrial plants as
maquiladoras [1] or papermaking [2] where the operative
parameters of the machines condition the final results,
including the external factors as suppliers [3] and customers.
Moreover, these interactions increase in a globalized market
that demands a higher products variety with quality and
on time. In this environment and under uncertainty, the
complexity of the plant must be managed for integrating all
their components. Efthymiou et al. [4] collected methods
to manage the complexity as chaos and nonlinear dynamics
theory, information theory, or hybrid procedures. These
techniques are extended byMonostori [5] who also considers
artificial intelligent and machine learning techniques; its
application in manufacturing phases, as maintenance, allows
controlling the process and predicting future behaviors [6].

In this context, proposals that allow controlling complex-
ity or providing information to facilitate decision-making in
environments where many factors interact under uncertainty
are necessary and this special issue is aimed to contribute in
that research area.

After a rigorous review process, nine papers have been
accepted for this special issue. Among them, there are
papers that present methods to reduce the uncertainty of the

variables through the control of manufacturing parameters
and others are focused to understand the production system
and forecast scenarios.

G. Beruvides et al. focus the paper title “Coping
with Complexity When Predicting Surface Roughness in
Milling Processes: Hybrid Incremental Model with Opti-
mal Parametrization” on the complexity of manufacturing
processes, in particular in the surface roughness prediction
during themilling bymeans of online efficient computational
method. This work develops a method based on simulated
annealing for optimal parameters tuning of the hybrid incre-
mental model. This method provides better results regarding
the accuracy and overall quality than traditional techniques
(theoretical model, energymodel, and Taguchi-basedmodel)
and other artificial intelligence-based techniques as Bayesian
networks and multilayer perceptron for correctly predicting
the surface roughness.

Z. Wang et al. in “Data-Driven Model-Free Adaptive
Control of Particle Quality in Drug Development Phase of
Spray Fluidized-Bed Granulation Process” propose a data-
driven model-free adaptive control (DDMFAC) approach
showing the algorithm stability and asymptotical conver-
gence of tracking error. The model combines the principles
of two types of control, the model-free adaptive control and
data-driven optimal iterative learning control, and besides it
adjusts the factor with fuzzy logic in order to adjust weighting
factors. This approach is applied to a very important process
of pharmaceutic industry, the control of particle quality in
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drug development phase of spray fluidized-bed granulation
process, showing its effectiveness and better control than
other approaches.

The paper titled “Research on the Complexity and Chaos
Control about a Closed-Loop Supply Chain with Dual-
Channel Recycling and Uncertain Consumer Perception”
written by J. Ma et al. develops a closed-loop supply chain
model with dual-channel recycling based on the game theory,
the chaotic dynamics theory, and the complexity.The authors
assume that the consumer perception regarding the remanu-
facturing products is uncertain. The dynamic game model is
analyzed to keep the stable system.Numerical simulations are
carried out to study the dynamic characteristics of the system
by bifurcation diagram, largest Lyapunov exponent, and
chaotic attractors, and the information entropy. Moreover,
the authors introduce an efficient method to control chaos.
The chaotic system can be delayed or eliminated adding an
adjustment parameter regarding cooperation between the
manufacturer and the third-party.

In the paper titled “Reliability Assessment Methodology
for Massive Manufacturing Using Multi-Function Equip-
ment,” M. López-Campos et al. present a methodology for
the reliability analysis of multifunction processes, using the
Reliability Centered in Maintenance (RCM) approach, and
a modification of the Universal Generating Function (UGF)
in a multifunction manufacturing system. UGF is used in
data preprocessing and analysis to determine the reliability
of the multistate system. A case study focused on a plant of
automated textile production is developed, considering dif-
ferent scenarios. With this methodology, the failure behavior
of the entire workshop according to the scheduled jobs can
be determined and the criticality of equipment elements can
be identified.

The second group of papers is addressed towards the
decision-making, presenting new or adapted methodologies,
based on mainly multiobjective or multicriteria methods.
They are presented in the following five paragraphs.

The paper “MOORA under Pythagorean Fuzzy Set for
Multiple Criteria Decision Making,” written by L. Pérez-
Domı́nguez et al., presents a hybrid method (PF-MOORA)
based on the multiobjective optimization on the basis of
ratio analysis (MOORA) and Pythagorean fuzzy sets for
multiple criteria decision-making. Two numerical cases are
presented to assess the proposed hybrid methodology. These
cases are focused on an assembly plant and on a mechanical
manufacturing plant. Moreover, this method is compared
with others and the results show its effectiveness and its
similitude with the Pythagorean fuzzy TOPSIS (PF-TOPSIS),
a technique for order of preference by similarity to ideal
solution, in the assignment of the ranking of the best alter-
native.

J. Claver et al., in their paper titled “Decision-Making
Methodologies for Reuse of Industrial Assets,” develop
tools for decision-making in the field of industrial assets.
Multicriteria Decision Support Techniques are evaluated
and the Analytic Hierarchy Process is adapted to develop
methodologies for assessing both the heritage value and the
most compatible uses according to the characteristics of the
asset.The direct and indirect compatibilities are analyzed and

applied to a case study, the warehouses of the Richard Gans
PrintingWorks in Madrid, showing the good fitness between
the methodology and the obtained results.

A. Realyvásquez and A. A. Maldonado-Maćıas in their
paper titled “Measuring the Complex Construct of Macroer-
gonomic Compatibility: A Manufacturing System Case
Study” present a study that determines the levels of macroer-
gonomic compatibility in a manufacturing system by means
of a macroergonomic compatibility index (MCI) and a
macroergonomic compatibility questionnaire. The authors
find that the MCI can be an effective measurement of the
factors and elements that interact with human resources.
The MCI results show a medium level of macroergonomic
compatibility of education, knowledge, and skills, which
imply that the company considers employee educational
characteristics and abilities in assigning workers to a particu-
lar job, but the company rarely considers other aspects, such
as employee physical characteristics and work experience.

M.-S. Casas-Ramı́rez et al. in their paper titled “Optimiz-
ing a Biobjective Production-Distribution Planning Prob-
lem Using a GRASP” present a biobjective production-
distribution planning problem and an adapted Greedy Ran-
domized Adaptive Search Procedure (GRASP) to minimize
the total costs and to balance the total workload of the
supply chain. The heuristic approach allows obtaining an
approximation of the Pareto front. In this work, the Pareto
front does not allow covering all the solutions space and it
is discontinuous and nonconvex due to the characteristics of
the defined model.

The paper titled “Modeling of Throughput in Production
Lines Using Response Surface Methodology and Artificial
Neural Networks” written by F. Nuñez-Piña et al. analyzes
the NP-hard combinatorial problem of assigning buffers in
a production line, considering the relationship between the
number of buffer slots, the number of work stations, and the
production rate. The authors develop two predictive models,
which validate with data from the academic literature. The
first is a fourth-order model based on response surface
methodology (RSM) that presents a good fit with a coefficient
of correlation close to 1. The second is based on the artificial
neural network (from 1 to 4 hidden layers and 5, 8, 10, 12, or 15
neurons for each layer), finding that the latter presents a better
fit than the one developed by RMS, although both models
have a good performance in predicting the throughput at
short time.

The guest editors think that this special issue can be
interesting for engineers and managers of manufacturing
plants because themethods shown can facilitate the reduction
of complexity and the decision-making. In addition, it can be
interesting for researchers due to the relevance of this field
and for some new exposed approaches.
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The multiobjective optimization on the basis of ratio analysis (MOORA) method captures diverse features such as the criteria and
alternatives of appraising a multiple criteria decision-making (MCDM) problem. At the same time, the multiple criteria problem
includes a set of decision makers with diverse expertise and preferences. In fact, the literature lists numerous approaches to aid in
this problematic task of choosing the best alternative. Nevertheless, in the MCDM field, there is a challenge regarding intangible
information which is commonly involved in multiple criteria decision-making problem; hence, it is substantial in order to advance
beyond the research related to this field. Thus, the objective of this paper is to present a fused method between multiobjective
optimization on the basis of ratio analysis and Pythagorean fuzzy sets for the choice of an alternative. Besides, multiobjective
optimization on the basis of ratio analysis is utilized to choose the best alternatives. Finally, two decision-making problems are
applied to illustrate the feasibility and practicality of the proposed method.

1. Introduction

Recently, the area of multiple criteria decision making
(MCDM) had suffered a rapid development. MCDM aims to
provide methods of ranking alternatives or select the optimal
alternatives among a set of possible alternatives regarding
several criteria [1]. Due to the commonness of the MCDM
problems inmodern life, its theories have beenwidely applied
in various domains likemilitary affair, industrial engineering,
macroeconomic domain, and management [2]. Likewise,
there are numerous multicriteria methodologies to deliver
aid in the problematic task of making this decision [3]. In
this sense, the most commonly reported methodologies in
the literature are elimination and choice translation reality
(ELECTRE, 1968) [4], decision support system (DSS, 1971)
[5], data envelopment analysis (DEA, 1978) [6], analytic hier-
archy process (AHP, 1980) [7], technique for order of prefer-
ence by similarity to ideal solution (TOPSIS, 1981) [8], dimen-
sional analysis (DA, 1993) [9], multicriteria optimization

and compromise solution (vlsekriterijumska optimizacija i
kompromisno resenje, VIKOR, 1998) [10], analytic network
process (ANP, 1996) [11], multiobjective optimization on the
basis of ratio analysis (MOORA, 2006) [12], and prefer-
ence selection index (PSI, 2010) [13]. In addition, there are
conventional MCDM problems that only consider nonfuzzy
(crisp) type for appraising the alternatives with respect to
each criterion and preferences of the criteria. In this logic, the
conventional MOORA method is proficient for establishing
the evaluations and rankings of the alternatives without any
complexity. Nonetheless, in real-world, there are MCDM
problems, where the opinions (feeling, preferences) of the
DMs for appraising the alternatives and criteria weights are
commonly expressed by means of linguistic terms embracing
ambiguity and hesitation [14, 15]. In this manner, the classical
MOORA method presents drawback for manipulating the
nonfuzzy (crisp) and fuzzy (qualitative) information involved
in a problem of MCDM [16, 17]. Then, there exists the
panorama to continue developing investigation in decision
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making to approaches to deal with incomplete and imprecise
information involved in MCDM problems.

Moreover, there are frequently reported hybrid methods
with fuzzy sets and equally fuzzy set theory has been gener-
alized in order to manipulate vagueness [18]. Nevertheless,
these methods by themselves in addition to the hybrids
with fuzzy sets still have some drawbacks and there is an
imperative demand to present new MCDM methods [3, 19–
21].

Additionally, current investigations assert that multicri-
teria methods are being combined with intuitionistic fuzzy
sets (IFS). Principally, the IFS, introduced by Atanassov [22],
become of a generality of the conventional fuzzy sets stated
by Zadeh [23]. According to literature over the last decade,
the academics have paid great attention to the use of IFS
in MCDM [3, 24, 25]. The IFS are proficient at imprecise
treatment and inexact data [26–28].

On the other hand, the Pythagorean fuzzy set (PFS) [29–
32] has arisen as an operational instrument for handling the
vagueness of MCDM problems. The PFS is categorized by
means of the affiliation degree and the nonaffiliation degree,
whose sum of squares is less than or equal to 1. In the
circumstance, the PFS can explain the difficulties that the IFS
cannot; for example, if a DM gives the membership degree
and the nonmembership degree as 0.8 and 0.3, respectively,
then it is just operative for the PFS. In this sense, all the IFS
degrees are a part of the PFS degrees, which specifies that the
PFS is more proficient in handling problems of vagueness.
Motivated by the advantages of the MOORAmethod and PF,
this paper proposes two algorithms of MCDM by extending
the MOORA to PF environments. Additionally, dealing with
the last two challenges mentioned in the paragraph above
arises. In this sense, the originality and contribution of
this paper can be summarized as follows. First, we propose
MOORA under PF environments to overcome the limitation
of MOORA for dealing with any other type of arguments
rather than crisp data and extend its potential applica-
tions to more extensive areas. Second, our approach can
simultaneously handle quantitative (tangible) and qualitative
(intangible) information, commonly presented in anMCDM
problem.Hereafter, the intention of this paper is to extend the
MOORAmethod under the PFS environment for theMCDM
field.

The remainder of this paper is organized as follows.
Section 2 briefly presents the concepts related to PFS.
Section 3 presents the explanation of MOORA. Section 4
pronounces the method proposed in this work. In the
Section 5 two numerical cases are presented to describe the
proposed methodology and the conclusions are presented in
Section 6.

2. Pythagorean Fuzzy Set

Pythagorean fuzzy set (PFS) presented by [29, 33]is explained
as follows.

Definition 1 (see [33]). Let 𝑌 be an arbitrary nonempty set. A
PFS 𝑃 is a mathematical object of the form

𝑃 = {⟨𝑦, 𝑃 (𝜇𝐴 (𝑦) , 𝜐𝐴 (𝑦))⟩ | 𝑦 ∈ 𝑌} . (1)

Thus, a Pythagorean fuzzy set 𝑃 in 𝑌 = {𝑦} is given by𝑃 = {⟨𝑦, 𝜇𝑃(𝑦), 𝜐𝑃(𝑦)⟩ | 𝑦 ∈ 𝑌}.
Here 𝜇𝑃(𝑦) and 𝜐𝑃(𝑦) : 𝑌 → [0, 1] depict the affiliation

function and nonaffiliation function of the fuzzy set 𝐴;𝜇𝐴(𝑦) ∈ [0, 1] depict the affiliation of 𝑦 ∈ 𝑌 in𝐴. At the same
time, a PFS𝐴 in𝑌 = {𝑦} is defined as𝐴 = {⟨𝑦, 𝜇𝐴(𝑦), 𝜐𝐴(𝑦)⟩ |𝑦 ∈ 𝑌}, 𝜇𝐴 and 𝜐𝐴 : 𝑌 → [0, 1]. With the condition0 ≤ 𝜇𝐴(𝑦)+𝜐𝐴(𝑦) ≤ 1, ∀𝑦 ∈ 𝑌, the numbers 𝜇𝐴(𝑦) and 𝜐𝐴(𝑦)
depict the degree of affiliation and degree of nonaffiliation of
element 𝑦 with respect 𝐴.

The number 𝜋𝑃(𝑦) is named the Pythagorean index
degree of the hesitancy of 𝑦 in 𝑃 and can be stated as

𝜋𝑃 (𝑦) = √1 − (𝜇2𝑃 (𝑦) + 𝜐2𝑃 (𝑦)), (2)

where 𝜇2𝑃(𝑦) + 𝜐2𝑃(𝑦) ≤ 1 for each 𝑦 ∈ 𝑌.
Hence, a PFS 𝑃 in 𝑌 = {𝑦} is fully defined with the form𝑃 = {⟨𝑦, 𝜇𝑃(𝑦), 𝜐𝑃(𝑦), 𝜋𝑃(𝑦)⟩ | 𝑦 ∈ 𝑌}. Here 𝜇𝑃 : 𝑌 → [0, 1];𝜐𝑃 : 𝑋 → [0, 1] and 𝜋𝑃 : 𝑋 → [0, 1].Thus, diverse operations

are presented over the PFSs [29]; some of them are revealed
in (3), (4), and (5).

Definition 2 (see [32, 34]). Assuming 𝛼1 = 𝑃{𝜇𝛼1 , 𝜐𝛼1},𝛼2 =𝑃{𝜇𝛼2 , 𝜐𝛼2}, and 𝛼 = 𝑃{𝜇, V} are three PFNs, then,𝛼𝑐 = (]𝛼, 𝜇𝛼) (3)

𝛼1 ⊕ 𝛼2 = (√(𝜇𝐴 + 𝜇𝐵 − 𝜇𝐴 ⋅ 𝜇𝐵), (V𝐴 ⋅ V𝐴)) ; (4)

𝛼1 ⊗ 𝛼2 = (𝜇𝐴 ⋅ 𝜇𝐵, √V𝐴 + V𝐴 − V𝐴 ⋅ V𝐴) (5)

𝑛𝛼 = (√1 − (1 − 𝜇2𝛼)𝑛, (V𝐴)𝑛) , 𝑛 > 0. (6)

In fact, to rank the PFNs the next definition is presented.

Definition 3. Let 𝛼 = 𝑃(𝜇𝛼, V𝛼) describe a PFN; then the total
function of 𝜃(𝛼) is presented as

𝜃 (𝛼) = (𝜇𝛼)2 − (V𝛼)2 . (7)

The large 𝜃(𝛼) depict the best PFN.
Definition 4. Let 𝛼 = 𝑃(𝜇𝛼, V𝛼) represent a PFN; at that time
the precision function ofΩ(𝛼) is introduced as

Ω (𝛼) = (𝜇𝛼)2 + (V𝛼)2 . (8)

Obviously,Ω(𝛼) ∈ [0, 1].Thus, 0 ≤ Ω(𝛼) = (𝜇𝛼)2+(V𝛼)2 ≤1. The superior rate ofΩ(𝛼) describes the higher precision of
the PFN 𝛼.

Thus, per (2) and (8), 𝜋2𝛼 + Ω(𝛼) = 1 can be determined.
The inferior hesitant degree makes higher accuracy of the
PFN 𝛼.

Hence, with the total function and the precision function
of PFNs, the rankingmethod for any two PFNs can be defined
as follows.

Definition 5. Let 𝛼1 = 𝑃(𝜇𝛼1, V𝛼1) and 𝛼2 = 𝑃(𝜇𝛼2, V𝛼2) depict
two PFNs. Here, 𝑆(𝛼𝑖) (𝑖 = 1, 2) and𝐻(𝛼𝑖) (𝑖 = 1, 2) describe
the rate and the precision of 𝛼1 and 𝛼2. Then,
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(i) if 𝑆(𝛼1) < 𝑆(𝛼2), then 𝛼1 < 𝛼2;
(ii) if 𝑆(𝛼1) = 𝑆(𝛼2), then,

(1) if𝐻(𝛼1) < 𝐻(𝛼2), then 𝛼1 < 𝛼2;
(2) if𝐻(𝛼1) = 𝐻(𝛼2), then 𝛼1 = 𝛼2;
(3) if𝐻(𝛼1) > 𝐻(𝛼2), then 𝛼1 > 𝛼2.

3. MOORA

TheMOORAmethodwas introduced by [12], which analyzes
the complete throughput for each alternative as the variance
between the sums of cost criteria and benefit criteria. There-
fore, the MOORA method is definite through steps.

Step 1. Establish the decision-making matrix called 𝛽. In
this manner 𝛽 collects 𝑛 rows that denote the alternatives𝐴1 ⋅ ⋅ ⋅ 𝐴𝑛 in assessment and 𝑇 + 𝑍 columns that characterize
criteria in appraisal (𝑇 quantitative criteria and 𝑍 qualitative
criteria). In this mode, per (9), the decision-making matrix 𝛽
can be obtained as follows:𝛽 = [𝑉𝑂,𝑉𝑆𝑇]

=
𝐴1
𝐴2⋅⋅𝐴𝑛

[[[[[[

𝑥11 ⋅ ⋅ ⋅ 𝑥1𝑇 𝑥1𝑇+1 ⋅ ⋅ ⋅ 𝑥1𝑇+𝑍𝑥21 ⋅ ⋅ ⋅ 𝑥2𝑇 𝑥2𝑇+1 ⋅ ⋅ ⋅ 𝑥2𝑇+1⋅ ⋅ ⋅ ⋅ ⋅ ⋅𝑥𝑛1 ⋅ ⋅ ⋅ 𝑥𝑛𝑇 𝑥𝑛𝑇+1 ⋅ ⋅ ⋅ 𝑥𝑛𝑇+𝑍
]]]]]]
, (9)

where 𝐴𝑖 denote the alternatives, aimed at 𝑘 = 1 ⋅ ⋅ ⋅ 𝑛, and𝑥𝑘𝑙 reflect the inputs of the alternative 𝑘 with reference to
criterion 𝑙.
Step 2. Proceed with the normalization of 𝛽matrix. Here the
Euclidean norm to the criterion 𝑥𝑙 is obtained by using

𝛽𝑙 = √ 𝑛∑
𝐾=1

𝑥2
𝑙
. (10)

Therefore, the normalization of each entry in the 𝛽 is
calculated by using

𝛽𝑥𝑘𝑙 = 𝑥𝑘𝑙𝛽𝑙 . (11)

Step 3. Create the balanced normalized decision-making
matrix called ̌𝜉𝑘𝑙. Following [12] the different preferences of
criteria, the evaluations ̌𝜉𝑘𝑙 are computed by using

̌𝜉𝑘𝑙 = 𝜔𝑖 ⋅ 𝑁𝑥𝑘𝑙. (12)

Step 4. Analyze the global assessments of cost and benefit
criteria for each 𝐴 𝑖.

In thismode, the global evaluations of benefit criteria𝑁𝑥𝑖
are estimated as the sum of weights normalized per

𝑁𝑥𝑖 = ̌𝜉𝑘𝑙 ∈ 𝛿max, (13)

where 𝛿max is related to𝑁𝑥𝑖.

Table 1: Scale for evaluation of the preferences of DMs and criteria.

Meaning PFNs (𝜇, ])
Apprentice (Ap)/Very Insignificant (VI) (0.10, 0.90)
Learner (Lr)/Insignificant (I) (0.35, 0.60)
Capable (Ct)/Average (A) (0.50, 0.45)
Skillful (S)/Imperative (Im) (0.75, 0.40)
Dominant (D)/Very Significative (VS) (0.90, 0.10)

Likewise, the global assessments of cost criteria 𝑁𝑥𝑗 are
calculated by mean of

𝑁𝑥𝑗 = ̌𝜉𝑘𝑙 ∈ 𝛿min, (14)

where 𝛿min is related to𝑁𝑥𝑗.
Step 5. Establish the contribution𝑁𝑦𝑖 value.𝑁𝑦𝑖 is obtained
via (15) originated by [12].

𝑁𝑦𝑖 = 𝑔∑
𝑙=1

𝑁𝑥𝑖 − 𝑚∑
𝑙=𝑔+1

𝑁𝑥𝑗, (15)

where𝑁𝑦𝑖 represents the contribution of each alternative 𝑘 =1 ⋅ ⋅ ⋅ 𝑛, 𝑖 = 1 ⋅ ⋅ ⋅ 𝑔 are the maximum criteria, and 𝑙 = 𝑔+ 1, 𝑔+2, . . . , 𝑚 are the lowest criteria.

4. MOORA under Pythagorean Fuzzy
Environment (PF-MOORA)

Let 𝐴 = {𝐴1, 𝐴2, . . . , 𝐴 𝑖, . . . , 𝐴𝑛} represent a set of alter-
natives and 𝑥 = {𝑥1, 𝑥2, . . . , 𝑥𝑗, . . . , 𝑥𝑚} depict a collection
of criteria to be appraised. The PF-MOORA method is
described in the following steps.

Step 1. Establish a team of DMs and capture the preferences
of each one. Here DM = {DM1,DM2, . . . ,DM𝑘, . . . ,DM𝑙}
denote a group of decision makers (DMs). The preferences
of each DM are evaluated via a linguistic term mapping by
PFN.The scale and their corresponding PFN used are shown
in Table 1.

Let DM𝑘 = {𝜇𝑘, ]𝑘, 𝜋𝑘} be a Pythagorean fuzzy number
for evaluation of DM. Then, the equivalent weight of DM
is calculated using the concept fuzzy weighted arithmetic
Pythagorean represented by

𝜀𝑘 = (𝜇𝑘 + 𝜋𝑘 (𝜇𝑘/ (𝜇𝑘 + ]𝑘)))∑𝑙𝑘=1 (𝜇𝑘 + 𝜋𝑘 (𝜇𝑘/ (𝜇𝑘 + ]𝑘))) , (16)

where ∑𝑙𝑘=1 𝜀𝑘 = 1.
Step 2. State the preferences of criteria. Hence, all opin-
ions/preferences need to be considered and fused into one.

Thus, in order to appraise the preference criteria by every
DM, the scale linguistic from Table 1 can be used.
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Table 2: Scale for assessment alternatives.

Meaning PFNs (𝜇, ])
Enormously Bad (EB)/Extremely Low (EL) {0.10, 0.99}
Tall Bad (TB)/Very Little (VL) {0.10, 0.97}
Not Good (NG)/Little (L) {0.25, 0.92}
Middle Bad (MB)/Middle Little (ML) {0.40, 0.87}
Fair-middle (F)/Middle (M) {0.50, 0.80}
Middle Good (MG)/Middle High (MH) {0.6, 0.71}
Tall (T)/Big (B) {0.70, 0.60}
Very Big (VB)/Very Tall (VT) {0.8, 0.44}
Exceptional (E)/Tremendously High (TH) {1, 0}

Let 𝜔(𝑘)𝑗 = {𝜇(𝑘)𝑗 , ](𝑘)𝑗 } be a PFN given to criterion 𝑥𝑙 by the
DM.Then, the weights of the criteria are computed by means
of the IPFWA operator proposed by [32]

𝜔𝑗 = PFWA (𝜔(1)𝑗 , 𝜔(2)𝑗 , . . . , 𝜔(𝑘)𝑗 , . . . , 𝜔(𝑙)𝑗 )
= 𝜆1𝜔(1)𝑗 ⊕ 𝜆2𝜔(2)𝑗 ⊕ ⋅ ⋅ ⋅ ⊕ 𝜆𝑘𝜔(𝑘)𝑗 ⊕ ⋅ ⋅ ⋅ ⊕ 𝜆𝑙𝜔(𝑙)𝑗
= 𝑃[[

𝑛∑
𝑗=1

𝜆𝑗𝜇𝑗, 𝑛∑
𝑗=1

𝜆𝑗V𝑗]] ,
(17)

where 𝜔𝑗 = {𝜇𝑗, ]𝑗} and 𝜔𝑗 = {𝜔1, 𝜔2, . . . , 𝜔𝑗, . . . , 𝜔𝑚} and∑𝑚𝑗=1 𝜔𝑗 = 1.
Step 3. Create the combined Pythagorean fuzzy decision
matrix denoting the assessment of 𝐴 𝑖 according to the
preferences of the DMs.

Let 𝑅(𝑘) = (𝑥(𝑘)𝑖𝑗 )𝑛𝑥𝑚 be a Pythagorean fuzzy decision
matrix (PFDM) of each DM. The scale used to appraise each
alternative is presented in Table 2.

All preferences of the DMs need to be involved into
a gathered Pythagorean fuzzy decision matrix (PFDM)
through PFWA operator: 𝑅 = (𝑥𝑖𝑗)𝑛𝑥𝑚.

𝑥𝑘𝑙 = PFWA (𝑥(1)𝑘𝑙 , 𝑥(2)𝑘𝑙 , . . . , 𝑥(𝑡)𝑘𝑙 , . . . , 𝑥(𝑧)𝑘𝑙 )
= 𝜔1𝑥(1)𝑘𝑙 ⊕ 𝜔2𝑥(2)𝑘𝑙 ⊕ ⋅ ⋅ ⋅ ⊕ 𝜔𝑧𝑥(𝑧)𝑘𝑙 ⊕ ⋅ ⋅ ⋅ ⊕ 𝜔𝑗𝑥(𝑡)𝑘𝑙
= [ 𝑙∑
𝑘=1

((𝜔 ⋅ 𝜇(𝑧)𝑘𝑙 ) , (𝜔 ⋅ V(𝑧)𝑘𝑙 ))] ,
(18)

where 𝑥𝑖𝑗 = {𝜇𝐴𝑘(𝑋𝑙), ]𝐴𝑘(𝑋𝑙), 𝜋𝐴𝑘(𝑋𝑙)} (𝑘 = 1, 2, . . . , 𝑛; 𝑙 =1, 2, . . . , 𝑚).
Then, the PFDM is defined as

PFDM = 𝑅 = [[[[[

𝑥11 ⋅ ⋅ ⋅ 𝑥1𝑚... d
...𝑥𝑛1 ⋅ ⋅ ⋅ 𝑥𝑛𝑚
]]]]]
. (19)

Explicitly,

𝑅

= [[[[[[[

{𝜇𝐴1(𝑋1), ]𝐴1(𝑋1), 𝜋𝐴1(𝑋1)} ⋅ ⋅ ⋅ {𝜇𝐴1(𝑋𝑚), ]𝐴1(𝑋𝑚), 𝜋𝐴1(𝑋𝑚)}... d
...

{𝜇𝐴𝑛(𝑋1), ]𝐴𝑛(𝑋1), 𝜋𝐴𝑛(𝑋1)} ⋅ ⋅ ⋅ {𝜇𝐴𝑛(𝑋𝑚), ]𝐴𝑛(𝑋𝑚), 𝜋𝐴𝑛(𝑋𝑚)}
]]]]]]]
. (20)

Step 4. Calculate the combined weighted Pythagorean fuzzy
decision matrix called 𝑅. In this step, 𝑅 is computed by
means of APFDM and the vector 𝜔𝑗. The elements of 𝑅 are
calculated via

WPFDM = 𝑅 = 𝑅 ⋅ 𝜔 = {⟨𝑥, 𝜇𝐴𝑖 (𝑥) ⋅ 𝜇𝜔 (𝑥) , ]𝐴𝑖 (𝑥) + ]𝜔 (𝑥) − ]𝐴𝑖 (𝑥) ⋅ ]𝜔 (𝑥)⟩ | 𝑥 ∈ 𝑋} (21)

𝑅 = [[[[[
{𝜇𝐴1(𝑋1), ]𝐴1(𝑋1), 𝜋𝐴1(𝑋1)} ⋅ ⋅ ⋅ {𝜇𝐴1(𝑋𝑚), ]𝐴1(𝑋𝑚), 𝜋𝐴1(𝑋𝑚)}... d

...{𝜇𝐴𝑛(𝑋1), ]𝐴𝑛(𝑋1), 𝜋𝐴𝑛(𝑋1)} ⋅ ⋅ ⋅ {𝜇𝐴𝑛(𝑋𝑚), ]𝐴𝑛(𝑋𝑚), 𝜋𝐴𝑛(𝑋𝑚)}
]]]]]
. (22)

Step 5. Compute the sum of 𝐵𝑁𝑥𝑖 and 𝐶𝑥𝑗.
Consequently, (23) denotes the sum of benefit criteria:

𝐵𝑁𝑥𝑖 = 𝑔∑
𝑖=1

(𝜇𝐴𝑖 (𝑥𝑖) , V𝐴𝑖 (𝑥𝑖) , 𝜋𝐴𝑖 (𝑥𝑖)) , (23)

where 𝐵𝑁𝑥𝑖 describe the benefit criteria for the alternative𝑘 = 1 ⋅ ⋅ ⋅ 𝑛. 𝑥𝑙 = 1 ⋅ ⋅ ⋅ 𝑔 denote the maximum criteria. Then,
(24) defines the sum of the cost criteria.

𝐶𝑥𝑗 = 𝑚∑
𝑗=𝑔+1

(𝜇𝐴𝑖 (𝑥𝑗) , V𝐴𝑖 (𝑥𝑗) , 𝜋𝐴𝑖 (𝑥𝑗)) , (24)

where 𝐶𝑥𝑗 denotes the sum of the cost criteria for alternative𝑘 = 1 ⋅ ⋅ ⋅ 𝑛, and 𝑥𝑙 = 𝑔+1, 𝑔+ 2, . . . , 𝑚 are minimum criteria.

Step 6. Defuzzify 𝐵𝑁𝑥 and 𝐶𝑥𝑗 by mean of

𝑁𝑥𝑖 = (𝜇𝛼𝑥𝑖 )2 − (V𝛼𝑥𝑖)2𝑁𝑥𝑗 = (𝜇𝛼𝑥𝑗)2 − (V𝛼𝑥𝑗)2 . (25)

Step 7. Calculate the value of𝑁𝑦𝑖.
It is obtained by means of𝑁𝑦𝑖 = 𝑁𝑥𝑖 − 𝑁𝑥𝑗. (26)
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Algorithm 1 Algorithm 2

Figure 1: Flowcharts of the algorithms of the PF-MOORA method.

Step 8. Optimal ranking of 𝐴 𝑖: alternatives are sorted in
descending order via𝑁𝑦𝑖 values.

In order to explain the proposed method, Figure 1 shows
the flowcharts of the different steps used by the PF-MOORA
method.

Here, Algorithm 1 is capable of working under com-
pletely fuzzy information. Likewise, Algorithm 2 is proficient
to work with hybrid information, handling nonfuzzy and
fuzzy data, since MCDM problems simultaneously may
include both quantitative (nonfuzzy) and qualitative (fuzzy)
data.

5. Numerical Case

Example 1 (Algorithm 1). This case belongs to an organiza-
tion from Maquiladoras of Juárez, México. In fact, the orga-
nization is an assembly manufacturing company, in which
several components are assembled in its production line. A
cost reduction projectwas implemented andopportunity area

belongs to packing item. This company proposes appraising
five packing suppliers of electronic components. In this
sense, two decision makers are invited for the assessment.
In addition, four criteria are raised for depiction of the
substantial features of the providers. In this manner, the
criteria involved are described as follows:

(i) Cost (𝑥1): minimum values are ideal.
(ii) Service (𝑥2): great assessments are preferred.
(iii) Lead time (𝑥3): high appraisals are preferred.
(iv) Quality (𝑥4): great appraisals are preferred.
Thus, the collection of suppliers is designated by 𝑃 ={𝑃1, 𝑃2, 𝑃3, 𝑃4, 𝑃5}.
The procedure followed to select the best supplier is

shown below.

Step 1. Establish a team of DMs and capture the preferences
of each one.
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𝜀1,2 = (0.75 + 0.53 (0.75/ (0.75 + 0.4)))(0.75 + 0.53 (0.75/ (0.75 + 0.4))) + (0.75 + 0.53 (0.75/ (0.75 + 0.4))) = 0.5. (27)

The DM preferences are presented in Table 3. Hence, the
weight of each DM is obtained by means of (16).

Step 2. State the preferences of the criteria.

The appraisal of each DM is represented in Table 4.
The preferences of the DMs are unified via (17).

𝜔{𝑥1 ,𝑥2 ,𝑥3,𝑥4} = [[[[
{0.24}{0.24}{0.22}{0.31}

]]]]

𝑇

. (28)

Step 3. Create the combined Pythagorean fuzzy decision
matrix denoting the assessment of 𝐴 𝑖 by the preferences of
the DMs.

The evaluations given for each DM are specified in
Table 5. The PFDM is given by (18) and the results are as
follows:

𝑅 =
[[[[[[[[[

{0.10, 0.97, 0.22} {0.25, 0.90, 0.36} {1.00, 0.00, 0.00} {0.80, 0.44, 0.41}{0.40, 0.87, 0.29} {0.60, 0.71, 0.37} {0.50, 0.80, 0.33} {0.70, 0.60, 0.39}{0.96, 0.04, 0.28} {0.96, 0.04, 0.28} {0.96, 0.04, 0.28} {0.10, 0.97, 0.22}{0.71, 0.50, 0.50} {0.10, 0.97, 0.22} {0.10, 0.97, 0.22} {0.25, 0.92, 0.30}{0.50, 0.80, 0.33} {0.40, 0.87, 0.29} {0.71, 0.50, 0.50} {0.50, 0.80, 0.33}

]]]]]]]]]
. (29)

Step 4. Calculate the combined weighted Pythagorean fuzzy
decision matrix called 𝑅.

The elements of 𝑅 are calculated via (21).

𝑅

=
[[[[[[[[

{0.1, 0.8, 0.1} {0.2, 0.8, 0.1} {0.4, 0.6, 0.1} {0.2, 0.7, 0.0}{0.3, 0.6, 0.1} {0.5, 0.4, 0.1} {0.1, 0.8, 0.1} {0.2, 0.8, 0.1}{0.5, 0.4, 0.1} {0.6, 0.3, 0.1} {0.3, 0.7, 0.1} {0.0, 0.9, 0.0}{0.4, 0.5, 0.1} {0.1, 0.8, 0.1} {0.0, 0.9, 0.0} {0.1, 0.9, 0.0}{0.3, 0.6, 0.1} {0.3, 0.6, 0.1} {0.2, 0.8, 0.1} {0.1, 0.9, 0.0}

]]]]]]]]
. (30)

Step 5. Compute the sum of 𝐵𝑁𝑥𝑖 and 𝐶𝑥𝑗.
Table 6 shows the results of 𝐵𝑁𝑥𝑖 values calculated via

(23).
Table 7 describes the 𝐶𝑥𝑗 values calculated using (24).

Step 6. Defuzzify 𝐵𝑁𝑥 and 𝐶𝑥𝑗 by means of (25).

Tables 8 and 9 describe the results.

Step 7. Calculate the value of𝑁𝑦𝑖.
Table 10 shows the ratio for each alternative and its

ranking.

Step 8. Rank the alternatives.

The results reveal 𝑃1 ≻ 𝑃2 ≻ 𝑃3 ≻ 𝑃5 ≻ 𝑃4. Then,
alternative 𝑃1 is selected as the top supplier.

Example 2 (Algorithm 2). In fact, this case belongs to a real-
life problem; there is a manufacturing company that is in
charge of manufacturing fixtures, work tables, and holders.
The most commonly used materials are plastic, aluminum,
and steel. The machines used in CNC are milling machines,
lathe, and grinding machines. The current tool selection is
based on expertise from operators. Consequently, there is
problem reflected in the quality metric from customers due
to the poor quality of parts (products). Then, after a six-
sigma project and root cause analyses were identified, the
major cause is related to the wrong tools assigned to the
manufacturing process. In this manner, the MCDM problem
is associated with selecting the tools indicated with their
respectivemachining criteria for the types of material used in
the manufacturing process through a CNC milling machine.

In this sense, four DMs were invited to the assessment
process. Likewise, a group of five tools are involved which
can be called alternatives 𝑇 = (𝑇1, 𝑇2, 𝑇3, 𝑇4, 𝑇5). At the same
time, six criteria are considered and are described as follows:

(i) RPM (𝑐1): this describes the revolutions per minute
(rpm) from the spindle of the lathe. High values are
ideal (crisp/nonfuzzy criterion).

(ii) Advance on𝑋/𝑌 (𝑐2): it describes the advance on axes
of 𝑋 and 𝑌 depicted in in/min, respectively. Great
assessments are preferred (crisp/nonfuzzy criterion).

(iii) Advance on𝑍 (𝑐3): it describes the advance on axes of𝑍 depicted in in/min. High appraisals are preferred
(crisp/nonfuzzy criterion).
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Table 3: The importance of DM.

Decision maker 1 2
Linguistic term D D
PF number {0.75, 0.4, 0.53} {0.75, 0.4, 0.53}
Weight 0.5 0.5

Table 4: The importance of criteria.

DMs 𝑥1 𝑥2 𝑥3 𝑥4
DM1 Im A Lr VI
DM2 A Im VI Lr

Table 5: The assessments of alternatives 𝐴 𝑖.
DMs Supplier Criteria𝑋1 𝑋2 𝑋3 𝑋4
DM1

𝑃1 VL L E VT𝑃2 ML T F T𝑃3 VB VB VB TB𝑃4 MH TB TB L𝑃5 M MB MG F

DM2

𝑃1 L MB E TH𝑃2 M VB L VB𝑃3 B TH B L𝑃4 MH L EB MB𝑃5 L F MB MB

Table 6: 𝐵𝑁𝑥𝑖 values.
Alternatives 𝜇 ] 𝜋𝑃1 0.609 0.301 0.09𝑃2 0.636 0.245 0.119𝑃3 0.751 0.18 0.069𝑃4 0.212 0.629 0.159𝑃5 0.481 0.395 0.125

Table 7: 𝐶𝑥𝑗 values.
Supplier 𝜇 ] 𝜋𝑃1 0.115 0.77 0.115𝑃2 0.292 0.613 0.095𝑃3 0.488 0.399 0.113𝑃4 0.388 0.51 0.102𝑃5 0.251 0.643 0.106

(iv) Cutting speed (𝑐4): it describes the cutting speed
depicted in ft/minute. Great appraisals are preferred.
Minimum evaluations are desired (crisp/nonfuzzy
criterion).

(v) Machining finish (𝑐5): it is associated with the
machining finish of the work piece. Great values are
ideal (subjective/fuzzy criterion).

Table 8: Defuzzification of benefits𝑁𝑥𝑖.
Alternatives Crisp𝑃1 0.641𝑃2 0.675𝑃3 0.767𝑃4 0.32𝑃5 0.538

Table 9: Defuzzification of costs𝑁𝑥𝑗.
Alternatives Crisp𝑃1 0.207𝑃2 0.354𝑃3 0.54𝑃4 0.445𝑃5 0.323

Table 10: Rank for each alternative.

Alternatives PF-MOORA method proposed Rank𝑃1 0.576 1𝑃2 0.415 2𝑃3 0.337 3𝑃4 −0.049 5𝑃5 0.294 4

(vi) Geometry of the parts (𝑐6): it is related to how complex
the shapes of manufacturing of the parts are. High
evaluation are desired (subjective/fuzzy criterion).

Step 1. Establish a team of DMs and capture the preferences
of each one.

Table 11 describes the results.

Step 2. State the preferences of the criteria.

Table 12 illustrate the results.

𝜔{𝑥1 ,𝑥2,𝑥3 ,𝑥4} =
[[[[[[[[[[[[

{0.06}{0.19}{0.26}{0.35}{0.03}{0.10}

]]]]]]]]]]]]

𝑇

. (31)

Step 3. Create the combined Pythagorean fuzzy decision
matrix denoting the assessment of 𝐴 𝑖 according to the
preferences of the DMs.
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Table 11: Comparison of rank for each alternative.

Decision maker 1 2 3 4
Linguistic term Ct Lr D D
PF number {0.50, 0.45, 0.74} {0.35, 0.45, 0.82} {0.90, 0.10, 0.42} {0.75, 0.4, 0.53}
Weight 0.22 18 0.32 0.28

Table 12: Comparison of rank for each alternative.

DMs 𝑥1 𝑥2 𝑥3 𝑥4 𝑥5 𝑥6
DM1 VS I A VI I Im
DM2 S VI I I VS Im
DM3 A D Im A A A
DM4 VS Im VI Im A VI

Our MCDM problem involves crisp and fuzzy criteria.
The crisp matrix is called 𝑇 and depicted as

𝑇 =
[[[[[[[[[[[[

5000 50 5 0.0505000 50 5 0.0253500 30 5 0.0203000 30 3 0.0154000 10 2 0.0074000 5 2 0.011

]]]]]]]]]]]]

, (32)

and Ϋ is called Pythagorean matrix depicting the fuzzy
criteria:

Ϋ =
[[[[[[[[[[[[

(0.33, 0.70) (0.09, 0.98)(0.19, 0.75) (0.19, 0.91)(0.30, 0.55) (0.30, 0.68)(0.26, 0.60) (0.26, 0.87)(0.12, 0.90) (0.12, 0.96)(0.45, 0.60) (0.45, 0.73)

]]]]]]]]]]]]

(33)

Finally, the combined Pythagorean decision matrix is
called 𝜉:
𝜉

=
[[[[[[[[[[[[

0.49 0.60 0.52 0.81 (0.33, 0.70) (0.09, 0.98)0.49 0.60 0.52 0.41 (0.19, 0.75) (0.19, 0.91)0.34 0.36 0.52 0.32 (0.30, 0.55) (0.30, 0.68)0.30 0.36 0.31 0.24 (0.26, 0.60) (0.26, 0.87)0.39 0.12 0.21 0.08 (0.12, 0.90) (0.12, 0.96)0.39 0.06 0.21 0.08 (0.45, 0.60) (0.45, 0.73)

]]]]]]]]]]]]

. (34)

Table 13: Defuzzy values of 𝐵𝑁𝑥 and 𝐶𝑥𝑗.
Alternatives 𝐵𝑁𝑥 𝐶𝑥𝑗𝑇1 −0.830 −0.996𝑇2 −0.871 −0.978𝑇3 −0.747 −0.917𝑇4 −0.781 −0.964𝑇5 −0.952 −0.991𝑇6 −0.753 −0.917

Table 14: 𝐵𝑁𝑥 and 𝐶𝑥𝑗 values.
Alternatives 𝐵𝑁𝑥 𝐶𝑥𝑗𝑇1 −0.517 −0.746𝑇2 −0.699 −0.728𝑇3 −0.613 −0.713𝑇4 −0.678 −0.815𝑇5 −0.900 −0.914𝑇6 −0.701 −0.851
Step 4. Calculate the combined weighted Pythagorean fuzzy
decision matrix (WPFDM).
𝑅

=
[[[[[[[[[[[[

0.03 0.11 0.14 0.28 (0.16, 0.03) (0.03, 1.01)0.03 0.11 0.14 0.14 (0.09, 0.94) (0.06, 0.99)0.02 0.07 0.14 0.11 (0.14, 0.88) (0.10, 0.96)0.02 0.07 0.08 0.09 (0.13, 0.89) (0.08, 0.99)0.02 0.02 0.05 0.03 (0.06, 0.98) (0.04, 1.0)0.02 0.01 0.05 0.03 (0.22, 0.89) (0.15, 0.97)

]]]]]]]]]]]]

. (35)

Step 5. Defuzzify 𝐵𝑁𝑥𝑖 and 𝐶𝑥𝑗 by means of (25).

Table 13 depicts the fuzzification related to 𝐵𝑁𝑥𝑖 and 𝐶𝑥𝑗
criteria.

Step 6. Compute the sum of 𝐵𝑁𝑥𝑖 and 𝐶𝑥𝑗.
Table 14 denotes the results.

Step 7. Calculate the value of𝑁𝑦𝑖.
Table 15 depicts the results.

Step 8. Rank the alternatives.
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Table 15: Rank for each alternative via PF-MOORA.

Alternative 𝑁𝑦𝑖 Rank𝑇1 0.229 1𝑇2 0.028 5𝑇3 0.100 4𝑇4 0.137 3𝑇5 0.014 6𝑇6 0.151 2

Table 16: Comparison of rank for each alternative.

Alternatives IF-MOORA PF-TOPSIS
PF-MOORA
method
proposed

Rank

𝑃1 0.434 −0.219 0.576 1𝑃2 0.321 −1.135 0.415 2𝑃3 0.227 −1.005 0.337 3𝑃4 −0.124 −0.124 −0.049 5𝑃5 0.215 −0.760 0.294 4
Table 17: Comparison of rank for each alternative.

PF-TOPSIS 𝑇1 ≻ 𝑇5 ≻ 𝑇2 ≻ 𝑇3 ≻ 𝑇6 ≻ 𝑇4
PF-MOORA proposed 𝑇1 ≻ 𝑇5 ≻ 𝑇4 ≻ 𝑇3 ≻ 𝑇6 ≻ 𝑇2
PF-TODIM 𝑇3 ≻ 𝑇5 ≻ 𝑇6 ≻ 𝑇4 ≻ 𝑇2 ≻ 𝑇1

Table 14 shows the results in which the order of the
alternatives reveals that tool number 5 is the best option.

𝑇5 ≻ 𝑇2 ≻ 𝑇1 ≻ 𝑇4 ≻ 𝑇3 ≻ 𝑇6. (36)

After trials run implemented using 𝑇5, good improve-
ments are seen with regard to the quality of the products
manufactured by the company involved in this study.

5.1. Comparison with Other Methods. In this section, we
evaluate the method proposed through comparison with
alternative methods. To validate the effectiveness of both PF-
MOORA, we conducted a comparative analysis with respect
to the Pythagorean fuzzy TOPSIS (PF-TOPSIS) and the
intuitionistic fuzzy MOORA (IF-MOORA)

The results reveal 𝑃1 ≻ 𝑃2 ≻ 𝑃3 ≻ 𝑃5 ≻ 𝑃4 as
seen in Table 16. Likewise, the results are just as our method
proposed. At the same time, an advantage of PF-MOORA is
shown in comparison to alternative methods with regard to
contribution value about the ranking of the best alternative.
It is clear that the PF-MOORAmethod is more proficient due
to the Pythagorean fuzzy taking into count the membership
and the nonmembership degrees to be operative and capture
the uncertainty in MCDM problems.

Likewise, a second comparison was performed in
Example 2. Table 17 illustrates the results.

The results of comparisons between PF-TOPSIS and our
proposed method show coincidence in the selection and
determine 𝑇1 to be the best alternative. However, the PF-
TODIM reports different order in alternatives as shown
in Table 17. In general, the methods of MCDM present

a drawback with regard to how to operate nonfuzzy and
fuzzy data simultaneously. Similarly, there is weakness in the
manipulation of the imprecision and uncertainty involved
in measuring the preferences of the decision makers when
evaluating criteria and alternatives [35–37]. In this sense,
the PF-MOORAmethod introduces two algorithms in order
to manipulate fuzzy and nonfuzzy data. In this mode our
method describes a systematic way and computational ratio
to choose the best alternative. At the same time, PF-MOORA
requires low setup time to carry out the analysis for determin-
ing the best alternative.

6. Conclusions

This study introduces a hybrid of MOORA and Pythagorean
fuzzy sets (PF-MOORA) for multiple criteria decision mak-
ing. The PF-MOORA method is defined via eight steps,
and two experiments were carried out to illustrate it. The
proposed methodology delivers a strong hybrid method
that can give decision makers support for choosing the
best alternative. In addition to the advantage of this study,
intangible information that carries flexibility to handling this
kind of data involved in MCDM problems is addressed. At
the same time, the comparisons reveal the potential of PF-
MOORA to assign the ranking of the best alternative and
coincidences with the results from PF-TOPSIS.

In future work, it would be motivating to apply PF-
MOORA to diverse MCDM problems, for example, robot
selection, risk management, personnel selection, and project
selection. Lastly, making comparisons with other methods
and appraising the results are recommended, while, at the
same time, exploring diverse aggregation operators to eval-
uate it.
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2Department of Mining Engineering, Pontificia Universidad Católica de Chile, Av. Vicuña Mackenna 4860, Santiago, Chile
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Experience reveals that reliability varies depending on the characteristics of operation. The manufacturing process based on
multifunction equipment gives a usual case of variation in operating conditions.Thiswork presents amethodology for the reliability
analysis of multifunction processes, using the RCM approach, and a modification of the Universal Generating Function (UGF)
under a massive manufacturing context. The result is a characterization of reliability, for each piece of equipment and for the
production system. The methodology is applied in a workshop of a textile industry, where there is prior evidence that the failure
behavior varies according to the type of function executed by multifunction machines.

1. Introduction

The theory of reliability is especially important under the
competitive global scenario, since it is essential to determine
the real productive capacity and economic benefit of a plant
in the short and long term [1]. The failure behavior of plants
and equipment is not totally explained by accurate causes
assigned to preset conditions, but it varies depending on the
characteristics of the use of each element within the system
[2]. Time is the most common variable to determine the
behavior and remaining life of components and equipment;
however, empirical studies have shown that the behavior of
the failure rate depends largely on the type of job, workload,
and the characteristics of the products (or raw material)
which are produced or processed [3–7]. On the other hand,
within the environment of the Industry (4) 0 concept,
manufacturing has experienced a growth on operations and
data volume [8]. Flexibility and customization have made
common manufacturing lines constituted by automatized
multifunction equipment, which are able to run a variety
of works in little time. Regarding advanced multifunction
equipment, the different operating conditions demanded by
each particular type of work suppose that the reliability of the
multifunction system depends on the mixture scheduled to

be produced [9]. Nevertheless, to the best of our knowledge,
there are no previous works that consider, in the calculation
of the systemic reliability, the differences originated by the
operation of multifunctional systems.What is usually done is
not to differentiate the effect on the reliability granted by the
operation of each function, but the calculations are made in
an aggregated form, which causes loss of information that can
be valuable for the maintenance management of the system.
Therefore, it is interesting to model this behavior, using
for this the support of the existing reliability theory, taking
into account the difference in the intrinsic properties of the
multifunction equipment. To this aim, this proposal is based
on addressing studies related to the analysis of Multistate
Systems (MSS) [10, 11] and by suitable adaptation achieving a
common and widespread valid approach for a multifunction
production process [7].

One of the classic tools for the analysis of systemic
reliability is the RCM approach (Reliability CenteredMainte-
nance), which describes the operation of equipment arranged
in a logical configuration and that allows its modeling and
understanding, enabling formulation of suitablemaintenance
policies [12]. Given that the multifunction problem includes
an important size of data of multiple states and transitions,
it is necessary to have a structured methodology for its
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reliability study, which is based on the typical process for data
analysis [13–15] composed of four phases: (1) data acquisition,
(2) data preprocessing, (3) data analysis, and (4) prediction
and application. In particular, the RCM approach and the
UniversalGenerating Function (UGF)will be used during the
second and third stages to deal with the complexity of the data
dimension [16] and to obtain the reliability performance of
the entireMultistate System (MSS) based on the performance
of its elements, using algebraic procedures [17]. In this article,
the proposed methodology is applied to a case study in the
textile sector.

2. Problem Statement

Automatized multifunction machines, used in the last gen-
eration production systems, often work under very changing
operationmodes, characterized by varying loads andworking
speeds, using different raw materials, and being frequently
under different environmental conditions. These operational
modes result in different failure rates and life distributions.
However, in terms of reliability analysis, this is a problem that
to the best of our knowledge has not been fully addressed,
with any formal proposals that quantify the effect of the
multifunctionality in the systemic reliability. For this reason,
it is interesting to propose a methodology for reliability
analysis in multifunction processes. This methodology is
structured as a sequence of analysis of data and as theoret-
ical basis it has the existing previous studies in reliability
for Multistate Systems (MSS), adapting them conveniently.
A binary logic of operation of equipment is considered,
either when functioning properly (UP) or with total failure
(DOWN), and the type of function to be executed by the
system is characterized defining multiple operating states.𝐽 = {1, 2, . . . , 𝑛} is the set of elements that compose the
whole production system, and 𝐻 = {1, 2, . . . , 𝑘} is the set of
functions to be manufactured or states. A MSS composed of𝑛 different repairable elements (or equipment), where each
element 𝑗 has 𝑘𝑗 different levels of performance, has a model
with 𝐾 = ∏𝑛𝑗=1𝑘𝑗 states. This number can be quite large even
for a relatively small MSS, so the methodology proposed here
uses tools like the UGF to simplify the problem.

3. Proposition for Methodology

The analysis of data coming from heterogeneous sources, as
machines operating at different conditions, is a challenge.
In general, there is an elemental algorithm used by several
authors [13, 15], to dealwithmaintenance data.This algorithm
is taken as the structure for this methodological proposal
and it is composed of the following stages or phases: (1) data
acquisition (to define the object of study and to collect data),
(2) data preprocessing (to extract, transform, and prepare
data), (3) data analysis (to obtain a diagnosis about the
reliability of the system), and (4) prediction and application
(to generate a prognosis analysis for decision making).
According to Wang and Zang [13] the prediction accuracy
improves when data is increased in size.

The proposed methodology has as an innovative char-
acteristic of its application for the reliability analysis of

a multifunction manufacturing system. As it is known, the
reliability analysis is a key element of decision making by
analyzing the technical and economic performance of a
manufacturing system. To this aim, data such as product
demand, manufacturing quantities, and probabilities associ-
ated with the execution of each function shall be considered
as given, for example, by the production planning. It should
be emphasized that this proposal is a methodology and not
an algorithm, so its application is not one hundred percent
accurate and tight end to stringent rules. The phases of
the proposed methodology are represented in Figure 1. The
methodology includes four phases and each phase is made
by several steps.

Phase I (data acquisition). This involves the use of physical
inspection and/or wireless sensors about the health condition
of equipment and its main control variables. Besides, histori-
cal information from a Computer MaintenanceManagement
System (CMMS) is another valuable source of data to be used
throughout the methodology. The interoperability of devices
is an important issue, solved by ISA-95, MIMOSA, ISO
15745/13374 standards. Proactive maintenance techniques as
CBM+ and PHM are based on adequate interoperability
and data acquisition. At this point, the proposed method-
ology emphasizes the previous identification of the system,
production system, or equipment, object of analysis in a
multifunction context. Having multifunction machines is a
necessary condition, but not sufficient to satisfy this point,
since it is essential that the equipment have the tendency to
react differently (or to support different loads, e.g.) depending
on the function it is performing. Then, it is necessary to
focus themethodology on a production system that processes
a common set of functions. In the case of several sets, the
methodology should be applied separately on each form.
The focus of the reliability analysis is on the parts of the
production systemwhich satisfy themultifunction condition.
However, the parts that do not meet this condition should
also be considered since they still make an impact on the
reliability of the system.

Phase II (data preprocessing). The general objective of this
phase is to extract, transform, and prepare data. Here the
collected data is synchronized and segmented; the control
features are extracted and combined into a matrix. There is a
myriad of explicit techniques to do this, nevertheless, specif-
ically for reliability proposals, the preprocessing focuses on
treating data to characterize the different states of equipment.
This phase is done through the following steps.

Step 2.1. To determine the normal operational conditions
of the 𝑛 elements of the system when they are performing
each function ℎ and to determine a measure of performance
of each 𝑗 element, depending on the nature of the process
executed, this can be represented by a workload 𝑔𝑗ℎ given
by the production planning and assuming that each function
generates a different workload for the equipment perfor-
mance.The set𝑔𝑗 = {𝑔𝑗1, 𝑔𝑗2, . . . , 𝑔𝑗𝑘} represents the standard
load or performance of the element 𝑗 in the state ℎ. 𝐺𝑗 is
a random variable of each item 𝑗 and it represents the load
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Figure 1: Phases for the proposed methodology for the reliability analysis of multifunction manufacturing systems.

(type of function) that the equipment is executing. This also
involves knowing the respective probabilities of the process
according to each element or knowing them according to
each function to execute. The probabilities associated with
the different states of the element 𝑗 can be represented by the
set: 𝑝𝑗 = {𝑝𝑗1, 𝑝𝑗2, . . . , 𝑝𝑗𝑘}, where 𝑝𝑗ℎ = Pr{𝐺𝑗 = 𝑔𝑗ℎ} and∑𝑘ℎ=1 𝑝𝑗ℎ = 1.
Step 2.2. It includesmaking an analysis of operational flexibil-
ity, describing the results of the production scheduling of the
equipment, regarding their working standard time intervals
(minimum time during which only one type of function is
executed).

Step 2.3. It includes illustrating the logical configuration
of the system using the Reliability Blocks Diagram (RBD)
and understanding the size and behavior of product flows
circulating in the system and the dimension of each executed
function.

Step 2.4. It includes obtaining the possible output values of
each function and the probability of occurrence of each one
of these states, by the modified UGF tool, the equation of the
u-function (see (1)), and the polynomial 𝑈(𝑧) of the entire

system (see (2)), taking into consideration the polynomial𝑈disp(𝑧) that includes the availability (A) (see (3)).
𝑢𝑗 (𝑧) = 𝑘∑

ℎ=1

𝑝𝑗ℎ𝑧ℎ𝑔𝑗ℎ (1)

𝑈 (𝑧) = ⊗𝜑(𝑢1 (𝑧) , . . . , 𝑢𝑛 (𝑧))
= ⊗
𝜑

( 𝑘∑
ℎ=1

𝑝1ℎ𝑧ℎ𝑔1ℎ , . . . , 𝑘∑
ℎ=1

𝑝𝑛ℎ𝑧ℎ𝑔𝑛ℎ)

= 𝑘∑
ℎ=1

( 𝑛∏
𝑗=1

𝑝𝑗ℎ𝑧ℎ𝜑(𝑔1ℎ ,...,𝑔𝑛ℎ))
(2)

𝑈disp (𝑧) = 𝑘∑
ℎ=1

( 𝑛∏
𝑗=1

𝑝𝑗ℎ𝑧ℎ𝜑(𝑔1ℎ ,...,𝑔𝑛ℎ)∗𝐴ℎ) . (3)

Phase III (data analysis). The main objective of this phase is
determining the reliability functions and the main indicators
for different systemic scenarios. The steps involved in this
phase are the following.
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Step 3.1.Once the polynomial𝑈(𝑧) of the production system
is known, it is possible to obtain indicators for the analysis
of reliability of the system from an acceptability function𝑓(𝑉, 𝜃), which represents the desired relation between the
performance of the system 𝑉 and some limit value 𝜃 called
systemdemand (𝑓(𝑉, 𝜃) = 1, if the performance of the system
is acceptable, and 𝑓(𝑉, 𝜃) = 0 if it is not). The MSS reliability
is defined as its expected acceptability. Given the probability
mass function of the 𝑞𝑖 system, V𝑖, 1 ≤ 𝑖 ≤ 𝐾, where 𝑞𝑖 =
Pr{𝑉 = V𝑖}, it is possible to obtain its reliability as shown in

𝑅 (𝜃) = 𝐸 [𝑓 ( 𝑉, 𝜃] = 𝐾∑
𝑖=1

𝑞𝑖𝑓 (V𝑖, 𝜃) (4)

Step 3.2. Get output data useful for reliability analysis of
each function executed, such as mean time between failures
(MTBF) and mean time to repair (MTTR).These data can be
found in the CMMS.

Step 3.3. It includes estimating the different availabilities
of the system according to the functions executed and
by polynomial 𝑈disp(𝑧) (see (3)), to determine the output
quantities of each function ℎ, depending on the availability
and the probabilities associated with each state.

Step 3.4. It includes performing an appropriate parameteri-
zation of the failure data according to the executed function,
adjusting the data to the probability density curves of rep-
resentative failures of the case under study, and showing the
reliability model of the equipment.

Step 3.5.Through amathematical tool, a probabilistic reliabil-
ity assessment scenario is defined, which depends on the odds
of developing each function and on the operational flexibility
of the production system.

Step 3.6. A simulation with multiple iterations that change
the executed functions at each minimum time interval of
processing, whose transition probabilities depend on the
function executed in the previous time interval, is performed.
This is with the aim of determining expected values of
reliability for the equipment, in other words, getting the
reliability values that together consider all the executed
functions and, thus, building an expected reliability curve for
each equipment.

Step 3.7. The reliability analysis at the level of the entire
production system is added, by performing mathematical
operations required to reach the global values from those
thrown by the equipment.

Phase IV (prediction and application). This phase consol-
idates the information obtained to facilitate the decision
making. This is made into a prognosis context. The main
idea is to develop an analysis of the future condition of
each machine and of the production system, to decide the
best strategy. Several elements have to be considered. First
of all, the experience and knowledge of expert personnel
are considered. As Kreinovich and Ouncharoen [18] set, the

expert knowledge is still valuable in an automated analysis
environment. In fact, they propose several techniques to best
handle this knowledge. Other important methods for predic-
tion and decision making are the analysis of the Degradation
Function, Remaining Useful Life (RUL) function, Remaining
LifeDistribution (RLD), and the Total Cost evaluation during
the entire life cycle of the asset. If desirable, with the results
already obtained, complementary analysis tools are applied.
Latest trends point out that the results of an analysis of Big
Data should be delivered not as a noneditable document,
but as an interface where the final user can experiment with
different scenarios, trying to find correlations and useful data
for everyday use.

4. Case Study

Consider a production process in a textile and embroidery
factory. This factory works with massive volumes of sewing,
embroidery, and quilting. The main workshop machines are
multifunctional. Each machine is capable of performing the
three functions: sewing (functionA), embroidering (function
B), and quilting (function C). These machines are remotely
programmable in terms of the type of stitch and the function
to be carried out.They also can be controlled by touch screen.
The machine reminds sequences and changes performed in
the stitches with each production batch.

Each machine is integrated into a system equipped with a
processor, memory to keep the scheduled works and stitches,
and devices to send and receive information. There is a set of
sensors that control variables of performance and condition
of the equipment, mainly vibration, speed, term of materials,
and position of the needle and the thread. They also are
able to generate data about their operational time, number
of detentions, and duration of detentions and the causes of it.
There is information of failure data of a period of five years.
Then, this case study is developed according to the four-phase
methodology proposed in this article.

4.1. Stage I: Data Acquisition

4.1.1. Process Description. The system under study is a pro-
duction process of the textile industry, comprised of 25 work
stations of multifunction equipment, specifically, machines
to sew, embroider, and make quilts. The production config-
uration is typical of this kind of processes and it consists
of numerous machines arranged as a workshop. Due to the
characteristics of the process, quality and velocity of the
sewing, embroidering, and quilting affect the entire flow
process and the productive capacity of the entire plant.

Each work station contains one multifunction machine
and each machine may present various failure modes. The
movement of material between work stations is carried out
by mechanical means.

4.1.2. Identification of Multifunction Components in the Pro-
duction System. In the experience of the staff, the failure
behavior of somemachines of theworkshopdependsmore on
the operation constitution than on the operating time. In this
case, the three functions executed (sewing, embroidery, and
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quilting) present processing conditions that cause different
failure rate conditions (this is especially because of differences
in speed of the needle, length of the stitch, and hardness of the
yarn used).

Themachines to be analyzed are identified, as well as their
associated data repositories.Themain variables to control are
related to their operational condition according to reliability
requirements: type of function executed, operational time,
number, cause, and duration of interruptions.

4.2. Stage II: Data Preprocessing

4.2.1. Analysis of Normal Operation Conditions. The ma-
chines have a different processing capacity in units per hour
for each function. The production planning determines the
type of product to be manufactured per shift and the type
of function to execute. The probability of switching between
functions and the proportion of each function relative to
the total executed are stationary at the long term. Modeling
reliability will depend on the specific long-term behavior.

4.2.2. RBD System Configuration. The system is composed of
25 machines. Considering that the machines are character-
ized by their flexibility and dynamism, it is possible to deter-
mine that the plant is under a load sharing configuration.The
particularity of a load sharing configuration is that it allows
obtaining a required capacity based on the sum of available
pieces of equipment that can even operate at a lower load than
the required.

4.2.3. Universal Generating Function (UGF) in the Production
System. By using the (1) and (2), it is possible to know
the polynomial 𝑈(𝑧) of the production system performance,
according to its RBD configuration. This polynomial shows
the stationary probabilities that are associated with the
execution rate, per hour, of each function. For elements in
load sharing configuration, the minimum production rate in
each composition is considered.

4.2.4. Failure Data Collection. Besides the information given
by the signal repository, there has been access to records of
failure that the technicians maintained during each shift, for
a total of 1810 days, that is, considering almost five years
of operations. This data is cleaned and treated before being
used. During the analyzed period, the line operated for
16 [h/day]. The repository contains the failure modes for this
period, classified for each shift, including the time between
failures (TBF) and the time to repair (TTR). It is important
to highlight that each failure mode was classified with the
respective function (sewing, embroidery, and quilting). The
total amount of intervention was 3.287 records.

4.3. Stage III: Data Analysis

4.3.1. Parameter Calculation. Knowing the values of time
between failures (TBF) and time to repair (TTR), a curve
fitting process was developed with the objective of finding
the one that best explains the behavior of failures. This was
done separately for each function in the case of the stations

with a multifunction nature and through a commercial
software. In the case of TBF the adjustment chosen was
Weibull, fromwhich scale (𝛼) and shape (𝛽) parameters were
obtained. Meanwhile the TTF are better fit to a lognormal
distribution, whose parameters are the mean (𝜇) and the
standard deviation (𝜎). For TTR, besides, there is no evidence
that shows a variation depending on the function executed
whose process has led to the failure, so its modeling is the
same for all functions.

4.3.2. Availability in Static State. Considering the individual
information about reliability andmaintainability, it is possible
to make the estimation of availability (𝐴) level for each
executed function. For the system, the availability level is
calculated based on the RBD configuration.

4.3.3. Polynomial 𝑈(𝑧) according to the Availability. By using
(3) it is possible to calculate the amount produced per hour,
depending on the availability of the workshop at steady
state, by adding the system availability to the already known
execution probabilities of each function. This represents a
performance indicator to the expected output per hour in
an undefined instant; however, it does not consider that
this influences a short-term scenario, in which there is a
probability of transition between the execution of a function
and another and where the elaborate proportions are not the
ones from the static scenario.

4.3.4. Reliability Analysis

(1) Failure Density and Failure Rate Functions. 𝑓𝑗ℎ(𝑡) is
defined as the probability density function of failure time of
station 𝑗 when executing function ℎ, and 𝜆𝑗ℎ(𝑡) is defined
as the failure rate of station 𝑗 when executing function ℎ.
By plotting both 𝑓𝑗ℎ(𝑡) and 𝜆𝑗ℎ(𝑡) for each function, the
failure behavior that each function causes in each station
can be appreciated. In addition, the parameters calculated in
Section 4.3.1 report differences in times of good performance
for each case. It is important to analyze the specific results
for the parameter 𝛽, showing the different function effects.
The function 𝐴 obtains 𝛽 of 1.87 (increasing failure rate), the
function 𝐵 obtains 𝛽 of 1.0 (constant failure rate), and the
function 𝐶 obtains a value of 1.22 (increasing failure rate).

(2) Reliability Curves per Equipment When Executing a Type
of Function. By using the classical formula of reliability
function fromWeibull it is possible to derive the equations of
the reliability curves per equipment and function executed,
where 𝑅𝑗ℎ(𝑡) is the reliability function of machine 𝑗 when
executing function ℎ. In static state it is possible to obtain
a reliability curve of the system, which is different for each
function executed.

(3) Calculation of the Expected Reliability with Multifunction.
Based on the analysis of Sections 4.3.4(1) and 4.3.4(2), it is
possible to model the reliability curves for each executed
function and in consequence to analyze the complete mul-
tifunction scenario.The reliability of the equipment will then
be variable depending on the type of executed function in
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a determined time horizon and on the order these are
executed. The first step then is to define a stochastic model
that shows the possible scenarios of the workshop over time.
These scenarios can be generated by simulation, considering
a horizon of working days and shifts. For this case it is defined
as follows: for each shift it is possible to execute either func-
tionA, functionB, or functionC, depending on the transition
probabilities between the manufacturing of products which
were previously calculated. Taking into account the fact that
during one shift a single type of function is executed, the
reliability function of each equipment is built depending on
which function has been executed during all the shifts on the
horizon of analysis. For this, the parameters in the reliability
function change depending on their last condition.Therefore,
the reliability when executing function 𝑗 and during a shift𝑚 decreases in the proper proportion to the length of time
to process that function, but since the case is integrated
with the other functions, the “initial” availability of that shift
depends on the function configuration adopted during the𝑚−1 previous shifts. Hence, the curves are formed section by
section, and they take countless forms through the iterations.

(4) Reliability Curves per Equipment and for the Production
System with Multifunction. A simulation was performed with
1.000.000 iterations that make the executed function change
shift by shift, producing changes in the reliability values of
each equipment. The expected reliability value was obtained
in every single instant of time 𝑡, between 0 [h] and 1.000 [h],
and from that information the expected failure density
curves, the expected failure rate, and the expected reliability
per equipmentwere built, all of themunder themultifunction
conditions. The expected reliability curve of the machine𝑗 is denoted as 𝑅 exp𝑗(𝑡). From this curve the reliability
parameters of the 25 machines were estimated, iterating with
Weibull parameters according to the situation and looking for
a coefficient of determination value (𝑅2) as high as possible.𝑓expj(𝑡)was also calculated and plotted as an expected failure
density function of themachine 𝑗 and𝜆 expj(𝑡) as an expected
failure rate of the equipment 𝑗, both considering multifunc-
tion. Subsequently, the expected values of reliability of the
entire system are calculated, as the product of the stochastic
reliability of all the machines. The expected reliability curve
of the entire system is denoted as 𝑅 exp(𝑡). As an example,
Figure 2 shows the expected reliability curve of the entire
workshop in the case under study, besides the reliability
curve for the iterations performed. Each iteration generates
a different curve according to the production planning.

Furthermore, just as in the analysis done for each equip-
ment, from the expected values of reliability of the system,
theWeibull parameters are estimated and𝑓 exp(𝑡) is obtained
as an expected failure density function for the entire system
(Figure 3). Then, 𝜆 exp(𝑡) is calculated as an expected failure
rate function for the workshop (Figure 4).

(5) Calculation of MTTF, MTTR, and Expected Availability
with Multifunction.With the Weibull parameters for reliabil-
ity, it is possible to obtain the mean time to failures (MTTF)
values, the mean time to repair (MTTR) values (this is the
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Figure 2: System expected reliability curve and reliability curves in
iterations.
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Figure 3: System expected failure density function.
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Figure 4: System expected failure rate function.

called “maintainability”), and the availability (A), the latter
being both at a disaggregated level and as a total for the
workshop. By using the equations of the reliability curves
obtained for each station and expression (5), it is possible to
obtain the MTTF of the stations for multifunction stochastic
scenario.

MTTF = ∫∞
0
𝑅 (𝑡) 𝑑𝑡. (5)

For the maintainability analysis, the values of MTTR are
obtained from the CMMS database, remembering that it is
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assumed that these values do not vary depending on the
function being executed, the availability both for each piece
of equipment and for the workshop as a whole is calculated,
throwing a value for this case study of 𝐴 exp = 0.9320.
4.4. Stage IV: Results Analysis. Considering the results of
Stage III it is possible to elaborate an analysis that facilitates
the understanding of the failure behavior and the decision
making related to the production process, as follows.

After modeling each machine and the system under a
load sharing configuration, the reliability analysis confirms
the presence of a multifunction failure behavior, considering
increasing failure rates for sewing (function A) and quilting
(function C). The embroidering (function B) has a constant
failure rate behavior. So, it is necessary to incorporate an
analysis of the accumulated time per function for each
machine, because the wear-out degree of the elements will
be driven by this indicator, transforming the maintenance
policies from an operation time criterion to an accumulated
function operation time criterion.

To provide to the user with a way of easy access, this
phase should be supplemented designing a Web platform.
This should allow referring to both information and reports,
so as to see the state of the system in real-time, as well as
making new simulations bounded to scenarios determined
by the user.

5. Conclusions

It is common in manufacturing industries of a varied nature
that the same equipment participates in a mixture of func-
tions. The reliability analysis of this multifunction manufac-
turing has not been fully explored, and a general solution for
this problem has not been raised, at least to the best of our
knowledge. To try to fill this gap, this work has developed
a methodology based on the general procedure of data
analysis, the Universal Generating Function, and the classical
RCM reliability approach for the analysis of a multifunction
manufacturing system. It is important to mention that this
methodology is recommended primarily to be applied to very
standardized processes, working as a continuous production
system. Typical workshop configurations are not subject of
the application of this methodology. Also, as expected, the
more different the nature of each function, the more potent
the application of this proposal.

Through a case study, consisting of the analysis and evalu-
ation of reliability in a plant of automated textile production,
the use of themethodology proposedwas shown.The analysis
was able to show that the nature of the machines of the
workshop is multifunction, since the failure behavior varies
depending on the function they are executing. Through the
analysis of the operating conditions of the machines and the
analysis of the operational flexibility, the stochastic scenario
of production was defined. By using the methodology, it
was possible to determine the failure behavior of the entire
workshop according to the scheduled jobs. This is useful for
the decision making in a static scenario, but it also shows
the reliability effects of making certain products and executes
each function on a long-term horizon.

Numerous iterations were executed that show possible
scenarios of shifts programming in the production. Through
them and through the expected values of reliability for each
instant of time, the expected reliability of each machine
was modeled, and an aggregated analysis of the system
was performed. The analysis is completed using the graphic
display of the probability density functions of failures and the
failure rate functions. Through the joint analysis of results
and studying the impact that each workstation has on the
failure behavior of the workshop, it was possible to generate
some conclusions about the reliability of the whole process
and about the criticality of the elements that compose it.

Some recommendations for possible future studies are
as follows: it would be helpful to develop approaches that
beyond analyzing reliability also consider other areas of
interest in the industry, like the costs analysis, maintenance
strategies, equipment sizing, and problems of demand sat-
isfaction, among others. All of these focused on any case
of multifunction manufacturing and even beyond on any
other multistate condition. It is also possible to recommend
a posteriori some complementary analysis as a support to
the study performed with additional points of view, such as
those that the Markov chains can provide for the evaluation
of reliability in Multistate Systems, and to formulate an opti-
mization model of global costs that integrates load distribu-
tion decisions and tactical production planning, considering
the costs of switching the equipment capacity and the idle
capacity costs.

Finally, it is well known that if we have a forecast of the
maintenance interventions with high levels of compliance
and efficiency, the management of spare parts inventories
can be favored. The demand for spare parts would be more
accurately known. This could be another interesting future
extension of this multifunction analysis work.
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This paper addresses a biobjective production-distribution planning problem. The problem is formulated as a mixed integer
programming problem with two objectives. The objectives are to minimize the total costs and to balance the total workload of the
supply chain, which consist of plants and depots, considering that it represents a company vertically integrated. In order to solve
the model, we propose an adapted biobjective GRASP to obtain an approximation of the Pareto front. To evaluate the performance
of the proposed algorithm, numerical experimentations are conducted over a set of instances used for similar problems. Results
indicate that the proposed GRASP obtains a relatively small number of nondominated solutions for each tested instance in very
short computational time.The approximated Pareto fronts are discontinuous and nonconvex. Moreover, the solutions clearly show
the compromise between both objective functions.

1. Introduction

Nowadays, supply chains and manufacturing systems must
be responsive, agile, and flexible to adapt to changes and
requirements of the markets. Globalization and the fierce
competition in the markets impose more challenges to
such systems, increasing their complexity. The emergence of
disruptive technologies in which data can be captured by
sensors in real-time represents an opportunity to improve
decision-making, but it is necessary to integrate it with
proper analytical models to support planning and scheduling
decisions along the supply chain andmanufacturing systems.

One of the main goals of Supply Chain Management is
the coordination of the different echelons and the related

planning decisions such as supply, manufacturing, inventory
management, and distribution [1]. A typical approach is to
address previous planning decisions as independent prob-
lems and obtain an overall solution hierarchizing the order
of the decisions and solving the problems sequentially.This is
motivated by the complexity of modeling them into a single
integrated problem, but it has some drawbacks as it does
not consider the interrelations among the decisions. Hence,
the use of integrated problems provides a more effective
and efficient way to obtain solutions for the underlying real
problem and reduce total landed costs.

There is a very close linkage between production and
distribution planning decisions [2], reason for which these
problems have been addressed in the literature as a joint
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production-distribution planning problem. Several contribu-
tions can be found in the literature addressing coordination in
the supply chain in which production and distribution prob-
lems are integrated. In this paper, we address a production-
distribution planning problem for a single product faced
by a manufacturing company. According to the specific
characteristics of the company, the problem is formulated as
a biobjective mixed integer programming model. The objec-
tives consider the minimization of the total costs incurred by
the company and the balancing of the total workload assigned
to the plants and depots of the company. This is justified
as we are considering the case of a vertically integrated
supply chain. Hence, the company is interested not only on
the minimization of total costs, but also on a better resource
utilization. Balancing the workload content in the supply
chain contributes to achieve a better utilization of the
resources already installed in the supply chain network, in
addition to avoid congestion at the plants and depots. To
solve themodel, we propose an adapted biobjectiveGRASP to
obtain an approximation of the Pareto front.

1.1. Literature Review. One of the earliest contributions on
production-distribution planning in the literature is pro-
vided by [3]. They address a multicommodity, single-period
production-distribution problem and propose a solution
methodology based on Benders decomposition. Another
early contribution is provided by [4].They propose amethod-
ology that considers the relationship between a multistage
production and distribution system, capturing the stochastic
and dynamic interactions. The proposed model is composed
by a material control submodel, a production submodel, a
stockpile inventory submodel, and a distribution submodel.

There exist several survey articles in the literature that
provide a framework or taxonomy of related production-
distribution planning problems. We briefly review the exist-
ing surveys and cite some of the contributions found in the
literature, with special emphasis on the most recent ones
found in the literature. An overview of the literature related to
the coordination of production planning among multiple
plants assuming vertically integrated firms is provided by [5].
A review of the literature related to coordinated planning
between two or more decisions/echelons of the supply chain
is presented by [6]. One of the categories analyzed correspond
to production-distribution planning problems.They propose
a taxonomy of the contributions as buyer-vendor coordina-
tion, production-distribution coordination, and inventory-
distribution coordination. A taxonomy of themajor decisions
for integrated production-distribution planning is provided
by [7]. They emphasize the complexity of the operations
and make a reference to the emergence of philosophies as a
response to competitive pressures of markets, such as Total
Quality Management and Flexible Manufacturing Systems
and Supply Chain Management. In this case, the aim is to
achieve flawless quality of products and quick response and
agile manufacturing at low cost and an efficient distribution
of products to the consumer points with low stocks.

In addition, a review of the strategic production-distri-
bution models is presented by [8], emphasizing global lo-
gistics systems and mixed integer programming models.

They classify the contributions into four categories: previous
reviews, optimizationmodels, additional issues formodeling,
and case studies. Another review of integrated analysis of
production-distribution systems is presented by [9]. The aim
of their review is to determine how the different logistics
aspects can be included in an integrated analysis and what
competitive advantages can be obtained when integrating
production and distribution decisions. They include only
those contributions that explicitly address transportation
systems and provide a classification of distribution-inventory
models pointing out the contributions found in the literature
[10–15].

Another related survey is presented by [16]. They catego-
rize the contributions and provide a framework for the exist-
ing literature and define a research agenda. A classification
of production-distribution scheduling is proposed in [17].
They point out that given that production and distribution
stages in a supply chain are often linked by an inventory stage,
contributions in the literature often involve inventory deci-
sions and noticed that the literature that consider scheduling
decisions has recently attracted the attention of researchers
in the literature [18–21]. They divide existing models into
five classes: (i) models considering individual and immediate
delivery, (ii) models with batch delivery to a single customer
by direct shippingmethod, (iii) models with batch delivery to
multiple customers by direct shipping method, (iv) models
with batch delivery tomultiple customers by routingmethod,
and (v) models with fixed delivery departure dates [22–26].

On the other hand, a review the existent approaches
based on the modeling approach and the solution techniques
employed is presented by [27]. They provide a taxonomy
of the contributions in the field. The most recent review is
provided by [28] that considers the evolution of production-
distribution planning problems towards the collaborative
production-distribution planning in Supply Chain Manage-
ment. They analyze how the integrated approaches have an
impact on the industry and their real requirements.

In terms of the solution techniques, it is possible to
findmathematical programming-based approaches or solved
directly by a commercial solver (e.g., [3–5, 10–16, 21, 23, 29–
37]); a vast number of contributions that propose heuristic
techniques, motivated by the complexity of the resulting
problem [18, 19, 22, 26, 32, 38–47]; and simulation-based
approaches to tackle the problem [48–51].

Another important feature is related to the objectives
that are optimized. Several contributions consider a single-
objective optimization approach [2, 22, 29–33, 39, 41–46, 49,
52, 53]. However, more recent contributions are capturing
more realistic features of planning decisions by the incorpo-
ration of multiple objectives to be simultaneously optimized
[40, 51, 54]. The typical objectives considered are profit
maximization, costs minimization, and service level offered
to customers. For instance, in [54], the minimization of total
costs and the minimization of total tardiness of products
transported to the distribution centers are considered as
objectives. In [55] the focus of the proposed model is on
customer’s service level, measured as the mean delivery time
and total transportation cost. On the other hand, in [56],
minimizing total operation cost of the vehicles to deliver
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the products and the waiting time of the customers is
considered as an objective; hence they are more focused on
the distribution problem, although they also consider pro-
duction scheduling decisions.

None of previous contributions have incorporated work-
load balance as an objective to optimize.Workload balancing
has been considered in decision planning problems related
to vehicle routing problems [57–60] and machine scheduling
problems [61]. Balancing the workload content of the supply
chain is an important element when considering a vertical
integrated company.This is meaningful as the company aims
to have a good utilization of its assets. Also, having a plant
with overutilization generates congestionwhile othersmay be
underutilized. To the best of the knowledge of the authors,
this is the first paper in the literature that incorporates work-
load balance as an objective of the integrated production-
distribution planning problem.

Another contribution of this work is related to the
specific features of the solution approach. Only few papers
have adapted GRASP to solve biobjective problems. Fur-
thermore, we propose a clear integration of both objective
functions when constructing solutions.Moreover, in the con-
struction method, we hybridize mathematical programming
techniques with heuristic ones. The local search method
explores typical neighborhoods for routing problems but also
mathematical programming techniques are used to complete
a movement.

This article is organized as follows: Section 2 presents
the proposed mathematical model. Section 3 describes the
heuristic algorithm and Section 4 presents the numerical
results showing the suitability of the proposed algorithm
to approximate the Pareto front. Finally, Section 5 presents
the final remarks and recommendations for further research
areas.

2. Biobjective Optimization Model

The problem considered in this manuscript is related to
production and distribution planning decisions of a single
product faced by a manufacturing company. For the pro-
duction part, the company is responsible for manufacturing
products in plants, respecting the capacity of the plants. Also,
the company must satisfy the demand of all customers that
are served by a depot in which products are consolidated,
similar as in a standard transportation problem. On the other
hand, for the distribution part, the company has to determine
the routes to serve the demand of customers that are assigned
to each depot. For this, the classical assumptions considered
in vehicle routing problems are considered. For instance, the
routes should begin and finish in the depot; there is a max-
imum duration time established by each route, a customer
is visited once by a single vehicle and a single vehicle is
associated with a route, and the demand of all customers
is satisfied. Furthermore, a homogeneous fleet of vehicles is
considered in terms of capacity. In terms of network design, it
has been established that depots are not connected to other
depots and that a depot can have multiple vehicles assigned,

each serving a single route. It is also assumed that depots are
uncapacitated, while plants have capacity constraints.

The planning decision of the company aims to optimize
simultaneously two objectives while respecting previously
described constraints. The first objective is to minimize total
costs (production and distribution), and the second objective
is to balance total workload of plants and depots. Balancing
the workload content at each facility contributes to achieve
better resource utilization over the network; and, accordingly,
it is expected to achieve less congestion at the facilities such
as plants and depots. Under this context, a straightforward
solution would be to equally split the production among
plants and customer’s demand among depots. However, this
solution would not necessarily minimize production and dis-
tribution costs. Hence, the company is facing a production-
distribution problem that considers typical constraints of a
transportation problem merged with a multidepot vehicle
routing problem (MDVRP).

Prior to describing the mathematical model of the pro-
posed problem, the sets, parameters, and decision variables
are defined. Here consider 𝑃 as the set of plants, 𝐷 the set
of depots, 𝐶 the set of customers, and 𝑉 the set of vehicles.
Let 𝐸 be the set of the arcs connecting depots and customers.
The customers served by depot 𝑖 ∈ 𝐷 are included in 𝐶𝑖 and
customers included in vehicle V ∈ 𝑉 are included in 𝐶V. Also,
let 𝑉𝑖 be the set of vehicles used in depot 𝑖 ∈ 𝐷.

Note that there are distinct costs involved in the model.
The operating cost associated with manufacturing a product
in plant 𝑝 ∈ 𝑃 and ship it to depot 𝑖 ∈ 𝐷 is denoted by
oc𝑝𝑖. The distribution cost associated with the shipment of
a product from depot or customer 𝑖 ∈ 𝐷 ∪ 𝐶 to depot or
customer 𝑗 ∈ 𝐷 ∪ 𝐶, where (𝑖, 𝑗) ∈ 𝐸 is denoted by dc𝑖𝑗.
Each customer 𝑐 ∈ 𝐶 has a demand 𝑏𝑐, and themanufacturing
capacity at each plant 𝑝 ∈ 𝑃 is 𝜋max

𝑝 . Furthermore, the time
required for travelling through an arc(𝑖, 𝑗) ∈ 𝐸 is denoted by
𝑡𝑖𝑗, the required time to unload customers demand 𝑏𝑐, from
any vehicle is given by 𝜏𝑐, the capacity of vehicle V ∈ 𝑉 is
𝑞max
V , and the maximum duration time of vehicle V ∈ 𝑉 in a
route is 𝑟max

V .
In this problem, 𝑥V

𝑖𝑗 are binary decision variables and 𝑦𝑝𝑖
are continuous ones. The fact that 𝑥V

𝑖𝑗 = 1 implies that vehicle
V ∈ 𝑉 uses arc(𝑖, 𝑗) ∈ 𝐸. Also, 𝑦𝑝𝑖 represents the amount of
products manufactured in plant 𝑝 ∈ 𝑃 that are shipped to
depot 𝑖 ∈ 𝐷.

To balance workload in plants and depots, the deviations
with respect to the ideal case are computed.The latter refers to
the case in which the workload is equally distributed in
plants and depots, respectively. For the plants, the ideal case
is when all of them are at the same capacity level; that is,
the production at each plant is proportional to their capacity
such that total production satisfies the total demand of cus-
tomers. For instance, plants with greater capacity may man-
ufacture more products than plants with lower capacity. For
the depots, the ideal case is when the customers demand is
equally distributed among all the depots. Notice that, in
this case, the balancing of the workload at the plants and
depots is modeled based on a deviation value of the products
manufactured at each plant and consolidated at each depot,
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respectively. This resembles the objective of the company to
have a target value of workload at each facility.

Based on these ideas, we compute the maximum devia-
tion for the plants as follows:

BP (𝑦) = max
𝑝∈𝑃



𝜋max
𝑝

∑𝑞∈𝑃 𝜋max
𝑞

∑
𝑗∈𝐶

𝑏𝑗 − ∑
𝑖∈𝐷

𝑦𝑝𝑖

. (1)

Themaximum deviation associated with a depot is computed
as follows:

BD (𝑥) = max
𝑖∈𝐷



∑𝑗∈𝐶 𝑏𝑗
|𝐷|

− ∑
V∈𝑉𝑖

∑
𝑘∈𝐶V

∑
𝑗∈𝐶V

𝑏𝑘𝑥
V
𝑘𝑗


. (2)

Note that the quantity of products manufactured in plants is
greater than the amount of products consolidated in depots.
Thus, the value given in (1) may be greater than the value
given in (2). In this case, we are balancing the workload
content only at the plants nor in the depots. To overcome this
issue, an 𝛾 value is included to standardize the units in the
sum.

The resulting mixed integer biobjective programming
problem is defined as follows:

min ∑
𝑝∈𝑃

∑
𝑖∈𝐷

oc𝑝𝑖𝑦𝑝𝑖 + ∑
V∈𝑉

∑
(𝑖,𝑗)∈𝐸

dc𝑖𝑗𝑥
V
𝑖𝑗 (3)

min BP (𝑦) + 𝛾BD (𝑥) (4)

s.t. ∑
𝑖∈𝐷

𝑦𝑝𝑖 ≤ 𝜋max
𝑝 𝑝 ∈ 𝑃 (5)

∑
𝑝∈𝑃

𝑦𝑝𝑖 ≥ ∑
V∈𝑉𝑖

∑
𝑖∈𝐶V

𝑏𝑖 𝑖 ∈ 𝐷 (6)

∑
V∈𝑉

∑
𝑗∈𝐷∪𝐶

𝑥V
𝑖𝑗 = 1 𝑖 ∈ 𝐶 (7)

∑
V∈𝑉

∑
𝑖∈𝐷∪𝐶

𝑥V
𝑖𝑗 = 1 𝑗 ∈ 𝐶 (8)

∑
𝑗∈𝐶𝑖

𝑥V
𝑘𝑗 ≤ 1 V ∈ 𝑉𝑖, 𝑖, 𝑘 ∈ 𝐷 (9)

∑
𝑘∈𝐶𝑖

𝑥V
𝑘𝑗 ≤ 1 V ∈ 𝑉𝑖, 𝑖, 𝑗 ∈ 𝐷 (10)

∑
𝑗∈𝐷

𝑥V
𝑘𝑗 = 0 V ∈ 𝑉𝑖, 𝑖, 𝑘 ∈ 𝐷 (11)

∑
𝑘∈𝐷

𝑥V
𝑘𝑗 = 0 V ∈ 𝑉𝑖, 𝑖, 𝑗 ∈ 𝐷 (12)

∑
𝑖∈𝑊

∑
𝑗∈𝑊

𝑥V
𝑖𝑗 ≤ |𝑊| − 1

𝑊 ⊆ 𝐶, 2 ≤ |𝑊| ≤ |𝐶| , V ∈ 𝑉
(13)

∑
𝑖∈𝐶V

𝑏𝑖∑
𝑗∈𝐶V

𝑥V
𝑖𝑗 ≤ 𝑞max

V V ∈ 𝑉 (14)

∑
𝑖∈𝐶V

∑
𝑗∈𝐶V

(𝑡𝑖𝑗 + 𝜏𝑖) 𝑥
V
𝑖𝑗 ≤ 𝑟max

V V ∈ 𝑉 (15)

𝑥V
𝑖𝑗 ∈ {0, 1} (𝑖, 𝑗) ∈ 𝐸, V ∈ 𝑉 (16)

𝑦𝑝𝑖 ≥ 0 𝑝 ∈ 𝑃, 𝑖 ∈ 𝐷. (17)

Equation (3) represents the first objective function, which
aims to minimize the sum of the operating cost (manufac-
turing and shipping) and the cost from shipping products
from depots to customers. The second objective function
is expressed by (4), which aims to balance the workload
in depots and plants. It expresses the corrected sum of the
maximum deviation from the ideal case split. The second
objective function aims to find a solution with small devi-
ations, that is, with a balanced workload content in plants
and depots. Production constraints are expressed in (5) and
(6). Constraints (5) ensure that the amount produced in each
plant does not exceed its maximum manufacturing capacity.
Constraints (6) guarantee that the demand of customers
assigned to each depot is satisfied. Distribution constraints
are expressed in (7)–(15). Visiting customers once by a single
vehicle is forced in constraints (7) and (8). Constraints (9)
and (10) determine the assignment of customers to depots.
Despite the fact that, in order to balance workload all depots
must be used, tominimize costs it could be desired to use only
a subset of depots. Constraints (11) and (12) prevent the inter-
depot flow. This is included as shipments between depots are
not allowed. Subtours are prohibited in constraints (13);
constraints (14) determine the vehicle’s capacity constraints,
and the maximum duration of a route performed by a vehicle
is defined by constraints (15). Equation (16) expresses the
binary nature of the routing variables, and (17) establishes the
nonnegativity of the manufacturing variables.

3. Description of the Proposed
Biobjective GRASP

GRASP is a metaheuristic that has been proven to be efficient
when solving complex combinatorial optimization problems
[62]. It consists of two main methods. The first method
is devoted to construct an initial solution and the second
method concerns to the local search, which aims to improve
the current solution. As GRASP is a multistart metaheuristic
due to the randomized procedure that is implemented in
the construction method, it is possible to construct multiple
solutions that are further improved during the local search
method.Hence, the twomethods are iteratively repeated until
a stopping criterion is reached. The best solution in terms
of objective function value is returned as the output of the
algorithm.

In addition to the successful use ofGRASP to solve single-
objective problems, it has also been successfully applied to
approximate the efficient Pareto front of different multiob-
jective optimization problems [63–68]. The previous cited
references adapted specific components of GRASP to the cor-
responding problems under study. However, a taxonomy to
standardize the adaptation of GRASP tomultiobjective prob-
lems is provided by [69]. Thus, we follow previously referred
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taxonomy during the description of the proposed algorithm.
The main elements of GRASP for biobjective problems are
the following: (1) a greedy function is considered when con-
structing a solution, but, in case of havingmultiple objectives,
a criterion must be selected to identify the guiding function,
(2) the local search method considers the multiple objectives
to evaluate if the current solution has been improved or not,
and (3) a set of efficient solutions is provided when the algo-
rithm reaches some stopping criterion instead of returning
the incumbent solution.

In the proposed biobjective GRASP a pure-random con-
struction is done; that is, one of the two objective functions
is randomly selected and all the solution’s construction is
guided by the greedy function associated with that objective
function. Furthermore, a pure strategy is considered in the
local search with respect to one objective function randomly
selected (note that itmay be different to the objective function
considered in the construction). In this case, an improved
solutionmay have better objective function value for the con-
sidered objective function but itmay beworsened in the other
objective function value. One important feature of our pro-
posed algorithm is that the objective function considered in
the local search may be different than the objective function
used when constructing the solution. Usually, in pure strate-
gies, the objective function considered during the construc-
tion and local search is the same.

3.1. Construction Method. The first step of the construction
method is to randomly select one objective function. Here,
both objective functions are equally likely to be selected; that
is, if rand < 0.5, then the objective function that concerns
to total costs is selected (see (3)), and in case when rand ≥
0.5, the objective function related to the workload balance
is considered (see (4)), where rand is a random number
between 0 and 1. For any of the two objective functions, the
construction method can be divided to three phase: cluster-
ing, routing, and manufacturing.

3.1.1. Clustering Phase. In the clustering phase, the alloca-
tion of customers to depots is made by following random-
greedy strategies, in which an allocation problem is solved
depending on the objective function under consideration. If
(3) is being considered, then the auxiliary problem defined by
(18)–(20) is optimally solved byCPLEX, where−0.5 ≤ 𝜀 ≤ 0.5
is a random number.

min
𝑥

∑
𝑖∈𝐶

∑
𝑗∈𝐷

(1 + 𝜀) dc𝑖𝑗𝑥𝑖𝑗 (18)

s.t. ∑
𝑗∈𝐷

𝑥𝑖𝑗 = 1 𝑖 ∈ 𝐶 (19)

𝑥𝑖𝑗 ∈ {0, 1} 𝑖 ∈ 𝐶, 𝑗 ∈ 𝐷. (20)

Since, we are concerned in constructing a good solution in
terms of the total cost, the minimization of the distribution
costs from customers to depots is pursued in (18), considering
that customers must be allocated only to a single depot. A
perturbation in the distribution costs is considered to allow
certain degree of randomness in the clustering phase.

In the other case, when (4) has been selected, the
allocation of customers to depots such as a balancedworkload
is obtained. In this case, the problem defined by (21)–(25) is
optimally solved by CPLEX, where 𝑘 is a predefined constant
value and 0.1 ≤ 𝜏 ≤ 0.3 is a random number.

min
𝑥

𝑘 (21)

s.t. ∑
𝑖∈𝐶

𝑏𝑖𝑥𝑖𝑗 ≥ (1 − 𝜏)
∑𝑖∈𝐶 𝑏𝑖
|𝐷|

𝑗 ∈ 𝐷 (22)

∑
𝑖∈𝐶

𝑏𝑖𝑥𝑖𝑗 ≤ (1 + 𝜏)
∑𝑖∈𝐶 𝑏𝑖
|𝐷|

𝑗 ∈ 𝐷 (23)

∑
𝑗∈𝐷

𝑥𝑖𝑗 = 1 𝑖 ∈ 𝐶 (24)

𝑥𝑖𝑗 ∈ {0, 1} 𝑖 ∈ 𝐶, 𝑗 ∈ 𝐷. (25)

Bearing in mind that we are seeking to construct solutions
with balanced workload, constraints (22) and (23) will act as
balancing constraints but considering a tolerance value 𝜏. A
small value of 𝜏 implies that more balanced clusters are given.
Analogously, greater values of 𝜏 allow the depots to have less
consolidated customers demand associated with them. Note
that if 𝜏 = 0, the ideal case occurs (i.e., when all depots have
the same workload), but this casemay be infeasible due to the
unique allocation of customers to depots imposed by (24).

3.1.2. Routing Phase. Once customers have been allocated to
the depots, it is necessary to design the routes to distribute
the products to the customers. For this, greedy-randomized
adaptive strategies are considered. To create the routes, we
consider that a single vehicle departs from a depot and the
route is created by incorporating the customers to be visited,
assigning one customer to each depot at a time, that is, in a
parallel manner. Regarding the available number of vehicles
in each depot and their capacities, the same assumptions of
[47] are considered.

Note that the routing is made for customers allocated in
the same depot. Hence, it is evident that the workload in
each depot holds. Based on that, we create routes with low
distribution cost as it is not necessary to take into account
the other objective function. Thus, for any of both objective
functions, the routes are created in the same manner.

To add a customer in a route, the associated cost in the
guiding function that summarizes its contribution is com-
puted. As guiding function, we consider the cost of adding
customer 𝑗 after customer 𝑖 in the current route, in which
the depot is denoted by 𝑑; that is, 𝑐(𝑥𝑗) = dc𝑖𝑗 + dc𝑗𝑑 − dc𝑑𝑖.
The latter is computed for all customers 𝑗 ∈ 𝐶𝑑 in a particular
depot 𝑑 ∈ 𝐷. Then, considering the same depot, a Restricted
Candidate List (RCL𝑑) is created. One criterion considered
to add a customer into the RCL is when 𝑐(𝑥𝑗) ≤ 𝑐min +
𝛼(𝑐max − 𝑐min), in which 𝑐min and 𝑐max denote the minimum
andmaximum cost of adding a customer. Also, 0 ≤ 𝛼 ≤ 1 is a
parameter that regulates the degree of greediness considered
in RCL𝑑. Note that when 𝛼 = 0, customers are selected in
a greedy manner, and if 𝛼 = 1 customers are randomly
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selected. Other two important criteria that customers must
meet to be included in RCL𝑑 are that vehicle’s capacity and
maximum duration of the route may not be exceeded. When
the RCL𝑑 are formed (for all 𝑑 ∈ 𝐷), a customer is randomly
selected to be added in the current route of depot 𝑑. As it
is mentioned above, one customer per depot is added at a
time, that is, a parallel routing. This strategy continues until
all customers are in a route. It is worth clarifying that if there
are no customers that satisfy all the criteria mentioned above,
then RCL𝑑 = 0. In this case, a new vehicle is used to begin a
route.

3.1.3. Manufacturing Phase. The last phase of the construc-
tion method corresponds to the manufacturing decisions in
plants. The decision taken in this phase is the amount of
products manufactured in each plant. This resulting problem
may be seen as a classical transportation problem, in which
different structures are considered depending on the current
target objective function. For example, if the first objective
function is being considered, it is aimed to manufacture the
products in plants with lower operating costs. On the other
hand, if the second objective function is under consideration,
it is aimed to balanceworkload of the plants according to their
production capacity without regarding the operating cost.

Therefore, if (3) is considered, the following auxiliary
transportation problem is optimally solved by CPLEX.

min
𝑦

∑
𝑖∈𝑃

∑
𝑗∈𝐷

oc𝑖𝑗𝑦𝑖𝑗 (26)

s.t. ∑
𝑗∈𝐷

𝑦𝑖𝑗 ≤ 𝜋max
𝑖 𝑖 ∈ 𝑃 (27)

∑
𝑖∈𝑃

𝑦𝑖𝑗 = ∑
𝑘∈𝐶𝑗

𝑏𝑘 𝑗 ∈ 𝐷 (28)

𝑦𝑖𝑗 ≥ 0 𝑖 ∈ 𝑃, 𝑗 ∈ 𝐷. (29)

The problem defined by (26)–(29) attempts to minimize
operation costs in the plants, while respecting the production
capacity in the plants (see (27)) and satisfying the consoli-
dated demand in each depot (see (28)).

If (4) is selected as the objective function of interest, the
auxiliary problem must be adapted in such a way that the
workload is balanced. The resulting problem is presented
next, where 𝑘 is a predefined constant value.

min
𝑦

𝑘 (30)

s.t. ∑
𝑗∈𝐷

𝑦𝑖𝑗 =
𝜋max
𝑖

∑𝑝∈𝑃 𝜋max
𝑝

∑
𝑘∈𝐶

𝑏𝑘 𝑖 ∈ 𝑃 (31)

∑
𝑖∈𝑃

𝑦𝑖𝑗 = ∑
𝑘∈𝐶𝑗

𝑏𝑘 𝑗 ∈ 𝐷 (32)

𝑦𝑖𝑗 ≥ 0 𝑖 ∈ 𝑃, 𝑗 ∈ 𝐷. (33)

The problem defined by (30)–(33) is optimally solved by
CPLEX. Note that (31) equally distributes the production
among the plants.

After one solution has been constructed, the correspond-
ing values for both objective functions are computed.That is,
if the solution was constructed based on the minimization of
costs, the corresponding value associated with the workload
balance is evaluated, and vice versa.

3.2. Local Search Method. The implemented local search
method attempts to improve the constructed solution in
terms of one of both objective functions; that is, one objective
function is randomly selected. The local search is mainly
performed in the routing phase with neighborhoods named
remove/insert and interchange, 𝑁1(𝑥, 𝑦) and 𝑁2(𝑥, 𝑦),
respectively. Both neighborhoods can consider intradepot
and interdepots movements. During the exploration, the best
improvement criterion is assumed. The considered move-
ments are adapted from the ones described in [47], but they
are further explained for each objective function.

If the first objective function is being used as a guiding
function (see (3)), then 𝑁Eq(3)

1 (𝑥, 𝑦) and 𝑁Eq(3)
2 (𝑥, 𝑦) are

sequentially explored. First, 𝑁Eq(3)
1 (𝑥, 𝑦) is considered, in

which a predefined small number (𝑟) of customers with
higher costs are removed from each route.Then, one of those
customers is randomly selected to be inserted in the best
position of any route that do not violate any constraint
(capacity of the vehicle ormaximumduration of the route). A
particular customer can be inserted into a route of the same
depot or into a route of a different depot. In the case that
the insertion procedure is performed in a route belonging to
a different depot, the consolidated demand of the involved
depots changes.Thus, the manufacturing decision is updated
by solving the transportation problem that minimizes (26)
subject to constraints (27)–(29). That problem aims to min-
imize the operating costs associated with the manufacturing
process without being aware of the workload balance in the
plants. On the other case, if the consolidated demand in
the depots remains the same, there is no need to updating
the manufacturing decisions. The exploration of𝑁Eq(3)

1 (𝑥, 𝑦)
terminates when all the 𝑟 customers are inserted into a route.

After that, 𝑁Eq(3)
2 (𝑥, 𝑦) is explored. Here, two customers

from different routes are interchanged with each other. An
interchanged customer occupies exactly the same position of
the other interchanged customer, but in the corresponding
route. As before, an interchange may or may not modify
the consolidated demand in the involved depots. If the
consolidated demand is modified, then the problem defined
by (26)–(29) is optimally solved. In the other case the
manufacturing phase does not need to be updated.

Now, the case when the second objective function (see
(4)) is considered is described. The guiding function to
improve the current solution is (2). For 𝑁Eq(4)

1 (𝑥, 𝑦), the 𝑟
customers removed from each route are randomly selected.
Then, those customers will be inserted into a route (possibly
from a different depot) that improves the workload balance
of customers demand in the depots. Note that there is no
significant difference regarding the route of the same depot in
which a customer is inserted. Thus, routes associated with
the same depot are randomly selected. In this neighborhood,
the manufacturing decision must be updated after the best
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Table 1: Instances’ sizes.

Instance Customers Depots Plants
1 48 4 4
2 96 4 4
3 144 4 4
4 192 4 4
5 240 4 4
6 288 4 4
7 72 6 6
8 144 6 6
9 216 6 6
10 288 6 6

improvement has been conducted. The problem defined
by (30)–(33) is optimally solved to achieve the latter. The
exploration of𝑁Eq(4)

2 (𝑥, 𝑦) is adapted in an analogousmanner
compared to the one described for the other objective func-
tion. That is, customers are interchanged between routes but
focusing in the workload balance objective. By doing this, we
can evaluate the convenience of the movement performed.
After the best interchange has been conducted, the problem
definedby (30)–(33) associatedwith themanufacturing phase
is solved.

Without regarding the objective function considered
to conduct the exploration of 𝑁1(𝑥, 𝑦) and 𝑁2(𝑥, 𝑦), we
measure the improvement in the solution by checking if
it is included in a nondominated set (ND). An improved
solution is included in ND, if there is no solution in ND that
simultaneously outperforms both objective functions of the
current solution. The stopping criterion is a predefined
number of iterations without updating the ND set.

A diagram flow describing the steps of the algorithm is
shown in Figure 1.

4. Computational Experimentation
and Results

Computational experimentation is performed tomeasure the
performance of the proposed biobjective GRASP algorithm.
A set of ten instances previously used in the literature to
solve a similar production-distribution planning problem
is considered. The instances used in [70] were adapted to
create instances for the problem herein studied. To adapt the
instances, acquisition costs are omitted and the value that
standardize the magnitude of workload in depots and plants
is included. As indicated in Section 3.1.1, the values for 𝜀 and
𝜏 were randomly defined in a range of −0.5 ≤ 𝜀 ≤ 0.5 and
0.1 ≤ 𝜏 ≤ 0.3. The information regarding the number of
customers, depots, and plants is shown in Table 1.

The proposed algorithm was implemented in Microsoft
Visual Studio 2012 coded in C++.The version of CPLEX used
to solve the auxiliary problems is 12.6.1. All the computational
experimentation was performed in a personal computer Intel
(R) Core processor with a speed of 2.60GHz and 4GB of
RAM. Since the biobjective GRASP has stochasticity in some
parts, each instancewas solved five times. Table 2 summarizes

Table 2: Computational results.

Instance Average of
|ND|

Minimum
|ND|

Maximum
|ND|

Average
time (sec)

1 10.6 9 11 0.09
2 11.6 9 15 0.14
3 15 12 21 0.17
4 14 12 16 0.19
5 18.2 16 22 0.23
6 21.4 17 28 0.25
7 15.6 14 18 0.16
8 12 11 16 0.10
9 17.4 15 21 0.24
10 17 15 20 0.33

the results obtained from all the runs. The first column
indicates the instance and the second column shows the
average of the number of nondominated solutions in the five
runs.The third and fourth columns display theminimumand
maximum number of nondominated solutions in ND from
all the runs. The last column shows the algorithm’s average
required time (in seconds) for solving each instance.

From the results shown in Table 2, it can be seen that a
relatively small number of nondominated solutions are found
by the proposed algorithm (from (9) to (28)). Particularly, for
Instance 1, a small number of nondominated solutions was
found in each run. On the contrary, the largest number of
nondominated solutions was obtained, for instance, 6. Also,
in five out of the ten instances, the minimum and maximum
number of nondominated solutions are very similar, which
indicates that the algorithm performs steady (see instances
1, 4, 7, 8, and 10). Despite the relative small number of
nondominated solutions obtained, the latter fact validates
that the proposed algorithm has a good performance. In
addition, note that this combinatorial problem tends to have
a relative small number of solutions in the Pareto front due to
the structure of the problem.

It is convenient to highlight that the computational times
are very short for a complex operational problem of this
nature. Hence, the stopping criterion may be changed to
exploremore solutions with the aim of increasing the number
of nondominated solutions.

To illustrate the approximated Pareto front of the tested
instances, the nondominated solutions are plotted in Figures
2–11. The run with more solutions in the nondominated set
is plotted for each instance. In these figures, the horizontal
axis represents the objective function associated with the
minimization of total costs (see (3)) and the vertical axis
corresponds to the workload balance (see (4)). Note that a
solution with low cost tends to be less balanced (has higher
deviation in the workload); on the contrary, a solution highly
balanced is associated with higher costs.

It can be seen from Figures 2–11 that the obtained approx-
imations of the Pareto front are not covering all the space as
expected. Some regions without nondominated solutions are
observed. As reported by [71], depending on the modeling



8 Complexity

Yes

Start

Constructive method
considering Eq. (3)
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N
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％Ｋ(4)
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x ← ；ＬＡＧＣＨ {problem (18)–(20)} x ← ；ＬＡＧＣＨ {problem (21)–(25)}

y ← ；ＬＡＧＣＨ {problem (26)–(29)} y ← ；ＬＡＧＣＨ {problem (30)–(33)}

Generate a random number, Ｌ；Ｈ＞ＩＧ1

Ｌ；Ｈ＞ＩＧ1 < 0.5

Ｌ；Ｈ＞ＩＧ2 < 0.5

Generate a random number, Ｌ；Ｈ＞ＩＧ2

．＄ ← 

x ← 
y ← 

Figure 1: Diagram flow of the proposed algorithm.
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Figure 2: Approximation of the Pareto front of Instance 1.
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Figure 3: Approximation of the Pareto front of Instance 2.
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Figure 4: Approximation of the Pareto front of Instance 3.

approach for balancing workload, it is possible to find less
number of solutions for the approximated Pareto front. They
tested four different schemes to model the workload balance
objective function for a capacitated vehicle routing problem
and results show that the number of Pareto optimal solutions
varies substantially. A less number of Pareto solutions is
found when the balancing constraint is modeled as the total
difference of travel distances of a route with respect to a
desired target or average value. Note that this is the approach
that we are employing to model the deviations of the work-
load assigned to the plants and depots.
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Figure 5: Approximation of the Pareto front of Instance 4.
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Figure 6: Approximation of the Pareto front of Instance 5.
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Figure 7: Approximation of the Pareto front of Instance 6.

For example, for Instances 1, 5, 7, and 8, the nondomi-
nated solutions are very polarized. In other words, there are
many nondominated solutions regarding the first objective
and less solutions that favor the workload balance. But the
tradeoff between both objectives triggers a discontinuity in
the Pareto front. That is, for a small increment in the value of
the first objective function (axis𝑋), the value associated with
the second objective function (axis 𝑌) significantly decreases
close to zero. Thus, the Pareto front is discontinuous, which
is common in multiobjective combinatorial problems [72].
Also, for almost all the instances the approximation of the
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Figure 8: Approximation of the Pareto front of Instance 7.
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Figure 9: Approximation of the Pareto front of Instance 8.

Pareto front is nonconvex, which emphasizes the difficulty of
the problem herein studied.

5. Conclusions

In this paper, we introduce a biobjective production-dis-
tribution planning problem for a two echelons vertically
integrated supply chain. The model considers both the min-
imization of total costs and the workload balance among
plants and depots involved in the supply chain. The lat-
ter objective has been commonly used in vehicle routing
problems and manufacturing systems. Due to the vertical
integrated nature of the company, balancing the workload
among the facilities is an important performance indicator
to achieve. Thus, the introduced model contributes to the
literature by simultaneously considering these two objective
functions in a production-distribution planning problem.

Because of the complexity of the problem herein studied,
we propose a heuristic approach based on the well-known
metaheuristic GRASP to obtain an approximation of the
Pareto front. GRASP was adapted to consider both objective
functions during the construction and local search methods.
To evaluate the performance of the proposed algorithm, we
employ a set of instances from the literature used for a similar
problem. Nevertheless, the results reported in the literature
that correspond to the used instances cannot be compared
with our obtained results due to the structural differences
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Figure 10: Approximation of the Pareto front of Instance 9.
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Figure 11: Approximation of the Pareto front of Instance 10.

among the respective considered models. Results indicate
that the Pareto front is discontinuous for almost all the tested
instances. According to [72], this fact is common in combi-
natorial biobjective problems with constraints that cause dis-
continuous solution space. In the cases when the approxima-
tion of the Pareto front are discontinuous, the nondominated
solutions are polarized in the extreme of the regions; that is,
the solutions are very good for one objective function but very
bad for the other objective function (this can be seen from
Figures 2–11). In addition, the obtained approximation of the
Pareto front is nonconvex for almost all the tested instances
and, as remarked by [71], the number of nondominated solu-
tions obtained depends on themanner that the workload bal-
ance objective ismodeled. In this paper, wemodeled it aiming
to have a workload with less deviation from a target value
(the one associated with the equally balanced case). Hence,
the Pareto front does not cover all the solutions space and
is discontinuous and nonconvex due to the structure of the
considered model.

As future research, we propose to apply path relinking to
the obtained nondominated solutions to validate the dis-
continuity of the approximated Pareto fronts. If no signif-
icant increase in the number of nondominated solutions is
obtained, we may experimentally conclude the discontinuity.
Moreover, different modeling approaches to balance the
workload can be used (as in [71]). By doing the latter, we may
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theoretically evaluate their appropriateness and applicability
to the production-distribution problem considered in this
paper.
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[7] Ş. S. Erengüç, N. C. Simpson, and A. J. Vakharia, “Integrated
production/distribution planning in supply chains: an invited
review,” European Journal of Operational Research, vol. 115, no.
2, pp. 219–236, 1999.

[8] C. J. Vidal and M. Goetschalckx, “Strategic production-
distribution models: a critical review with emphasis on global
supply chainmodels,”European Journal ofOperational Research,
vol. 98, no. 1, pp. 1–18, 1997.

[9] A. M. Sarmiento and R. Nagi, “A review of integrated analysis
of production-distribution systems,” Institute of Industrial Engi-
neers (IIE). IIE Transactions, vol. 31, no. 11, pp. 1061–1074, 1999.

[10] L. D. Burns, R. W. Hall, D. E. Blumenfeld, and C. F. Daganzo,
“Distribution strategies that minimize transportation and
inventory costs,” Operations Research, vol. 33, no. 3, pp. 469–
490, 1985.

[11] A. Federgruen, G. Prastacos, and P. H. Zipkin, “Allocation
and distribution model for perishable products,” Operations
Research, vol. 34, no. 1, pp. 75–82, 1986.

[12] A. N. Haq, P. Vrat, and A. Kanda, “An integrated production-
inventory-distribution model for manufacture of urea: a case,”
International Journal of Production Economics, vol. 25, no. 1-3,
pp. 39–49, 1991.

[13] M. G. Speranza and W. Ukovich, “Analysis and integration of
optimization models for logistic systems,” International Journal
of Production Economics, vol. 35, no. 1-3, pp. 183–190, 1994.

[14] P. Chandra and M. L. Fisher, “Coordination of production
and distribution planning,” European Journal of Operational
Research, vol. 72, no. 3, pp. 503–517, 1994.

[15] C. Dhaenens-Flipo and G. Finke, “An integrated model for an
industrial production-distribution problem,” IIE Transactions,
vol. 33, no. 9, pp. 705–715, 2001.

[16] B. Bilgen and I. Ozkarahan, “Strategic tactical and operational
production-distribution models: A review,” International Jour-
nal of Technology Management, vol. 28, no. 2, pp. 151–171, 2004.

[17] Z. L. Chen, “Integrated production and outbound distribution
scheduling: review and extensions,” Operations Research, vol.
58, no. 1, pp. 130–148, 2010.

[18] Z.-L. Chen and G. L. Vairaktarakis, “Integrated scheduling of
production and distribution operations,” Management Science,
vol. 51, no. 4, pp. 614–628, 2005.

[19] G. Pundoor and Z.-L. Chen, “Scheduling a production-
distribution system to optimize the tradeoff between delivery
tardiness and distribution cost,”Naval Research Logistics (NRL),
vol. 52, no. 6, pp. 571–589, 2005.

[20] E. Selvarajah and G. Steiner, “Batch scheduling in a two-level
supply chain—a focus on the supplier,” European Journal of
Operational Research, vol. 173, no. 1, pp. 226–240, 2006.

[21] K. E. Stecke and X. Zhao, “Production and transportation
integration for amake-to-ordermanufacturing company with a
commit-to-delivery businessmode,”Manufacturing and Service
Operations Management, vol. 9, no. 2, pp. 206–224, 2007.

[22] J. M. Garcia, S. Lozano, and D. Canca, “Coordinated scheduling
of production and delivery from multiple plants,” Robotics and
Computer-Integrated Manufacturing, vol. 20, no. 3, pp. 191–198,
2004.

[23] H. Wang and C.-Y. Lee, “Production and transport logistics
scheduling with two transport mode choices,” Naval Research
Logistics (NRL), vol. 52, no. 8, pp. 796–809, 2005.

[24] C.-L. Li and G. Vairaktarakis, “Coordinating production and
distribution of jobs with bundling operations,” IIE Transactions,
vol. 39, no. 2, pp. 203–215, 2007.

[25] B. Chen and C.-Y. Lee, “Logistics scheduling with batching and
transportation,” European Journal of Operational Research, vol.
189, no. 3, pp. 871–876, 2008.

[26] H. N. Geismar, G. Laporte, L. Lei, and C. Sriskandarajah, “The
integrated production and transportation scheduling problem
for a product with a short lifespan,” INFORMS Journal on
Computing, vol. 20, no. 1, pp. 21–33, 2008.

[27] B. Fahimnia, R. Z. Farahani, R.Marian, and L. Luong, “A review
and critique on integrated production-distribution planning
models and techniques,” Journal of Manufacturing Systems, vol.
32, no. 1, pp. 1–19, 2013.

[28] B. Andres, R. Sanchis, J. Lamothe, L. Saari, and F. Hauser, “Inte-
grated production-distribution planning optimization models:
A review in collaborative networks context,” International
Journal of Production Management and Engineering, vol. 5, no.
1, p. 31, 2017.

[29] R. de Matta and T. Miller, “Production and inter-facility trans-
portation scheduling for a process industry,” European Journal
of Operational Research, vol. 158, no. 1, pp. 72–88, 2004.

[30] C. Viergutz and S. Knust, “Integrated production and distribu-
tion scheduling with lifespan constraints,” Annals of Operations
Research, vol. 213, pp. 293–318, 2014.



12 Complexity

[31] M. Zamarripa, P. A. Marchetti, I. E. Grossmann et al., “Rolling
horizon approach for production-distribution coordination
of industrial gases supply chains,” Industrial & Engineering
Chemistry Research, vol. 55, no. 9, pp. 2646–2660, 2016.

[32] S. M. Khalili, F. Jolai, and S. A. Torabi, “Integrated production–
distribution planning in two-echelon systems: a resilience view,”
International Journal of Production Research, vol. 55, no. 4, pp.
1040–1064, 2017.

[33] Y. Kergosien, M. Gendreau, and J.-C. Billaut, “A Benders
decomposition-based heuristic for a production and out-
bound distribution scheduling problem with strict delivery
constraints,” European Journal of Operational Research, vol. 262,
no. 1, pp. 287–298, 2017.
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When there is a social consensus that industrial assets are in fact heritage elements of cultural interest, their conservation and reuse
must be considered with approaches that offer greater guarantees and that prevent their exposure to aggressive actions. In order
for this to materialise, many aspects must be included in the decision-making process, from the characteristics of an asset and its
surroundings, to the valuable aspects that distinguish it and that must be protected. This study aims to develop tools that guide
the decision-making process regarding the most appropriate activity for each specific case study. Multicriteria Decision Support
Techniques are evaluated as adequate support to create a proposal that fulfils these objectives. Furthermore, the Analytic Hierarchy
Process is adapted to develop methodologies for assessing both the heritage value and the most compatible uses according to the
characteristics of the asset. Subsequently, they are connected and such considerations regarding the heritage value of the asset are
incorporated into the final decision. The tools developed are then applied to a case study to test their performance, assess their
usefulness, and identify possible applications and future developments.

1. Introduction

If it is accepted that industrial assets have heritage value, an
increasingly widespread social perception, their conservation
must be addressed. However, the conservation of something
valuable must be respectful of that value, making it necessary
to clearly identify its constituent parts. What is more, if
you have a broad sample of the same type of assets to be
conserved, the most important ones must be identified, as
conserving the whole sample is not viable. If the original
function of those elements has finalised and urban develop-
ment in recent decades has left them out of place in their
surroundings, such elements will require a new function
that makes their long-term conservation viable. This new
function, which the assets were not designed for and which
will require certain adaptation, presents a risky scenario
regarding the possible aggression that said adaptation may
entail for their valuable characteristics [1].

Therefore, the adequate reuse of these types of heritage
assets of cultural interest creates a scenario in which many
aspects must be jointly considered. There are many examples
of the reuse for new activities of these types of assets that

have led to the total destruction of everything that provided
an understanding of the production processes they once
accommodated. Industrial heritage illustrates our technolog-
ical, production, and social evolution through the processes,
equipment, and systems to which it bears witness. The aim of
this study is to develop tools that guide the decision-making
process of the most appropriate activity for each specific case,
avoiding the threat that many reuse actions entail for these
assets.

In this context, Multicriteria Decision Support Tech-
niques can offer the necessary support for the incorporation
of structures of criteria that contemplate the different aspects
to be considered and their simultaneous integration as deci-
sion factors [2, 3]. Multicriteria Decision Support Techniques
have been extensively studied and applied over recent years
in very different approaches with equally varied objectives.
These techniques have been widely applied in the industrial
field in recent decades. Project management [4], definition of
policies and strategies [5–7], engineering of manufacturing
processes [8], and material selection [9] are some of the
scenarios in which these techniques have been present.
However, their flexibility allows them to be applied in many
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other and very different contexts, such as the world of sport
[10]. In today’s complex world, where decisions in any field
are influenced by many interrelated aspects and conditions,
the interest and usefulness of these techniques are clear.

In the context of this study, the new use decision
must consider the characteristics of the asset, ensuring its
capacity to accommodate the needs’ programme of the
new activity. Furthermore, the characteristics of the setting,
assessing the possible demand for the uses considered as
alternatives and their suitability for the location, and the
potential cultural value of the asset to protect its constituent
parts—restricting their modification during the adaptation
to the new use—must be taken into account. Incorporating
the heritage value into the decision-making process is the
ultimate objective of this study.The nature of the aspects to be
considered is therefore rather varied. Morphological aspects
of the asset and technological-scientific aspects of cultural
value, both tangible and intangible, are included.

After analysing and evaluating different Multicriteria
Decision Support Techniques, theAnalyticHierarchy Process
(AHP), developed by Professor Thomas Saaty in the late
1970s, was selected for this study [11, 12]. Over the years,
this technique has been applied to studying different contexts
where a range of aspects have to be jointly considered in
the decision-making process. Extensive scientific work has
resulted from this in recent decades.

The application of the AHP as a tool for the analysis and
management of industrial heritage assets is new. It is possible,
however, to identify previous application initiatives in fields
with certain synergies that may serve as a reference. This
is the case of building renovations, from both sustainability
and energy efficiency perspectives [13, 14], and of historical
and cultural heritage asset protection [14–16].The assessment
of property and industrial land has also been approached
through the application of this technique [17]. In previous
studies, the authors made the first attempts to apply the AHP
in selecting new uses for these types of assets [18]. This study
rectifies the deficiencies of the previous proposals and puts
forward an effective methodology, which was validated with
real case study application.

The software selected and used in this workwasMicrosoft
Excel, due to the need for flexibility in the various stages of
the work. Thus, the multicriteria structures designed and the
matrices associated to themwere developed by using this tool.
The interface of the datasheets of results and all the graphs
included in them were also designed using this software.
And thanks to this common support, these graphs are
automatically generated when users introduce information
about a particular study case into the multicriteria structures
of the proposedmethodology.Thus, using a single tool, all the
needs of the proposed methodologies are covered.

2. Proposed Methodology

During the selection of themost appropriate decision support
technique, the suitability of the Analytic Network Process
(ANP) was considered as an alternative for carrying out this
study [19, 20]. However, the possible presence, or not, of
cultural and heritage value characteristics in the industrial

assets analysed does not affect its new use suitability for
housing another activity. The morphological characteristics
of the asset determine its capacity to accommodate a specific
use. The independence of both criteria, heritage and mor-
phological characteristics, and the interest of being able to
analyse both aspects separately and jointly led to the AHP
being selected for this study.

The application of the AHP to achieve the objectives
established in the study requires an adaptation. The hierar-
chical structure of criteria of this method means that the
impact of the heritage value cannot be directly incorporated
into the final decision. A methodology based on three partial
developments with different objectives, which can work both
independently and jointly, is proposed.Theultimate objective
is the incorporation of the heritage value in the selection of
new uses, choosing the least aggressive or most respectful
ones as regards said value. But this final objective creates
preliminary objectives. To protect the value of an asset,
identifying the parts containing those singular characteristics
and the intensity of such value is required. The singularity of
an asset is implicitly associated with its singularity within the
sample of elements of the same type. It is therefore necessary
to have a sufficiently representative sample of assets that have
been properly analysed. Figure 1 shows the structure of the
global methodology proposed and the partial methodologies
comprising it.

The first of the partial methodologies develops an exten-
sive field of study to identify a large sample of industrial
assets in the territory focused on: Spain. As such, a catalogue
has been prepared that includes 49 classification criteria
applied to all of the assets identified.This makes it possible to
contextualise each particular asset in a sample and to perform
varied analyses according to common characteristics such
as type, production sector, and new use. The analysis of the
sample at territory level, not just nationally but also in smaller
territories, is another of outcome of interest offered by this
part of the methodology [1, 21], enabling the characterisation
of this type of heritage in different territories. The number
of assets currently included in the catalogue produced by the
authors exceeds 1500 elements.

Once knowledge of the sample of assets is guaranteed,
work will start on studying specific assets: firstly relating to
their heritage assessment, based on their cultural value, and
then to the selection of the use, the adaptation of which being
more respectful of or less aggressive on the value identified.
As indicated in Figure 1, this is where the adaptation of the
AHP as a Multicriteria Decision Support Tool comes into
play. Thus, independent structures of criteria are defined for
each partial methodology. These are subsequently connected
to each other, based on the relationships between some of
the criteria of both structures. Both structures of criteria and
their connection are described below.

2.1. Structure of Criteria for the Heritage Assessment of the
Assets Analysed. The first step in the assessment of the
heritage or cultural value of an industrial asset is to identify
the characteristics that can contain said value. This entails
identifying the asset aspects that have the greatest capacity
to contain knowledge and to transmit it through observation
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Figure 1: Integration of the partial methodologies in the global methodology proposed.

of the places they are in. These types of assets are valuable
and representative from different perspectives, which is why
the characteristics to consider are of a very varied nature.
The role of these assets in technological and production
development is evident. However, they also play a key role
in social development today, from economic, demographic,
social, territorial, and urban points of view. Similarly, as
real property, their technical and formal quality must be
taken into account, as well as their conception in relation to
requirements and processes accommodated.

The AHP enables simultaneous consideration of the
different types of value characteristics, understanding them
as the criteria considered for the analysis to be performed.
The characteristics to be considered allow gradual phasing.
In other words, aspects of a certain nature that must be
considered can be identified and, within them, other more
specific aspects for each case too.The structure of criteria will
therefore have different levels, corresponding to the classical
structure of the AHP [11, 12], in which the criteria and subcri-
teria considered will be distributed. Table 1 shows the criteria
and subcriteria considered initially for the assessment of the
heritage value of the industrial assets. A brief description of
the criterion considered is included in each case.

Two initial criteria levels are therefore established and
identified as CR1 and CR2. All these aspects are included in
the heritage value assessment of the assets analysed. However,
not all of them will have the same importance. As previously

stated, situations were identified in which actions to reuse
industrial assets would mean the disappearance of aspects
that best connect them to the original production activity.
Moreover, those actions would destroy the parts that best
illustrate the production process that justifies the existence
of the assets and their capacity to transmit the corresponding
knowledge. The aim of this study is to avoid these situations.
Therefore, without discounting any type of characteristic,
the aspects that best connect to the industrial activity are
prioritised. Such an approach is also logical if we are talking
about an industrial type of heritage.

Therefore, pairwise comparisons aremade using the Saaty
fundamental scale [11, 12] shown in Table 2.These judgements
estimate the importance or contribution of criteria in relation
to the objectives, which, in this case, relate to the singularity
of the asset analysed. This scale considers values from 1
to 9, which range from the same level of importance or
preference, to very strong dominance by one criterion over
another. Intermediate values can be used when necessary, as
well as inverse values when the dominance is in the opposite
direction.

Considering the Saaty scale values, pairwise comparisons
are made between the criteria of each level, making judge-
ments on the importance that one criterion has compared to
another in relation to the higher level of the structure. For
CR1 criteria, this means the extent to which singularity is
contributed to the asset. For CR2 criteria, the comparison
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Table 1: Heritage assessment criteria.

CR1-1. Technological singularity
The asset has production technologies of special
interest, especially focused on machinery

CR2-1. Technological exclusivity
Its installations and equipment represent unique or representative examples
CR2-2. Technological innovation
Its installations and equipment represented pioneering applications of a
technology

CR1-2. Functional singularity
The design of the asset has an interpretable and
interesting relationship with the production process

CR2-3. Layout
The floor layout is meaningful and helps to understand the original production
process
CR2-4. Sizing of spaces
The design of the spaces in terms of area and height is representative and helps to
understand the production process
CR2-5. Fitting out of the spaces
The design of the light and sanitation conditions of the spaces is representative
and helps in understanding the original production process

CR1-3. Construction singularity
The asset is created with noteworthy construction and
structural techniques

CR2-6. Structure
The structural design is of special interest and helps in creating appropriate
spaces for the production activities that it houses
CR2-7. Construction technique
The construction techniques are of special interest
CR2-8. Architectural or artistic style
The asset and/or its parts have noteworthy architectural or artistic styles

CR1-4. Historical singularity
The asset helps in significantly illustrating a particular
historical or social aspect

CR2-9. Socioeconomic impact on the setting
It has significantly impacted the demographic, social, or economic development
of its setting, where it may be possible to identify other elements related to it
CR2-10. Production tradition
It is included in a production activity rooted in the territory and in its cultural
memory
CR2-11. Antiquity
Belongs to a historical period that gives it added value due to the scarcity of
examples today

CR1-5. Production singularity
The asset represents an unusual production activity in
its setting

Table 2: Saaty fundamental scale [11, 12].

Numerical scale Verbal scale Explanation
(1) Equal importance or preference Both criteria contribute in equal measure to the objectives
(2) Slight importance or preference
(3) Moderate importance or preference One criterion is prioritised moderately over another
(4) Moderate plus
(5) Strong importance or preference One criterion is prioritised strongly over another
(6) Strong plus
(7) Very strong importance or preference One criterion is prioritised very strongly over another
(8) Very, very strong
(9) Extremely strong importance or preference Prioritisation reaches the highest value possible

is made in reference to the contribution of value from the
singularity of CR1 criteria with which the compared CR2
criteria are associated.

These pairwise comparisons are used to create the judge-
ment matrices, which establish the preferences between
criteria defined by the decision-makers. Figure 2(a) shows

the matrix that contains the judgements made when making
comparisons between CR1 criteria regarding the first level
of the structure of criteria. The selected way to derive the
priority vector from this matrix is the eigenvalue formulation
[12]. The solution is obtained by raising the matrix to a
sufficiently large power. In this case the process returns
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(a) (b)
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 = 5,0556 CI = 0,0139

Figure 2: Matrices of priorities for CR1 criteria.

equivalent results for the components of the priority vector in
the third and fourth iteration. The process then finishes and
the priority vector indicated in Figure 2(b) is obtained.

During the formulating process of these matrices, the
consistency of the judgements of the decision-makers is
verified. Saaty establishes two parameters to assess each
aspect [12]. The first one is the consistency index of the
comparison matrix, which is given by CI = (𝜆max − 𝑛)/(𝑛 −
1), where 𝜆max is the eigenvalue of the matrix and 𝑛 is the
matrix range. Then the consistency ratio (CR) is obtained by
comparing the CI with the corresponding value of the ones
indicated inTable 3.Theobtained valuemust be less than 0.10;
otherwise the judgements must be reviewed.

The process is repeated in a similar manner for the
judgement matrices for the second-level CR2 criteria. This
leads to the distribution of weights for the CR1 and CR2
criteria shown in the upper part of Figure 3.

As shown, the structure of criteria of Figure 3 includes
a new CR3 criteria level. The weights of the characteristics
identified in the higher levels are constant for any asset
analysed applying the proposedmethodology.This will guide
the assessment in making preferences regarding the aspects
considered to be of greatest value, which in this case are
those that best illustrate the original production process.
However, although the importance of these characteristics,
in terms of the approach, will be constant for any asset
analysed, their presence will vary in each particular case
study.Thus, the preferencing of criteria related to the value of
the machinery has a greater starting weight than the artistic
value, but the case may be that in one study all the machinery
is kept, while, in another, it has disappeared. Therefore,
all the characteristics represented by CR2 criteria must be
scored for each specific case study analysed, with such need
subsequently giving rise to the new CR3 criteria level.

The question is how to undertake the assessment or
scoring of each characteristic contained in CR2 criteria. For
this, there are three aspects or criteria to be considered. The
first refers to the intensity of the importance or value that that
characteristic has in that specific asset. The second refers to
the current state of the asset in relation to said characteristic,
which dramatically influences the current capacity of the
element to transmit the associated knowledge. The third
regards the geographical singularity of the asset in relation
to that characteristic. If there are similar examples in its
territory, this singularity will be less than in cases in which

it represents a unique or infrequent example. Of the three
aspects incorporated in this new criteria level, the last two
may vary over time and the scores will therefore change:
the current state due to the degradation of the asset or
its renovation, and geographical singularity when similar
examples in the area disappear.

Furthermore, the impact of these aspects, such as the
current state, does not affect all the characteristics considered
in the CR2 criteria in the same way. For example, the loss
of parts of the machinery can significantly affect its capacity
to illustrate how it functioned. However, the degradation of
roofs, enclosures, and other elements of the building have
much less of an effect on the capacity to interpret the size
of the spaces or floor layout, as can be seen when visiting
abandoned factories in a state of ruin.Therefore, the compar-
ison matrices for CR3 criteria, in relation to each of the CR2
criteria, are compiled in a similar way to the previous levels.

This is where the static part of this first partial methodol-
ogy ends, with the weights of the CR1, CR2, and CR3 criteria
established for any industrial asset analysed. As such, each
CR3 referring to a CR2will be scored, based on an assessment
by a qualified technician during the physical visit to the asset.
To consider the proposed methodologies as work tools was
one of the objectives of this study, facilitating their use and
maximising their potential impact.

As shown in Figure 3, in this first adaptation of the
classical structure, the AHP alternatives are not included.
The hierarchical criteria structure is established to provide
a hierarchy of the different characteristics, which can give
the asset singularity and result in it being deemed of cultural
interest within this typology. From that common structure
for any element analysed, and the scores given for a specific
case study, a reading is obtained of the heritage value of the
asset and the weighted distribution of that value between the
different characteristics in the different levels of the structure.
Figure 3 illustrates this distribution of weights within the
hierarchical structure based on scores introduced by way
of example. This allows for different analyses which will be
explained in subsequent sections.

2.2. Structure of Criteria for Selection of New Uses. To select
a new use, we propose the compatibility criterion that the
authors used in previous studies, where they started to
explore the possibilities of the multicriteria methods for
analysis and management of these assets [18]. Adaptation
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Figure 3: Structure of criteria for the heritage assessment of the assets.

Table 3: Average random consistency index (RI) [11, 12].

𝑁 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Random consistency index (RI) 0 0 0.52 0.89 1.11 1.25 1.35 1.40 1.45 1.49

to the new activity will have an impact on the asset. Based
on that idea, the objective is to minimise the impact on
characteristics that have heritage value. In practice, this is
channelled in two ways: on the one hand, activities that
require less adaptation of the asset will be of more interest;
and, on the other, adaptations that affect parts of the element
without any associated value will be acceptable, although
those that affect parts with valuewill be restricted.Thismeans
that it is possible to talk about the analysis of two types
of compatibility. On the one hand, direct compatibility is
associated with the capacity of the asset analysed to accom-
modate the activities considered as alternative activities based
on their morphological characteristics. And, on the other,
modification is accepted in indirect compatibility, but not of
the parts that have heritage value.

2.2.1. Direct Compatibility without Consideration of the Her-
itage Value. The criteria structure to consider must first be
defined. Two types of criteria are considered in this study.
The first regards the morphological characteristics of the
asset, which help in characterising its spaces and its capacity
to accommodate new use activities. The second regards the

institutional density of uses considered as alternatives in
the setting of the asset analysed, in order to identify the
level of current demand and possible synergies. The uses
are considered as alternatives, derived from the asset reuse
actions identified in the first of the partial methodologies
undertaken by the authors in prior studies [1, 21]. Table 4
shows both the criteria and uses considered as alternatives.

The comparison matrices are compiled for the criteria of
each level of the structure in the same way as in the partial
methodology for the heritage assessment of assets. In the
first level, whose criteria are identified as CR4 criteria, a
strong priority of the characteristics of the asset is indicated
as opposed to those of the setting, as these are the ones that
indicate compatibility. A higher degree of preference to help
ensure that the activity is better attuned to its setting and that
the selection is successful has not been opted for.

As regards the next level’s criteria, identified as CR5 crite-
ria, equal weights or importance are established, regarding all
the criteria in the corresponding group, for both the criteria
associatedwith the asset and those associatedwith the setting.
None have preference over others and, as such, the matrices
are symmetrical, with all the values equal to the unit. The
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Table 4: Criteria and uses considered in the hierarchical structure
to select new uses.

CR4-1.
Characteristics
of the asset

CR5-1. Large area occupied by machinery
CR5-2. Machinery in good aesthetic condition
CR5-3. Machinery in good working order
CR5-4. Made up of separate elements
CR5-5. Large open spaces (without pillars)
CR5-6. High ceiling open spaces (without pillars)
CR5-7. Large continuous spaces
CR5-8. High ceiling continuous spaces
CR5-9. High level of natural light
CR5-10. Linked to other elements of the setting
CR5-11. Has outdoor spaces

CR4-2.
Characteristics
of the setting

CR5-12. High presence of USE 1
CR5-13. High presence of USE 2
CR5-14. High presence of USE 3
CR5-15. High presence of USE 4
CR5-16. High presence of USE 5.1
CR5-17. High presence of USE 5.2
CR5-18. High presence of USE 6
CR5-19. High presence of USE 7
CR5-20. High presence of USE 8
CR5-21. High presence of USE 9
CR5-22. High presence of USE 10
CR5-23. High presence of USE 11
CR5-24. High presence of USE 12.1
CR5-25. High presence of USE 12.2

Uses

Use 1. Administrative and offices
Use 2. Hotel and restaurant sector
Use 3. Sport
Use 4. Industrial heritage informative
Use 5.1. Educational
Use 5.2. Research
Use 6. Commercial
Use 7. Public space and green areas
Use 8. Industrial
Use 9. Religious
Use 10. Residential
Use 11. Health
Use 12.1. Social
Use 12.2. Cultural

aim of the structure considered is to analyse the compatibility
of the morphological characteristics of an asset with those
required by a series of uses for correctly accommodating the
activities. The preference, therefore, for one characteristic or
another is established based on the uses according to the
criteria, that is, from the alternatives, which prioritise some
characteristics over others. However, preferencing cannot
be established beforehand for those characteristics. Having
open spaces does not take preference over having a lot of

machinery. It will depend on the future use. It is the new uses
that establish that preference for one characteristic or another.

The presence of those characteristics in the asset and its
setting will also be specific features of each particular case
study. Each asset will stand out for having certain character-
istics and for not having others. Thus, just as outlined in the
previous section for the heritage assessment methodology,
these characteristics must be scored for the asset analysed. It
will therefore be the CR5 criteria scores, for both the criteria
associatedwith the asset and those associatedwith the setting,
which determine the weight that these criteria have within
the structure for each particular asset. Weights which will
be affected by the prioritisation carried out at the higher
level, that is, the CR4 weight, are the ones in which greater
importance was given to the group of criteria corresponding
to the asset.

Finally, the demand made by the alternatives—that is,
possible new uses—of each of the characteristics included
in the CR5 criteria must be analysed. Therefore, the corre-
sponding matrices of pairwise comparisons are compiled.
This process is long and has guidelines and datasheets to
assist decision-makers in the judgement-making process.
A datasheet is prepared for each CR5, which analyses the
demand regarding the characteristic corresponding to each
use. For each alternative or use, three fields on the typologies,
archetypes, and the programmes of usual needs in the
buildings intended for that activity are included. Decision-
makers, therefore, are encouraged to reflect on these three
aspects before making their assessment on the intensity of
the demand that that use makes of the CR5 characteristic
analysed. The intention is to differentiate between situations
in which the characteristic is positive for the use and others
in which it is vital. For example, open spaces free of obstacles
may be appropriate for many activities due to the flexibility
they provide. However, theymay be vital for sports, especially
as some disciplines require open spaces for specific activi-
ties. A clear differentiation must therefore be made in the
demand for that characteristic in terms of both situations.
These datasheets also aid the review of judgements made by
decision-makers.

In addition, the construction of the 25 matrices that
compare the demands of the 14 uses for each CR5 criterion
involves making 91 comparisons per matrix, which means
a total of 2,275 comparisons solely in this part of the study.
This is an excessive task which diminishes the applicability of
the proposed methodology and its intended field tool nature.
Therefore, based on the 14 scores included in each datasheet
on the demand that the uses make of each CR5 characteris-
tic, the matrices are programmed for autocompletion. This
reduces the 91 judgements per matrix to 14.

The criterion shown in Table 5 is used to undertake it.
Taking as a reference the main scores of the Saaty scale,
that is, the odd ones, the scale could be considered to have
four intervals. Thus, two preference or demand scores of the
characteristic, which will be separated by two units, would
be separated by a magnitude equivalent to one interval.
The differences, therefore, associated with complete intervals
are linked to the Saaty scale. Differences in the assessment
equivalent to one interval, or to two units on the numerical
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CR5.2 Use 1. Use 2. Use 3. Use 4. Use 5.1 Use 5.2 Use 6. Use 7. Use 8. Use 9. Use 10. Use 11. Use 12.1 Use 12.2 Priority vector

Use 1 4,8143E + 35 2,9207E + 35 8,6422E + 35 7,4319E + 34 4,8143E + 35 4,8143E + 35 8,6422E + 35 8,6422E + 35 2,9207E + 35 8,6422E + 35 8,6422E + 35 8,6422E + 35 8,6422E + 35 2,9207E + 35 8,4444E + 36

Use 2 8,0494E + 35 4,8834E + 35 1,445E + 36 1,2426E + 35 8,0494E + 35 8,0494E + 35 1,445E + 36 1,445E + 36 4,8834E + 35 1,445E + 36 1,445E + 36 1,445E + 36 1,445E + 36 4,8834E + 35 1,4119E + 37

Use 3 2,6674E + 35 1,6182E + 35 4,7883E + 35 4,1177E + 34 2,6674E + 35 2,6674E + 35 4,7883E + 35 4,7883E + 35 1,6182E + 35 4,7883E + 35 4,7883E + 35 4,7883E + 35 4,7883E + 35 1,6182E + 35 4,6787E + 36

Use 4 3,4399E + 36 2,0869E + 36 6,1751E + 36 5,3103E + 35 3,4399E + 36 3,4399E + 36 6,1751E + 36 6,1751E + 36 2,0869E + 36 6,1751E + 36 6,1751E + 36 6,1751E + 36 6,1751E + 36 2,0869E + 36 6,0338E + 37

Use 5.1 4,8143E + 35 2,9207E + 35 8,6422E + 35 7,4319E + 34 4,8143E + 35 4,8143E + 35 8,6422E + 35 8,6422E + 35 2,9207E + 35 8,6422E + 35 8,6422E + 35 8,6422E + 35 8,6422E + 35 2,9207E + 35 8,4444E + 36

Use 5.2 4,8143E + 35 2,9207E + 35 8,6422E + 35 7,4319E + 34 4,8143E + 35 4,8143E + 35 8,6422E + 35 8,6422E + 35 2,9207E + 35 8,6422E + 35 8,6422E + 35 8,6422E + 35 8,6422E + 35 2,9207E + 35 8,4444E + 36

Use 6 2,6674E + 35 1,6182E + 35 4,7883E + 35 4,1177E + 34 2,6674E + 35 2,6674E + 35 4,7883E + 35 4,7883E + 35 1,6182E + 35 4,7883E + 35 4,7883E + 35 4,7883E + 35 4,7883E + 35 1,6182E + 35 4,6787E + 36

Use 7 2,6674E + 35 1,6182E + 35 4,7883E + 35 4,1177E + 34 2,6674E + 35 2,6674E + 35 4,7883E + 35 4,7883E + 35 1,6182E + 35 4,7883E + 35 4,7883E + 35 4,7883E + 35 4,7883E + 35 1,6182E + 35 4,6787E + 36

Use 8 8,0494E + 35 4,8834E + 35 1,445E + 36 1,2426E + 35 8,0494E + 35 8,0494E + 35 1,445E + 36 1,445E + 36 4,8834E + 35 1,445E + 36 1,445E + 36 1,445E + 36 1,445E + 36 4,8834E + 35 1,4119E + 37

Use 9 2,6674E + 35 1,6182E + 35 4,7883E + 35 4,1177E + 34 2,6674E + 35 2,6674E + 35 4,7883E + 35 4,7883E + 35 1,6182E + 35 4,7883E + 35 4,7883E + 35 4,7883E + 35 4,7883E + 35 1,6182E + 35 4,6787E + 36

Use 10 2,6674E + 35 1,6182E + 35 4,7883E + 35 4,1177E + 34 2,6674E + 35 2,6674E + 35 4,7883E + 35 4,7883E + 35 1,6182E + 35 4,7883E + 35 4,7883E + 35 4,7883E + 35 4,7883E + 35 1,6182E + 35 4,6787E + 36

Use 11 2,6674E + 35 1,6182E + 35 4,7883E + 35 4,1177E + 34 2,6674E + 35 2,6674E + 35 4,7883E + 35 4,7883E + 35 1,6182E + 35 4,7883E + 35 4,7883E + 35 4,7883E + 35 4,7883E + 35 1,6182E + 35 4,6787E + 36

Use 12.1 2,6674E + 35 1,6182E + 35 4,7883E + 35 4,1177E + 34 2,6674E + 35 2,6674E + 35 4,7883E + 35 4,7883E + 35 1,6182E + 35 4,7883E + 35 4,7883E + 35 4,7883E + 35 4,7883E + 35 1,6182E + 35 4,6787E + 36

Use 12.2 8,0494E + 35 4,8834E + 35 1,445E + 36 1,2426E + 35 8,0494E + 35 8,0494E + 35 1,445E + 36 1,445E + 36 4,8834E + 35 1,445E + 36 1,445E + 36 1,445E + 36 1,445E + 36 4,8834E + 35 1,4119E + 37

9,1662E + 36 5,5609E + 36 1,6455E + 37 1,415E + 36 9,1662E + 36 9,1662E + 36 1,6455E + 37 1,6455E + 37 5,5609E + 36 1,6455E + 37 1,6455E + 37 1,6455E + 37 1,6455E + 37 5,5609E + 36 1,6078E + 38

0,05252195

0,0878161

0,02910016

0,3752847

0,05252195

0,05252195

0,02910016

0,02910016

0,0878161

0,02910016

0,02910016

0,02910016

0,02910016

0,0878161

1

(b)

Figure 4: Formulation of the cells of the matrices in Excel.

Table 5: Criteria for comparing assessments of the demand for CR5
criteria from the uses for automation of judgements.

9 8 7 6 5 4 3 2 1
9 1 2 3 4 5 6 7 8 9
8 1/2 1 2 3 4 5 6 7 8
7 1/3 1/2 1 2 3 4 5 6 7
6 1/4 1/3 1/2 1 2 3 4 5 6
5 1/5 1/4 1/3 1/2 1 2 3 4 5
4 1/6 1/5 1/4 1/3 1/2 1 2 3 4
3 1/7 1/6 1/5 1/4 1/3 1/2 1 2 3
2 1/8 1/7 1/6 1/5 1/4 1/3 1/2 1 2
1 1/9 1/8 1/7 1/6 1/5 1/4 1/3 1/2 1

scale, mean a preference or dominance of one use over
another for value 3, that is, moderate. With differences
equivalent to two intervals, the dominance would be value
5, for three intervals 7, and for four 9. Intermediate situations
will correspond with dominance associated with even values
on the Saaty scale.

Based on this approach, the matrices are programmed in
Excel using the IF function. Figure 4(a) shows, as an example,
one of the 25 matrices constructed for the CR5 criteria.

The assessments made are introduced from the datasheets in
the left-hand column and the upper column. Based on this
information, and thanks to its programming, thematrices are
autocompleted. They then multiply by themselves until the
value of the priority vector is stabilised, following the same
procedure described for the above comparison matrices.
Figure 4(b) shows the result obtained in the fifth iteration of
the process for the CR5-2 matrix.

This procedure is followed to construct thematrices of the
11 CR5 criteria associated with the asset analysed and the 14
matrices of the CR5 criteria associated with its setting. Once
the priority vectors of each of them have been obtained, the
fundamental matrix of preferences is obtained, formed from
the preference vectors obtained for each one of the 25 CR5
criteria in relation to the uses considered as alternatives. The
fundamental matrix is shown in Table 6.

Finally, based on the scores given for the CR5 criteria,
the distribution of preferences for the uses considered is
obtained. Figure 5 shows the final preference vector as a
spider chart. Thus, for the scores of that fictitious example,
the methodology would identify Use 3, sport, as the most
compatible with the characteristics of the asset analysed.This
distribution of the preferences obtained for the uses consid-
ered comes from working the fundamental matrix, which
shows the demand relating to each use of the characteristics
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Figure 5: Priority vector for the uses considered and their distribution shown in a spider chart.

represented by the 25 CR5 criteria, by the distribution of
weights of these criteria.

2.2.2. Indirect Compatibility Considering the Impact of theHer-
itage Value. After setting out the structure of criteria respon-
sible for analysing the direct compatibility of the assets being
studied with the uses considered, the mechanism proposed
for incorporating the impact of the heritage value in the final
decision is then set out. As such, the first step is to identify the
possible link between themorphological characteristics of the
asset, represented by the CR5 criteria, and the characteristics
containing the heritage value, represented by theCR2 criteria,
scored using the CR3 in the structure of criteria responsible
for the asset heritage assessment. These aspects of interest
will be contained in physical parts of the industrial assets
analysed. A relationship can therefore be established between
the morphological characteristics of CR5 criteria, which
materialise in certain physical parts of the asset, and the
heritage characteristics of CR2, which may be contained in
those parts. Naturally, CR5 criteria related to the institutional
study of the setting are not considered, because the heritage
characteristics of the assets are not related to the density of
uses in its setting, which cannot contain asset heritage value.
Table 7 shows the relationships considered in each case.

Having identified the relationships between both groups
of criteria, the way in which the value identified in CR2
will affect the weights of CR5 must be defined. If value
characteristics exist, the aim is to increase the weight of CR5
associated with the structure of criteria for the selection of
new uses. If the weight of a CR5 that is highly demanded for
a use versus others increases, that demand will be multiplied,
so the preferencing of the characteristic in terms of that use
with respect to others will also increase. This also increases

its global preference as an alternative, as it demands high
weighted characteristics in the structure of criteria. In this
way, compatible uses with the characteristic that contain
value and that does not demand its adaptation are preferred,
avoiding the associated risk.

It is firstly necessary to define how to determine whether
or not the value associated with each CR5 criterion on the
morphological characteristics of the asset analysed is high;
and secondly, how to channel the impact of that value on
the updating of the weights of those CR5 criteria. As shown
in Table 7, each CR5 criterion is associated with a different
number of CR2 criteria. In each case the corresponding CR2
criteria will therefore be analysed from two perspectives.
On the one hand, the scores obtained by each of them in
the heritage assessment methodology are analysed. And on
the other hand, their weight is assessed within the heritage
assessment structure of criteria, or, rather, their capacity to
contribute value to the particular asset being analysed.

The first approach compares the scores obtained for the
CR2 associated with a certain CR5 with those of all the
CR2. This provides an illustration in each case of how those
scores are within the total group of characteristics assessed
for heritage purposes. Based on the scores given to all the
CR2 criteria, the methodology defines three intervals: high,
medium, and low scores. So, for each CR5 the associated CR2
scores are considered, theirmean is obtained, and the interval
in which it is located is identified. This analysis is therefore
independent of the criteria for the industrial approach of the
methodology, trying to identify relevant aspects of the asset
without taking its nature into account.

Similarly, for each CR5 criterion, the contribution of
heritage value that takes place through the associated CR2 is
analysed. Once again, the contribution of all CR2 criteria is
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Figure 6: Coefficient matrix affecting the heritage value in CR5 criteria.

considered. This contribution is reflected in the weight that
they have in the structure of criteria after the characteristics
they represent have been scored for the asset analysed. Thus,
considering the weighted weight of all the CR2, three inter-
vals are again established, from the lowest weight identified
to the highest weight. For each CR5, the mean weight of the
CR2 associated with it is obtained and its belonging to one of
the three value intervals is identified.

This twofold analysis makes it possible to identify the
relevance of the CR2 heritage characteristics, which in each
case are linked to a CR5 regarding the set of heritage
characteristics studied. Combining both approaches, it is
possible to locate the heritage characteristics of the CR2
linked to a certain CR5 within a three-by-three classification
matrix of 9 possible scenarios. If, for both approaches,
the characteristics are in the interval of high values, the
heritage characteristics associated with that CR5, regarding
the rest of the asset heritage characteristics, are noteworthy.
The opposite situation would be that in both approaches
the characteristics were in the intervals of lesser relevance.
Likewise, intermediate situations can be defined between
both extremes. Figure 6(a) shows the classification matrix.

This analysis makes it possible to associate belonging
to a group within the classification matrix with a level
of relevance. In turn, that relevance is associated with a
coefficient that will act on the associated CR5 criteria to
correct its weight in the structure of criteria, thus introducing
the impact of the heritage value. Figure 6(b) shows the
coefficients selected in this study. The use of the highest or
lowest coefficients would mean increasing or decreasing the
impact of the heritage value in the final decision. Figure 7
shows the structure of criteria to select the new use.

As shown in Figure 7, based on the scores given to CR5
criteria associatedwith both the asset analysed and its setting,
a first distribution of the preferences for uses considered

as alternatives is made. This first preferencing of uses cor-
responds to the direct compatibility already described. The
impact of the heritage value is subsequently incorporated in
the final decision. Figure 7 shows how this process only affects
CR5 criteria associated with the asset, not those of the setting,
as already previously justified. Figure 8 shows a partial and
enlarged view of the structure of criteria. As regards each
CR5, how the corresponding CR2 are analysed under the
two approaches described and the appropriate correction
coefficient selected, based on the classification matrix, can be
seen. Once the impact of the heritage value associated with
each CR5 criterion is incorporated and their weights in the
criteria structure are corrected, the values are normalised.

Thus, when the fundamental matrix illustrated in Table 7
operates on the distribution of weights of the 25 CR5 criteria,
the value of these weights includes the impact of the heritage
value identified in the proposed heritage assessmentmethod-
ology. The preference vector ultimately obtained, therefore,
differs from that which the criteria structure returned before
incorporating the heritage value in the decision, which was
shown in Figure 5. CR5 criteria associated with CR2 criteria
with heritage value increase their weight in the structure
and, therefore, the preference for compatible uses with those
characteristics, which are those that best protect them as
modifications, is not required. In turn, loss of weight in
the structure of CR5 criteria not associated with value
characteristics will enable uses not compatible with those
CR5 to gain weight as alternatives. This corresponds to the
possibility of modifying the morphological characteristics of
those CR5 criteria without heritage value.

As shown in Figure 9, the distributions of preferences
for new uses that will be obtained, considering and not
considering the impact of the heritage value, will not be
conflicting. The effect of the heritage value will influence the
decision, increasing some preferences and decreasing others.
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Figure 9: Preferences for new uses with and without impact of the heritage value.
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However, the asset analysed is the same in both cases, so
evidently it is not possible to talk about radical trend changes.

3. Case Study Results

For their validation, the proposed methodologies have been
applied to different real case studies. Set out below is an
example of the application of one of the warehouses of the
Richard Gans Printing Works in Madrid. The score required
by the methodology of the CR2 and CR5 criteria to offer
results requires a physical visit to the asset analysed and
its thorough preliminary study. As is logical, outlining this
previous phase would excessively extend the explanation
of this study. However, as indicated above, the aim is to
consider the proposed methodologies as tools, promoting
their use in the study and management of these types of
assets. That is why a description is provided in this section
of the datasheets of results that the methodology generates
automatically when entering the scores for CR2 criteria and
CR3 criteria during the analysis of a real case study. Figure 10
shows the three datasheets of results generated automatically
by the methodology for the asset selected.

The proposed methodologies are capable of generating
results through the structures of criteria described in the
previous sections. The criteria they incorporate and the hier-
archies established between them have an effect on the scores
that the user is asked to enter for a number of characteristics.
But the interface which the user uses does not correspond
to those structures, but rather to the datasheets shown in
Figure 10. Figure 10(a) shows the datasheet of results for the
heritage assessment methodology, while Figures 10(b) and
10(c) show the datasheets resulting from themethodology for
the selection of new uses. The areas of the datasheets where
the user must enter the scores requested are highlighted in
red and marked with an asterisk. They are used to generate
real-time result graphs. Generally, spider and bar charts that
are considered complementary for their interpretation by
different users are combined. These charts are intended to
aid interpretation of the results and are briefly described in
Figure 10.

At the top of the first datasheet, shown in Figure 10(a),
information is included on the catalogue of assets produced
in the first of the three partial methodologies developed [1]
and which is not covered by this study. This information
helps in contextualising the asset analysed in the catalogue
produced and therefore in the sample of assets of this type
identified in Spain.

In the same datasheet, to the right of the scores requested
for the CR2 criteria, the distribution of weights for the
element analysed is shown in both a spider and a bar
chart. This distribution is compared to that obtained for a
situation of maximum scores for all the criteria scored and
with the preferencing of criteria established under the study
approach, which prioritises aspects of a greater industrial
nature. The bottom part shows firstly the 3 scores given to
each CR2 criterion relative to their interest, current state, and
geographical singularity.The trend of the scores relative to the
interest given to each CR2 is then compared with the weight
of the criteria once weighted.

In Figure 10(b), under the scores for the CR5 criteria, the
distribution of weights of these criteria, after entering their
scores, is shown as a spider chart. Both the weights of the
CR5 criteria relative to the asset analysed and its setting are
represented jointly on the left-hand side.They are shown sep-
arately on the right. At the bottom of this datasheet the same
analysis is shown as a bar chart. The distribution of weights
of CR5 criteria considering the heritage value identified and
without considering it is compared at the top of Figure 10(c).

Various spider charts on the preferencing of uses are
included under this bar chart. These charts show the main
result of the proposed methodology. They firstly show the
preferences for possible uses, both excluding the impact
of the heritage value on the decision and incorporating it.
Both representations are completedwith a representation that
overlaps both distributions and allows us to see which uses
increase their preference and which diminish it. Finally, at
the bottom of the datasheet, both analyses are repeated, but
independently representing the preferencing of uses obtained
from the CR5 criteria relative to the asset analysed and those
relative to its setting.This visualisation is useful when the dis-
tribution of preferences does not mark a single use as an out-
standing alternative. In such cases, visualising the needs of the
setting independently can help in making the final decision.

4. Discussion

The proposed methodologies, applied both independently
and jointly, help in resolving various problems that the
management of industrial assets has revealed in recent years.
The adaptation of the AHP to the study of these assets has
allowed simultaneous consideration of many aspects of a
very different nature that must be taken into account in
the decision-making process in this field. The hierarchical
structures proposedhavemade it possible to prioritise aspects
of a greater industrial nature in the analysis of this typology,
which is consistent with the origin of these assets, although
that has not always been the case when acting on them.
Incorporating the heritage value in the structure of criteria
designed to select new uses helps in identifying those that
most respect the heritage value and, therefore, that are more
compatible with its conservation. This is the achievement of
the main objective of this study.

In addition, the automatic generation of result datasheets
helps in enhancing the role of work tools that the proposed
methodologies are intended to have. Both the methodologies
and results obtained have been presented to those responsible
for the National Industrial Heritage Plan of the Spanish
Cultural Heritage Institute, which reports to the Ministry
of Education, Culture and Sport. This body has recognised
the interest of the proposals described in this study and it
has selected them under its Cycle of Conferences on Good
Industrial Heritage Practices.

The authors are currently analysing ways of developing a
computer application that channels the use of the proposed
methodologies, as well as new methodology developments.
In that sense two main work lines have been defined. On the
one hand a massive application of the exposed methodology
wants to be applied to the assets included in the extensive
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catalogue developed by the authors. The potential that then
the criteria structure has as a tool for the management of
the assets of this typology in a particular area is considered
of great interest. And, on the other hand, the authors are
working on new developments of themethodology that allow
multiobjective optimisation to be incorporated into new use
adaptation proposals.
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“Metodologı́a para el estudio del patrimonio industrial,” Apli-
cación a la Comunidad Autónoma de Andalućıa. DYNA, vol. 91,
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The problem of assigning buffers in a production line to obtain an optimum production rate is a combinatorial problem of type
NP-Hard and it is known as Buffer Allocation Problem. It is of great importance for designers of production systems due to
the costs involved in terms of space requirements. In this work, the relationship among the number of buffer slots, the number
of work stations, and the production rate is studied. Response surface methodology and artificial neural network were used to
develop predictive models to find optimal throughput values. 360 production rate values for different number of buffer slots and
workstations were used to obtain a fourth-ordermathematical model and four hidden layers’ artificial neural network. Bothmodels
have a good performance in predicting the throughput, although the artificial neural networkmodel shows a better fit (𝑅 = 1.0000)
against the response surface methodology (𝑅 = 0.9996). Moreover, the artificial neural network produces better predictions for
data not utilized in the models construction. Finally, this study can be used as a guide to forecast the maximum or near maximum
throughput of production lines taking into account the buffer size and the number of machines in the line.

1. Introduction

The Buffer Allocation Problem (BAP) can be defined in
three different ways by means of different objective functions
as presented in [1]. These objective functions are expressed
taking into account the maximum performance rate in a
production line, the minimum buffer size to obtain a fixed
throughput rate, and minimizing the average inventory of
work in process. The mathematical models of these ver-
sions of the problem are given in the following paragraphs
[2].

Problem BAP-A (The Dual Problem). In this problem we
assume that there are 𝐾 machines and 𝐾 − 1 storage areas
with 𝑁 total integer buffer slots to be allocated. Possible
solutions have the form 𝑛 = (𝑁1, 𝑁2, . . . , 𝑁𝐾−1). The
objective is to maximize the throughput of the production
line subject to a fixed quantity of buffer slots (𝑁) distributed
among the 𝐾 machines. The problem may be denoted as
follows:

max 𝑋(n) = max𝑋(𝑁1, . . . , 𝑁𝐾−1)

s.t.
𝐾−1

∑
𝑖=1

𝑁𝑖 = 𝑁 𝑁𝑖 ≥ 0, ∀𝑖 = 1, . . . , 𝐾 − 1.
(1)

Problem BAP-B (The Primal Model). This problem is focused
to minimize the total number of buffer slots to be allocated in
between every machine𝐾, given a minimum throughput𝑋0.
The problem may be stated as follows:

min 𝑁 =
𝐾−1

∑
𝑖=1

𝑁𝑖

s.t. 𝑋 (n) = 𝑋 (𝑁1, . . . , 𝑁𝐾−1) ≥ 𝑋0
𝑁𝑖 ≥ 0, ∀𝑖 = 1, . . . , 𝐾 − 1.

(2)

Problem BAP-C (Minimize the Average Work in Process).
In this case, the problem consists in minimizing the aver-
age work in process (WIP), given a predefined minimum
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throughput 𝑋0. The problem may be stated mathematically
as follows:

min 𝐿 (n) = min 𝐿 (𝑁1, . . . , 𝑁𝐾−1)

s.t. 𝑋 (n) = 𝑋 (𝑁1, . . . , 𝑁𝐾−1) ≥ 𝑋0
𝐾−1

∑
𝑗=1

𝑁𝑗 ≤ 𝑁 𝑁𝑗 ≥ 0, 𝑗 = 1, . . . , 𝐾 − 1,

(3)

where 𝐿(n) = 𝐿(𝑁1, . . . , 𝑁𝐾−1) indicates the average of the
WIP inventory, as a function of the buffer size vector, and the
desired throughput𝑋0.

Metaheuristic methods are widely employed for solving
combinatorial optimization problems, and these have been
applied successfully in many types of problems of production
lineswhere it is impossible to findoptimumsolutions by exact
methods in a short amount of time when the problem size
increases. Our objective is to study the relationship among
the production rate, buffer size, and the number of machines
in production lines. Then, we can propose the use of an RSM
or ANN that models the behavior of the algorithms used to
calculate the throughput of serial production line to obtain
similar results in a shorter time, by knowing the number of
workstations𝐾 and the total space of the buffer𝑁.

The reminder of this paper is organized as follows. In
Section 2, we present previous work related to this topic.
In Section 3, we describe the basic concepts of the RSM
and ANNs, the fitting techniques applied in this study.
In Section 4, we show the steps in the development of
both models and the numerical experiments performed. In
Section 5, we give some results and compare the performance
of the RSM and ANN obtained. Finally, Section 6 concludes
this paper.

2. Related Work

The BAP has been studied for over 50 years and numerous
articles have been published. The first study associated with
this subject was done by Koenigsberg [3], presenting an
analysis and a review of the problems associated with the
effective functioning of production systems.

The solution methods of the BAP has fallen in two
big groups: generative and evolutionary methods. The use
of these methods is combined in a closed configuration.
Generative methods are focused on the search of the optimal
size of the temporal storage for a better performance of the
system. The simpler algorithm uses a method that considers
a complete enumeration of the line. However, it is only
applicable for small systems since the total number of feasible
solutions grows exponentially. Thus, for big systems it is
impossible to look for through the space of solutions. In
the last years, many search methods and metaheuristics have
been highly adapted by investigators to solve the combinato-
rial problem of the size of temporary storage.

In [4], a two-stage heuristic algorithm is developed to
solve the problem of minimization of the total temporal
storage.However, thismethod cannot always find the optimal
solution and it also does not converge in all cases. Seong et al.

adopt the concept of a pseudo gradient and the projection
of this method, to figure out the problem of maximization
of the production rate for a line of fabrication [5]. A year
later, Seong et al. employed a method of gradient for the
maximization of the production rate for a problem with
exponential fabrication [6]. Other researchers also employed
the gradient, such as Gershwin and Schor, who faced the
problem of the temporal storage capacity, minimizing the
total capacity, based on the observation of whether the
production rates are expanded in a first order; this may be
formulated as a problem of integer linear programming [7].

Search algorithms tend to solve the exponential explosion
of the number of solution vectors. In this case, some algo-
rithms apply a primal-dual approach to minimize the total
temporal storage, subject to the restriction of the production
speed. The main problem is to reduce the total size of
temporal storage in a defined production rate, while the dual
formulation is maximizing the throughput of the production
line, subject to a limitation of total space of storage. Vouros
and Papadopoulos studied the maximization of the benefits
of the production line through a nonlinear method that
is fast and precise [8]. Nevertheless, the limitation of the
production rate is not taken into account. The authors based
their research on a system called ASBA2 that contains a
knowledge based system.This system determines the optimal
plans of storage capacity, whose objective is to maximize the
performance of the production lines. In order to validate the
ASBA2 results, the authors executed an exact algorithm to
calculate the production rate and compare them.

In [9], Nahas et al. utilized a local search heuristic to
obtain the allocation plan for a given number of buffers slots.
Aksoy and Gupta developed a near optimal buffer allocation
plan (NOBAP) for a cellular remanufacturing system with a
certain number of buffer slots [10]. The algorithm that Aksoy
and Gupta proposed uses an open queueing network, and
it is based on the decomposition principle and expansion
methodology.

There are primarily two disadvantages of the traditional
search methods. The first one is that the traditional search
sometimes cannot jump over local optimal solutions in the
search of the global optimal solution. The second disadvan-
tage is that, with these approximate methods, it is difficult to
observe small changes in the buffer size that will affect the
system.

Metaheuristics are search methods using strategies that
guide the search process and explore the search space. The
aim is to find optimal solutions or almost optimal. The algo-
rithms are approximated and are generally nondeterministic.
The typical methods applied in this area include Tabu Search
[11–13], Simulated Annealing [14], Genetic Algorithms [15],
and Ant Colony Optimization [16]. In order to search for
the best solution space, a recent tendency is to hybridize
metaheuristics with othermethods like nested partitions [17],
the Branch and Bound method [18], and the local search
[15]. These hybrid search methods have an advantage over
the traditional ones because they can jump over local optimal
solutions in the search of the global optimal. The main
disadvantage of thesemethods is that they only can be applied
to resolve specific problems.
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On the other hand, dynamic programming [19, 20],
artificial neural networks [21], genetic programming [22],
and immune algorithm systems [23] have been applied with
success in the solution of BAP in production lines. Moreover,
some studies utilize diverse experimental designs for the
evaluation of the solutions for the BAP [24–28].

There are two methods mainly used to evaluate the
results produced by the strategies described above: analysis
and simulation methods. The exact analytical method shows
results based on queueing theorymethods, which are difficult
to obtain and are only available for line systems of short
productions. The methods of approximate evaluation are
decomposition, aggregation, and expansion. These are the
most utilized methods to resolve BAP; in particular, decom-
position method is used by many researchers [7, 16, 29]. The
main idea of thismethod is to decompose the originalmodule
through the analysis of a conjunction of smaller subsystems
that are much easier to solve. The main advantages of the
decomposition method are the computational efficiency and
the precision to find a solution. However, the disadvantage
is that it can be applied only under the assumption that
the production rates are deterministic or they follow an
exponential distribution and the rates formachine failure and
repair are geometrical or exponential randomly distributed.

The expansion method takes up the method of queueing
theory. It is a method of general expansion that is used under
certain assumptions and can be used for service times in
general. This method was applied to solve series and merge
and split topologies of production lines with finite buffers
[30, 31].

The evaluation by the aggregation method has been also
used to solve the BAP [18, 32]. It was applied to evaluate the
performance of the buffer allocation in production lines. The
idea of this method is to define two stations and a buffer as a
subline; then it will be replaced for just one equivalent station.
Next, this station is combined with a buffer and station of the
original line to form again a subline of two stations and one
buffer. This new subline is aggregated into a new equivalent
station. This process is repeated until all the stations are
added.

On the other hand, simulation provides many advantages
for modeling realistic and complex systems instead of ana-
lytical methods. Nevertheless, the development of simulation
models is a time consuming task. Simulation is more suitable
to analyze problems of production lines at a detailed level,
when mathematical analysis is not able to be applied to these
kinds of problems.

Several research works [15, 21] can be cited as applications
of simulationmodels to search the solution of BAP.The study
of the transference lines without restrictions in the stations
and finite temporal intermediate buffer was performed by
Hillier and So in 1991 and Hillier et al. in 1993 [33, 34].
In these research papers, the stations have exponential time
in the process; both articles employ a complete evaluation
of all the buffers for minimizing the space and maximizing
the throughput. The authors employed an exact method
to determine the production rate. The difficulty with this
approach is that exact solutions can be only applied to small
systems.

ANNs have been applied to model the behavior of many
systems with a good acceptance. In medicine, there is a
study where ANNs where used to identify patients with hard
risk for dying after suffering an acute myocardial infarction
[35]. Furthermore, Pesko et al. present a comparative study
between the use of ANNs and support vector machines,
which are used to estimate costs and duration time of the
construction of urban roads [36].

Tsadiras et al. propose the application of an ANN in the
development of a decision support system, in order to assist
production line designers in making decisions related to
buffer distribution in reliable production lines.The proposed
ANN contains one hidden layer with 10 hidden neurons [37].

In this research work, a response surface model and
an artificial neural network are proposed to represent the
relationship among the number of buffer slots, the number
of workstations, and the throughput of the production line.
Furthermore, the ANN models were created with different
combination of neurons, and with 1, 2, 3, and 4 hidden layers,
which provide awide range of possibilities instead of only one
hidden layer of neurons.

3. Data Fitting Techniques

In this paper, two techniques have been applied to obtain
models representing the relationship among the throughput
of a production line and the parameters𝑁 (number of buffer
slots) and𝐾 (number of machines in the production line).

3.1. Response Surface Methodology. Response surface meth-
odology (RSM) is a group of mathematical and statistical
techniques used to describe the relationships between a
response of interest, 𝑦, and a number of associated control
(or input) variables denoted by 𝑥1, 𝑥2, . . . , 𝑥𝑘 [38]. The most
extensive applications of RSMare in cases where several input
variables potentially influence some performance measure
or quality characteristic of a process. Thus, performance
measure or quality characteristic is called the response. The
objectives of RSM include the determination of variable
settings, for which the mean response is optimized, and
the estimation of the response surface. In general, such a
relationship is unknown but can be approximated by a low
degree polynomial model of the form

𝑦 = 𝑓 (𝑥) 𝛽 + 𝜖, (4)

where 𝑥 = (𝑥1, 𝑥2, . . . , 𝑥𝑘)
, 𝑓(𝑥) is a vector function of

𝑘 elements, 𝛽 is a vector of unknown constant coefficients
referred to as parameters, and 𝜖 is a random experimental
error assumed to have a zero mean. RSM has been widely
applied in optimizing various processes in environmental
studies for modeling and analysis of water and wastewater
treatment processes [39].

Some stages in the application of RSM are [40] (1) the
selection of independent variables of major effects on the
system through screening studies; (2) the choice of the exper-
imental design and carrying out the experiments according
to the selected experimental matrix; (3) the mathematic
and statistical treatment of the obtained experimental data
through the fit of a polynomial function; (4) the evaluation
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Figure 1: Numerical experiments used for training and testing the
ANN.

of the model and fitness; (5) the verification of the necessity
and possibility of performing a displacement in direction to
the optimal region; (6) obtaining the optimumvalues for each
studied variable.

3.2. Artificial Neural Network. An artificial neural network
(ANN) consists of a set of processing units, also called neu-
rons, that are connected with each other. It can be described
as a directed graph, and each neuron is a transfer function.
A neuron is generally a nonlinear element of multiple inputs
and a single output. The architecture of a neural network is
determined by all the connections in the network and transfer
functions of the neurons [41]

The backpropagation algorithm proposed by [42] is the
most popular algorithm to train ANNs. Moreover, advanced
methods like Marquardt [43–45], Quasi-Newton [46], or
conjugating gradient algorithms [47, 48] are also very popu-
lar. Due to their application in dynamic environments, these
classic learning methods have to be modified to fulfill three
important requirements:

(i) The capacity to work in online mode
(ii) The capacity to adjust its control parameters
(iii) The capacity to adapt its structures, all of them in

accordance with the learning process.

4. Numerical Experiments

In this work, two sets of numerical experiments were con-
sidered. The first one consists of 360 experiments taken from
[2], where 𝐾 = 3, 4, . . . , 20 and 𝑁 = 1, 2, . . . , 20 (Figure 1);
it was considered for the development of the RSM and ANN
models. The second one consists of 55 experiments (Table 1);
these data were utilized for the validation process of the
obtained models.

In the latter case, the experiments are classified in three
categories: small, medium, and large lines (Table 2). In all
cases, reliable exponential and balanced lines were consid-
ered with equal mean service rate 𝜇𝑖 = 𝜇 = 1

Table 1: Sets of numerical experiments used to validate the ANN.

ID Problem size 𝐾 𝑁
(1) Small 11 22
(2) Medium 21 10
(3) Medium 22 11
(4) Medium 23 11
(5) Medium 24 12
(6) Medium 25 12
(7) Medium 26 13
(8) Medium 27 13
(9) Medium 28 14
(10) Medium 29 14
(11) Medium 30 15
(12) Medium 20 21
(13) Medium 21 22
(14) Medium 22 23
(15) Medium 23 24
(16) Medium 24 25
(17) Medium 25 26
(18) Medium 26 27
(19) Medium 27 28
(20) Medium 28 29
(21) Medium 29 30
(22) Medium 30 31
(23) Medium 12 24
(24) Medium 13 26
(25) Medium 14 28
(26) Medium 15 30
(27) Medium 16 32
(28) Medium 17 34
(29) Medium 18 36
(30) Medium 19 38
(31) Medium 20 40
(32) Medium 21 42
(33) Medium 22 44
(34) Medium 23 46
(35) Medium 24 48
(36) Medium 25 50
(37) Medium 26 52
(38) Medium 27 54
(39) Medium 28 56
(40) Medium 29 58
(41) Medium 30 60
(42) Large 40 41
(43) Large 50 51
(44) Large 60 61
(45) Large 70 71
(46) Large 80 81
(47) Large 90 91
(48) Large 100 101
(49) Large 40 80
(50) Large 50 100
(51) Large 60 120
(52) Large 70 140
(53) Large 80 160
(54) Large 90 180
(55) Large 100 200

4.1. Statistical Analysis for Response Surface Methodology.
As we mentioned above, the first dataset of numerical
experiments composed of 360 data was employed for the
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Table 2: Classification of lines.

Small lines 𝐾 = 3, 4, . . . , 11
Medium lines 𝐾 = 12, 13, . . . , 30
Large lines 𝐾 = 40, 50, . . . , 100

construction of the RSM model. Two numerical factors, 𝐾
(number of machines) and 𝑁 (buffer size), designated as
𝑥 and 𝑦, respectively, were considered in the experimental
design. In addition, a fourth-order mathematical model was
chosen for modeling the relationship among 𝐾, 𝑁, and the
throughput, which is sufficiently complex to approximate the
main features of the system. The data were analyzed using
multiple regressions through the least squares method to fit
the following:

Th (𝑥, 𝑦) = 𝜃0 + 𝜃1𝑥 + 𝜃2𝑦 + 𝜃3𝑥
2 + 𝜃4𝑥𝑦 + 𝜃5𝑦

2

+ 𝜃6𝑥
3 + 𝜃7𝑥

2𝑦 + 𝜃8𝑥𝑦
2 + 𝜃9𝑦

3 + 𝜃10𝑥
4

+ 𝜃11𝑥
3𝑦 + 𝜃12𝑥

2𝑦2 + 𝜃13𝑥𝑦
3,

(5)

where Th is the throughput response; 𝜃0 is the intercept;
𝜃1, . . . , 𝜃13 are the linear coefficients, and 𝑥, 𝑦 are the coded
independent variables.

For this task, a specialized Matlab toolbox was used to
carry out the regression analysis.

4.2. Artificial Neural Network Development. A Matlab script
was used to generate the ANN models using the Matlab
Neural Network toolbox, starting with a three-layer model,
where the first layer (input layer) contains two neurons (𝐾
and 𝑁). The number of hidden layers was varying from 1 to
4, and the output layer, composed of one neuron, represents
the throughput of the production line.

Each hidden layer was composed of 5, 8, 10, 12, or
15 neurons. Thus, a total of 780 ANN configurations were
created, and for each of them 50 iterations were executed in
order to find the best model for every configuration. After
the 780 best ANNs were generated and saved in a.mat file,
anotherMatlab script was implemented to find theANNwith
the lowest error and a coefficient of correlation near to 1.

The obtained ANNs were trained with a Levenberg-
Marquardt backpropagation algorithm [49].

The design of the ANN is as follows:

(i) 2 input variables,𝐾 and𝑁
(ii) One output variable, Throughput, which is the maxi-

mum or near maximum performance of the produc-
tion line

(iii) The ANNs containing 1 to 4 hidden layers, which
employ the hyperbolic tangent sigmoid transfer func-
tion as an activation function in every hidden layer:

𝑓 (𝑥) = 1
1 + 𝑒−𝑎𝑥

, (6)

where 𝑎 is a slope parameter

(iv) The ANNs contains an output layer of one neuron; it
employs the linear transfer function.

𝑓 (𝑥) = 𝑎𝑥, (7)

where 𝑎 is a slope parameter.
All the experiments were run in a desktop PC with the

following specifications: Intel(R) Core(TM) i5-2450M CPU
@2.50GHz, 4.00GB RAM.

4.3. Validation. The mean squared error (MSE) and the
coefficient of correlation (𝑅) were used as indicators to
measure the performance of the RSM obtained and every
ANN generated. These errors are defined as follows.

(a) The Mean Squared Error (MSE) [50]

MSE = 1
𝑛

𝑛

∑
𝑖=1

(Target𝑖 −Output𝑖)
2 , (8)

where 𝑛 is the number of the input data to the ANN andRSM,
Target𝑖 is the target output value of the ANN and RSM for
Input𝑖, and Output𝑖 is the predicted value of the ANN and
RSM to Input𝑖.

(b) The Coefficient of Correlation [50]. It measures the cor-
relation between the Output and Target values. It is defined
as

𝑅 =
Cov (Target,Output)
𝜎Target𝜎Output

− 1 ≤ 𝑅 ≤ 1, (9)

where Cov(Target,Output) is the covariance between the
values of Target and the ANN and RSM Output. 𝜎Target and
𝜎Output are the standard deviations of Target and Output,
respectively. The maximum value of 𝑅 = 1 is reached
when the linear relationship is perfect between the target
and output values, whereas when 𝑅 = 0 it means that a
linear correlation does not exist between the output and target
values.

5. Results

In the present study, the data utilized to develop the RSM and
ANNmodels were gathered from a total of 360 experiments,
varying the values of𝐾 and𝑁.

The regression model in terms of the actual values that
described the throughput is presented in (10). The results
indicated that this quadratic model can be used to navi-
gate the design space. The value of 𝑅 for the model was
0.999603176, and the MSE = 1.22796 × 10−5.

Th (𝑥, 𝑦) = 0.8661 − 0.1342𝑥 + 0.04927𝑦

+ 0.01331𝑥2 − 0.001985𝑥𝑦

− 0.002671𝑦2 − 0.0005775𝑥3 − 8.568

× 10−5𝑥2𝑦 + 0.0002081𝑥𝑦2 + 4.734

× 10−5𝑦3 + 9.157 × 10−6𝑥4 + 4.064
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Figure 2: Performance indicator 𝑅 for the RSMmodel.
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Figure 3: ANN with the best performance.

× 10−6𝑥3𝑦 − 2.961 × 10−6𝑥2𝑦2 − 3.058

× 10−6𝑥𝑦3,
(10)

where Th is the throughput, 𝑥 is the number of machines 𝐾,
and 𝑦 is the buffer size𝑁.

The prediction of the model was validated for a corre-
lation between experimental data and predicted throughput
(Figure 2).

On the other hand, theANNwith theminimumerrorwas
one composed of four hidden layers and their corresponding
neurons (8 : 8 : 10 : 10). It is shown in Figure 3.

Figure 4 shows the correlation between experimental
values and predicted throughput in production lines for
training dataset, validation dataset, and test dataset.

For 360 experiments: R = 1
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Figure 4: Performance indicator 𝑅 for the ANN model.

Most of the data are on the bisector or in its vicinity which
represents a proper correlation between experimental data
and predicted outputs. Figure 4 indicates the closeness among
the experimental data and the predicted results using the
ANN. The maximum error and MSE are 0.34% and 1.150 ×
10−7, respectively.

Furthermore, a second dataset was used to prove the
effectiveness of the RSM andANN to forecast the throughput
of a production line from the 𝐾 and 𝑁 values. Table 3
shows experimental and predicted values, as well as the
errors of the RSM and ANN models in the throughput
forecasting. Indeed, experimental data and predicted out-
puts obtained with the ANN model have a good fit with
each other. On the contrary, the RSM model cannot pre-
dict adequately the numerical experiments of the second
dataset.

Values in both models were near those of the experimen-
tal data of the first dataset. But, the ANN showed a better
performance with the second dataset (Table 4).

In the case of the ANN model, the correlation between
experimental data and predicted throughput is illustrated
in Figure 5. It can be observed that there is an appropriate
correlation between experimental values and predicted data.
The maximum error and MSE obtained from this dataset are
2.76% and 3.57 × 10−5, respectively.

Figure 6 shows that the ANN is able to predict small lines
(𝐾 = 3, 4, . . . , 11) and medium lines (𝑘 = 12, 13, . . . , 30)
accurately. Moreover, errors in predicting the throughput in
BAP for large lines (𝐾 = 40, 50, . . . , 100) are small. However,
the graphic of the RSMmodel is quite different to the graphic
of the experimental values.
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Table 3: RSM and ANN errors for the 55 data samples.

ID 𝐾 𝑁 Th from experiments Th from ANN Th from RSM % error ANN % error RSM
(1) 11 22 0.63892 0.639236 0.647968 0.05 1.42
(2) 21 10 0.43869 0.438564 0.447065 0.03 1.91
(3) 22 11 0.44135 0.441200 0.463878 0.03 5.10
(4) 23 11 0.43656 0.436088 0.477474 0.11 9.37
(5) 24 12 0.43927 0.438463 0.512036 0.18 16.57
(6) 25 12 0.43494 0.433669 0.546250 0.29 25.59
(7) 26 13 0.43739 0.435921 0.608091 0.34 39.03
(8) 27 13 0.43345 0.432226 0.672812 0.28 55.22
(9) 28 14 0.43586 0.434505 0.773369 0.31 77.44
(10) 29 14 0.43234 0.431178 0.880447 0.27 103.65
(11) 30 15 0.43447 0.433623 1.033058 0.19 137.77
(12) 20 21 0.52608 0.525900 0.522454 0.03 0.69
(13) 21 22 0.52465 0.524538 0.524495 0.02 0.03
(14) 22 23 0.52361 0.523318 0.530127 0.06 1.24
(15) 23 24 0.52247 0.522231 0.540554 0.05 3.46
(16) 24 25 0.52146 0.521265 0.557152 0.04 6.84
(17) 25 26 0.52051 0.520410 0.581470 0.02 11.71
(18) 26 27 0.51962 0.519653 0.615230 0.01 18.40
(19) 27 28 0.51892 0.518983 0.660328 0.01 27.25
(20) 28 29 0.51815 0.518388 0.718831 0.05 38.73
(21) 29 30 0.51747 0.517859 0.792980 0.08 53.24
(22) 30 31 0.5168 0.517385 0.885189 0.11 71.28
(23) 12 24 0.63556 0.636344 0.648968 0.12 2.11
(24) 13 26 0.6322 0.634189 0.647653 0.31 2.44
(25) 14 28 0.63005 0.632574 0.641090 0.4 1.75
(26) 15 30 0.62789 0.631348 0.625888 0.55 0.32
(27) 16 32 0.626 0.630397 0.598202 0.7 4.44
(28) 17 34 0.62428 0.629639 0.553727 0.86 11.30
(29) 18 36 0.62277 0.629014 0.487706 1 21.69
(30) 19 38 0.62159 0.628481 0.394921 1.11 36.47
(31) 20 40 0.62033 0.628011 0.269700 1.24 56.52
(32) 21 42 0.61926 0.627583 0.105914 1.34 82.90
(33) 22 44 0.6183 0.627184 −0.103023 1.44 116.66
(34) 23 46 0.61743 0.626804 −0.364154 1.52 158.98
(35) 24 48 0.61666 0.626437 −0.684977 1.59 211.08
(36) 25 50 0.61583 0.626078 −1.073447 1.66 274.31
(37) 26 52 0.61517 0.625725 −1.537977 1.72 350.01
(38) 27 54 0.61458 0.625376 −2.087435 1.76 439.65
(39) 28 56 0.61399 0.625029 −2.731146 1.8 544.82
(40) 29 58 0.61345 0.624684 −3.478891 1.83 667.10
(41) 30 60 0.61288 0.624339 −4.340910 1.87 808.28
(42) 40 41 0.51223 0.514290 3.455109 0.4 574.52
(43) 50 51 0.50949 0.512086 11.769262 0.51 2210.01
(44) 60 61 0.50768 0.510035 31.093176 0.46 6024.56
(45) 70 71 0.50639 0.508186 68.420859 0.35 13411.49
(46) 80 81 0.50544 0.505767 132.474799 0.06 26109.80
(47) 90 91 0.5047 0.500121 233.705964 0.91 46205.92
(48) 100 101 0.50412 0.490193 384.293803 2.76 76130.62
(49) 40 80 0.60928 0.620941 −21.824940 1.91 3682.09
(50) 50 100 0.60714 0.617804 −65.388150 1.76 10869.86
(51) 60 120 0.6037 0.615156 −152.801820 1.9 25410.89
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Table 3: Continued.

ID 𝐾 𝑁 Th from experiments Th from ANN Th from RSM % error ANN % error RSM
(52) 70 140 0.60475 0.611799 −306.402750 1.17 50766.02
(53) 80 160 0.60244 0.606839 −553.093260 0.73 91908.85
(54) 90 180 0.60205 0.604855 −924.341190 0.47 153632.30
(55) 100 200 0.60302 0.603219 −1456.179900 0.03 241581.19

Table 4: Comparison of errors from RSM and ANNmodels.

ANN RSM
Test set for 360 data samples

MSE 1.1505𝐸 − 07 1.22796𝐸 − 05
𝑅 1 0.999603176
Maximum error 0.34% 2.36%

Test set for the 55 data samples
MSE 3.57115𝐸−05 66032.89926
𝑅 0.99875 −0.225360965
Maximum error 2.70% 241581.1947%

Throughput of zone out: R = 0.99875
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Figure 5: 𝑅 value for predicted throughput with the ANN on the
second dataset.

6. Conclusions and Further Research

The Buffer Allocation Problem is a combinatorial problem
that requires a high amount of computational time for
medium and large lines. It is necessary to have a model
that could predict the production line throughput in a short
time.

Solutions with ANN, RSM, and throughput from experiments
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Figure 6: Comparison of RSM and ANNmodels.

In this work, the relationship among the number of
buffer slots (𝑁), the number of workstations (𝐾), and the
throughput in production lines was accurately modeled with
RSM and ANNs. In order to study this relationship, a total of
360 experimental data were used in the construction of both
models.

A fourth-order mathematical model was obtained by
applying the RSM, with a coefficient of correlation 𝑅 =
0.9996. On the other hand, 780 ANNs models were created
in order to obtain the ANN with a coefficient of correlation
near to 1, with models from 1 to 4 hidden layers and 5, 8,
10, 12, or 15 neurons for each layer. The ANN with the best
performance has 4 hidden layers, with 8, 8, 10, and 10 neurons
in each hidden layer, respectively, obtaining a coefficient of
correlation 𝑅 = 1.

Both models have a good performance with the initial
360 experimental data; however, for a second dataset not con-
sidered in the model creation, composed of 55 experimental
data, the ANN shows a higher performance (𝑅 = 0.99875)
than the equation obtained by the RSM (𝑅 = −0.22536).

These results show that the ANN model provides a
good fit and it can represent accurately the behavior of the
throughput in production lines with different sizes, even for
large lines.

As further work, this ANN model can be used to find
optimal or near optimal values of the throughput forminimal
number of buffer slots between each machine in the system,
in order to minimize the total buffer size.
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Macroergonomic compatibility (MC) refers to the extent to whichmacroergonomic factors and elements (MFEs) interact positively
with humans. It is one of the most complex constructs to measure in work systems and in ergonomics. The goal of this paper is to
determine the levels ofMC in amanufacturing system. Asmethods, we use themacroergonomic compatibility index (MCI) and the
MacroergonomicCompatibilityQuestionnaire (MCQ).TheMCQwas administered in its three versions (i.e., worker version, expert
version, and medical department version) to collect data about the macroergonomic practices implemented in the manufacturing
company. Regarding results, all the macroergonomic factors and most of the macroergonomic elements showed a low level of
MC; that is, MCI < 0.7. Only macroergonomic elements Education, Knowledge, and Skills reached a medium level; namely, MCI
= 0.709. The factor with the highest level of MC was the Person factor (MCI = 0.328). Similarly, the whole manufacturing system
showed a low level ofMC. In conclusion, the studiedmanufacturing company requires urgentmacroergonomic interventions. Also,
we found that the MCI can effectively measure the level of MC of MFEs and can guide the implementation of macroergonomic
practices (MPs) and explain the MC construct.

1. Introduction

Ergonomics is the science that focuses on adapting the work
to the people who perform it. Ergonomics studies how people
do their work, what objects (tools and technology) they
need, the physical conditions (facilities and environment)
where people work, and the psychosocial situations of the
work [1, 2]. According to Dul et al., “ergonomics is the
scientific discipline concerned with the understanding of
interactions among humans and other elements of a system,
and the profession that applies theoretical principles, data and
methods to design in order to optimize well-being and per-
formance” [3]. Carayon [4] and the International Ergonomics
Association [5] provide this same definition of ergonomics.

In the manufacturing industry, ergonomics is viewed as
a science that deals with complex issues of manufacturing
systems. Firstly, ergonomics seeks the well-being, comfort,
and health of employees. Employees, as human beings, have

different physical and psychological traits and possess differ-
ent skills [6, 7], which make them unique beings. Secondly,
ergonomics considers the interactions between employees
and the other system elements [3], including organizational
elements (e.g., work schedules and supervisory styles), work
technology and tools, workload, time pressure, and cognitive
load. The appropriate interaction between these elements
and employees can be difficult to achieve [2] and can com-
promise or hinder employee performance and well-being.
Therefore, to guarantee employee safety and health while
also increasing performance and optimizing manufacturing
systems, ergonomics relies on multiple disciplines, including
anatomy, biomechanics, design, architecture, psychophysics,
physiology, psychology, engineering, management, genetics,
hygiene, and medicine [8–10].

Compatibility is a key term in ergonomics. According to
Bordeaux et al. [11], two objects are compatible when they
can properly interact while having opposite behaviors. This
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definition implies that two objects are compatible when they
are complementary in terms of capabilities and limitations.
In other words, compatible objects match each other to
achieve specific goals. In this sense, compatibility refers to the
ability of an object to adapt to the capabilities, limitations,
and needs of another object to perform a specific function.
From an ergonomic perspective, compatibility is therefore
the capability of an object (e.g., tool, machine, workstation,
workspace, or work system) to adapt to humans. In fact,
ergonomic compatibility is an integrated design criterion; it
is expressed in terms of human capabilities and limitations,
and it focuses on improving employee safety and health,
productivity, and work quality [12, 13]. Thus, considering the
number of interactions that occur in amanufacturing system,
ergonomic compatibility is a complex construct.

Ergonomics as a science is divided into two main sub-
disciplines: microergonomics andmacroergonomics [14–16].
The goal of microergonomics is to improve employee per-
formance by enhancing detailed issues about man-machine
interaction (body postures, task design, equipment/products,
and tools) for a specific task [17, 18]. Likewise, microer-
gonomics can increase man-machine interaction compatibil-
ity. Nowadays, there is a wide range of techniques that implic-
itly measure ergonomic compatibility (or incompatibility)
at a microergonomic level. On the other hand, macroer-
gonomics is a top-down sociotechnical systems approach
concerned with the analysis, design, and evaluation of work
systems (a work system consists of two or more people
interacting with some form of job design, hardware or soft-
ware, internal or external environment, and an organizational
design [19]). Namely, macroergonomics is concerned with
human-work system interaction [19, 20]. The main goal of
macroergonomics is to harmonize work systems at both
micro- and macroergonomic levels to improve productivity,
safety, and health (i.e., employee life quality) [21]. Conse-
quently, macroergonomics can increase human-work system
interaction compatibility. In this sense, macroergonomic
compatibility is more complex than microergonomic com-
patibility, as it comprises all employee-work system inter-
actions; therefore, macroergonomic compatibility is more
difficult to measure and evaluate than microergonomic com-
patibility. Figure 1 illustrates the ergonomic compatibility
complexity (ECC) that is necessary to optimize ergonomic
compatibility at both micro- and macroergonomic levels.

As previously mentioned, a wide range of methodologies
and techniques can measure microergonomic compatibility
in the manufacturing industry. For instance, in [22, 23],
the researchers developed a methodology to evaluate the
ergonomic incompatibility content (EIC) of advanced man-
ufacturing technology (AMT), whereas the authors of [24]
developed an expert system to measure this EIC of AMT.
Unfortunately, macroergonomic research has not evolved in
the same way, and, until now, macroergonomics lacks an
unanimously accepted methodology for measuring macroer-
gonomic compatibility. As Karwowski [25] states, the lack of
a universal matrix to quantify and measure macroergonomic
compatibility is an important obstacle to demonstrating the
value of ergonomics as a science and as a profession. To over-
come this obstacle, researchers such as Wallace et al. [26],

Koyuncu et al. [27], Pacholski and Szczuka [28], and Real-
yvásquez-Vargas et al. [2] have proposed their own macroer-
gonomic compatibility measurements. The latter [2] pro-
posed a mathematical model called macroergonomic com-
patibility index (MCI) to measure the macroergonomic
compatibility of manufacturing systems at three hierarchies:
macroergonomic elements, macroergonomic factors, and
manufacturing systems. Also, the model takes into account
the macroergonomic variables (factors and elements) most
studied in the literature [29–31].

In Mexico, the majority of the manufacturing companies
are not familiarized enough with the impact of macroer-
gonomic practices (MPs) and their long-term benefits. To
address this deficiency, our research work seeks to implement
the MCI proposed by Realyvásquez-Vargas et al. [2] to
measure the level ofmacroergonomic compatibility of aman-
ufacturing industry at the three hierarchies: macroergonomic
elements, macroergonomic factors, and manufacturing sys-
tem. Consequently, the MCI will be able to determine which
work variables require urgent macroergonomic intervention
throughMPs. In the end, the goal of implementing theMCI is
to promote MPs implementation in Mexican manufacturing
industries and help the studied company obtain macroer-
gonomic compatibility benefits.

2. Research Context

The manufacturing sector is a key to the industrial devel-
opment of Mexico. The Mexican manufacturing industry
includes 5,024 manufacturing plants that generate 2,280,504
direct jobs around the country and produce $7,233.37 of USD
in billings each quarter of the year [32, 33]. Chihuahua, one
of the 31 states of Mexico, provides 13.6% of the national
manufacturing industry income. The state employs 323,794
workers across its 477 companies. This research is conducted
inCiudad Juárez, Chihuahua, in the plant of one of theworld’s
most appreciated automotive leather suppliers. The plant
employs around 2,200 employees and makes continuous
efforts to improve its processes. Also, the company currently
seeks to implement and enhance the benefits of MPs.

3. Materials and Methods

3.1. Materials. The Macroergonomic Compatibility Ques-
tionnaire (MCQ) was administered to collect data about
the MPs implemented in the plant [2, 33]. The MCQ has
three versions: the worker version (MQC-WV), the medical
department version (MCQ-MDV), and the experts version
(MCQ-EV).Only theMCQ-WVand theMCQ-EVwere used
to obtain the numerical values of the MCI. The MCQ-WV
reports how the employees perceive theMPs are implemented
in the plant or company. Table 1 shows a sample of both the
MCQ-WV and the MCQ-EV.

Figure 2 presents the hierarchical arrangement of the
macroergonomic factors and elements (MFEs) studied
through the MCQ.

3.2. Method. This section describes the method used to
determine the level of macroergonomic compatibility of the
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Figure 1: Ergonomic compatibility complexity at micro- and macroergonomic levels.
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Figure 2: Macroergonomic factors and elements.

macroergonomic factors, elements, and the whole manufac-
turing system.Theproposedmethodhas nine stages as shown
in Figure 3.

3.2.1. Stage 1: Administer the MCQ. The MCQ-WV sample
included industrial and manufacturing engineers, managers,
supervisors, and group leaders. The administration proce-
dure was as follows:

(1) The National Institute of Statistics, Geography and
Informatics (INEGI) and the Civil Association of
Maquiladoras (AMAC, INDEX JUÁREZ) shared
their databases with us to reach the manufacturing

companies located in Ciudad Juárez. The databases
included contact information (i.e., telephone number,
e-mail, and address) of each company.

(2) This information was used to contact one top man-
ager permanufacturing system. Every companyman-
ager was informed of the project and its benefits.

(3) The managers informed middle and senior managers
about the project. After more than 30 middle and
seniormanagers in a company accepted to participate,
a meeting was scheduled to administer the MCQ.

As for the MCQ-EV, the sample included a group of
ergonomics experts who were cautiously selected based on



4 Complexity

Table 1: Sample of the MCQ-WV and the MCQ-EV.

MCQ-WV sample

Macroergonomic practices
Perception levels

Totally
Disagree Disagree Neutral Agree Totally Agree

The company regularly evaluates employee performance. 1 2 3 4 5
The company considers human and ergonomic aspects when
purchasing new information technology. 1 2 3 4 5

The company motivates its employees to do their best. 1 2 3 4 5
The work to be done depends on different information
technologies. 1 2 3 4 5

Employees are explained how to use information technologies. 1 2 3 4 5
The tasks performed with information technologies are
completed in risk-safe environments. 1 2 3 4 5

The salary is proportional to what employees do. 1 2 3 4 5

MCQ-EV sample

Elements on which MPs are applied
Importance levels

Not
important

Slightly
important

Moderately
important Important Highly

important

Employee autonomy, job control, and participation 1 2 3 4 5
Lighting 1 2 3 4 5
Plant distribution 1 2 3 4 5
Noise 1 2 3 4 5
Temperature, humidity, and air quality 1 2 3 4 5
Workstation layout 1 2 3 4 5
Work demands (workload, mental effort, required attention, etc.) 1 2 3 4 5

Table 2: Characteristics of the experts sample.

Characteristics E1 E2 E3 E4 E5 E6
Certification in ergonomics ∗ ∗ ∗ ∗ ∗ ∗
Graduate studies ∗ ∗ ∗ ∗ ∗
Experience in manufacturing industries ∗ ∗ ∗ ∗ ∗ ∗
Occupational health ∗ ∗ ∗ ∗ ∗
Member of national ergonomics organizations ∗ ∗ ∗ ∗ ∗ ∗
Member of international ergonomics organizations ∗ ∗ ∗
Publications in journals or congresses ∗ ∗ ∗ ∗ ∗ ∗
Field experience (in years) 22 18 30 23 16 15
E = ergonomics expert.

their knowledge in ergonomics. We performed a careful
revision of their résumés, certifications in ergonomics, pro-
fessional background, and expertise. All the selected experts
were invited via e-mail or phone to participate in the research,
and those who voluntarily accepted answered the MCQ-EV
by e-mail. Table 2 shows the characteristics of the experts
sample.

3.2.2. Stage 2: Define the Ideal Solution (IS) for MCI. Since
the MCI is based on dimensional analysis (DA), it relies on
an ideal solution (IS) [2]. The IS is obtained from the scale
of the MCQ-WV, in which the ideal answer is Totally Agree.

In other words, the IS of the MCI of the macroergonomic
elements is the full consensus from workers regarding a
constant implementation of MPs in the company. Hence, IS
is expressed by (1) as follows:

IS = Totally Agree. (1)

3.2.3. Stage 3: Data Defuzzification. The answers from the
MCQ-WV are translated to a fuzzy scale to measure the
degree of MPs implementation in the company. As for
the MCQ-EV, a different fuzzy scale is employed to assess
the level of importance (weights) of the MPs in every
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Figure 3: MCI calculation methodology.

macroergonomic element. In both questionnaires, the data
are collected through an ordinal Likert scale in the form of
triangular fuzzy numbers (TFNs). A TFN is a triplet (𝑎, 𝑏, 𝑐),
whosemembership function 𝜇𝑋(𝑥) is defined as shown in the
following equation [34]:

𝜇𝑋 (𝑥) =
{{{{{{{{{{{{{{{{{

0, 𝑥 < 𝑎𝑥 − 𝑎𝑏 − 𝑎 , 𝑎 ≤ 𝑥 ≤ 𝑏𝑐 − 𝑥𝑐 − 𝑏 , 𝑏 ≤ 𝑥 ≤ 𝑐0, 𝑥 > 𝑐.
(2)

Then, the TFNs are converted to crisps numbers. To
perform this conversion, we apply the center of area (CoA)
technique, which, in a simplified way, defuzzifies a triangular
fuzzy number 𝑋 = (𝑎, 𝑏, 𝑐) by means of the following equa-
tion [35]:

𝑥∗ = (𝑎 + 𝑏 + 𝑐)3 , (3)

where 𝑥∗ = crisp value of TFN𝑋.
When (3) is applied for the ideal solution (IS), we obtain

the following: IS = (0.8 + 1 + 1)/3 = 0.93. The same
proceduremust be followedwith all the fuzzy values of Table 3
to calculate their corresponding crisp values, also shown in
Table 3. This IS value is always used to calculate the MCI
of the macroergonomic elements. Once each element has its
correspondingMCI, theMCI of eachmacroergonomic factor
and manufacturing system must be obtained with IS = 1,
since the ideal solution of the MCI of the macroergonomic
elements and factors is 1.

Once the data are defuzzified, they can be used as con-
tinuous data to perform the subsequent algorithms.

3.2.4. Stage 4: Aggregate Crisp Values. According to Lin et
al. [36] and Realyvásquez-Vargas et al. [2], the arithmetic

Table 3: Correspondence among linguistic terms, fuzzy numbers,
and crisp numbers for the MCQ-WV and MCQ-EV scales.

Data Type Fuzzy number Crisp number
MCQ-WV

Totally disagree Punctuation (0, 0, 0.4) 0.13
Strongly disagree Punctuation (0.2, 0.4, 0.6) 0.4
Neutral Punctuation (0.4, 0.6, 0.8) 0.6
Strongly agree Punctuation (0.6, 0.8, 1) 0.8
Totally agree Punctuation (0.8, 1, 1) 0.93

MCQ-EV
Very low Weighting (0, 0, 0.3) 0.1
Low Weighting (0, 0.25, 0.5) 0.25
Medium Weighting (0.3, 0.5, 0.7) 0.5
High Weighting (0.5, 0.75, 1) 0.75
Very high Weighting (0.7, 1, 1) 0.9

mean operation is the most widespread method for aggre-
gating crisp data. The MCI relies on the arithmetic mean
to aggregate crisp values as follows: if there are 𝑚 surveyed
workers for the MCQ-WV, from each worker 𝑖, a crisp value𝑥∗𝑖,𝑗 is obtained as the punctuation that refers to the degree of
implementation of MP𝑗, 𝑗 = 0, 1, 2, . . . , 𝑘. Then, the average
crisp punctuation 𝑥∗𝑗 for MP𝑗 is calculated by means of the
following equation [2]:

𝑥∗𝑗 =𝑥∗1,𝑗 + 𝑥∗2,𝑗 + ⋅ ⋅ ⋅ + 𝑥∗𝑚,𝑗𝑚 . (4)

The MCI of a macroergonomic element 𝑒 depends on
the average crisp punctuation of specific MPs. Therefore, the
values 𝑥∗𝑗 obtained from (4) are used to calculate the MCI
of the macroergonomic elements. The same procedure is
applied to aggregate the weights provided by the experts and
to obtain the average crisp weight 𝑤∗𝑙 for macroergonomic
element 𝑙. Then, the 𝑤∗𝑙 values are used to calculate the MCI
of the macroergonomic elements.
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Figure 4: MCI scale.

3.2.5. Stage 5: Apply the Macroergonomic Compatibility Index
(MCI). As mentioned above, the obtained crisp values 𝑥∗𝑗
and𝑤∗𝑙 and IS = 0.93 are used to develop theMCI.Therefore,
a dimensional analysis (DA) is conducted to measure the
index, which is expressed by the following equation [2]:

MCI = 𝑊√ 𝑛∏
𝑖=1

[𝑥∗𝑗
IS𝑖
]𝑤
∗

𝑙 , (5)

where 𝑤∗𝑙 is weight of a macroergonomic element or factor 𝑙,𝑛 is number of ergonomics experts, and𝑊 = ∑𝑛1 𝑤∗𝑙 .
It is important to mention that because the MCI of the

macroergonomic elements depends on unweighted items, the
weight of an element is used to obtain its MCI. This implies
that, for a macroergonomic element,𝑊 = 𝑤∗𝑙 . On the other
hand, for each macroergonomic factor,𝑊 is the sum of the
weights of its macroergonomic elements, while in the case of
amanufacturing system,𝑊 is the sumof the weights of all the
macroergonomic factors. Therefore, to calculate the MCI of
themacroergonomic factors and themanufacturing company
or manufacturing system, we use (6), where IS = 1 [2].

MCI = 𝑊√ 𝑛∏
𝑖=1

[𝑥∗𝑗 ]𝑤∗𝑙 . (6)

According to several studies, ergonomic compatibility has
a positive impact on manufacturing systems [37]. In other
words, the higher the MCI, the better the element, the factor,
or the manufacturing system.

3.2.6. Stage 6: Assign a Linguistic Term to the MCI. The
MCIprovides a scale ofmacroergonomic compatibility levels.
This scale ranges from 0 to 1, and it is divided into three
sections. The first section includes 0 ≤ MCI ≤ 0.70, the
second section refers to 0.70 < MCI ≤ 0.90, and, finally, the
third section includes 0.90 < MCI ≤ 1. In every section, the
MCI is related to a linguistic term. For the first section, the
linguistic term is LOW, and it indicates thatMPs are required.
For the second section, the corresponding linguistic term is
MEDIUM and indicates that MPs are optional. Finally, the

linguistic term of the third section is HIGH and confirms that
MPs are unnecessary. The macroergonomic compatibility
scale is useful to detect the MFEs that require MPs according
to their MCI value. Figure 4 shows this scale.

3.2.7. Stage 7: Interpret Results. The results must be analyzed
and interpreted to formulate, first, a conclusion for each
macroergonomic factor and element and, second, a conclu-
sion regarding the overall macroergonomic compatibility of
the manufacturing system. The interpretation of the results
reveals which MFEs must be prioritized to receive macroer-
gonomic interventions (i.e., MPs). Certainly, the MFEs to be
prioritized have the lowest MCI values.

3.2.8. Stage 8: Validate the MCI. The goal of validating
the MCI was to show the reliability and objectivity of the
MCImethodology.That said, the validation process included
three stages: validate theMCQ, validate the macroergonomic
compatibility construct, and validate the MCI. To validate
the MCQ, we conducted a factor analysis, and to validate
the macroergonomic compatibility construct, we developed
structural equationmodels (SEM) in five case studies, includ-
ing this one. Finally, to test the validity of the MCI, we relied
on data gathered from the MCQ-WV regarding the status
of manufacturing companies in terms of costumers, manu-
facturing processes, and organizational performance.This set
of parameters is known as benefits.

Then, the manufacturing systems were ranked in a
descending order based on their MCI values. To validate the
MCI, the manufacturing systems with higher MCI values
should be those that also have better benefits in terms of
clients, manufacturing process, and organizational perfor-
mance [38]. Since the benefits do not affect the MCI, we
used the average technique to aggregate the benefits data
[36]. That said, it was not necessary to defuzzify the data. In
the case of health and safety results, the fewer occupational
accidents, injuries, and diseases are, the more compatible a
company is. In this case, we performed another ranking of
the companies, this time based on the reported accidents,
injuries, and diseases. To validate the MCI, the companies
with higher MCI values should be those with the best healthy
and safety scores.
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Table 4: MCI of MFEs.

MFEs MCI Linguistic term
Person 0.328 LOW
Education, knowledge, and skills 0.709 MEDIUM
Physical characteristics 0.413 LOW
Motivation and needs 0.316 LOW
Psychological characteristics 0.108 LOW
Organization 0.214 LOW
Supervision and management styles 0.529 LOW
Coordination, collaboration, and communication 0.352 LOW
Teamwork 0.294 LOW
Organization and safety cultures of workers 0.193 LOW
Social relationships 0.131 LOW
Work schedules 0.117 LOW
Performance evaluation, rewards, and incentives 0.107 LOW
Technology and tools 0.198 LOW
Characteristics of human resources in technology and tools 0.475 LOW
Advanced manufacturing technology 0.164 LOW
Information technologies 0.11 LOW
Tasks 0.266 LOW
Work content, challenges, use of skills 0.566 LOW
Tasks variety 0.429 LOW
Autonomy, work control, and participation 0.225 LOW
Work demands (workload, attention required, etc.) 0.092 LOW
Environment 0.302 LOW
Lighting 0.664 LOW
Noise 0.524 LOW
Temperature, humidity, and air quality 0.279 LOW
Distribution 0.188 LOW
Workstation layout 0.136 LOW
MCI of the manufacturing system 0.257 LOW

3.2.9. Stage 9: Propose Improvements. Improvement pro-
posals should be formulated based on the MCI results
and include applying macroergonomic or microergonomic
methods in a specific macroergonomic factor or element,
applying amethod that is effective for all themacroergonomic
elements and factors, and implementing new strategies in
different areas.

4. Results and Discussion

4.1. MCI of the Case Study. TheMCQ-WV was administered
to 30 middle and senior managers from a manufacturing
system located in Ciudad Juárez, Mexico, whereas the MCQ-
EV was answered by six experts in ergonomics. Table 4
shows the MCI values, or the level of macroergonomic
compatibility, of each macroergonomic factor and element.
Also, the table shows the overall level of macroergonomic
compatibility of the manufacturing system.

Note that almost all the macroergonomic elements
showed a low level of macroergonomic compatibility. Only
macroergonomic elements Education, Knowledge, and Skills
showed a medium level of macroergonomic compatibility,
since MCI = 0.709. The MCI value of this macroergonomic

element demonstrates that the manufacturing company sat-
isfactorily assigns employees tasks based on their educational
level, skills, and knowledge, and it promotes education and
knowledge/skills acquisition.

The results also revealed that the company rarely imple-
ments MPs, which is an obstacle to obtaining the benefits
of appropriate macroergonomic compatibility. That said,
ergonomic interventions are an area of opportunity in this
plant. In this sense, and according to the MCI values pre-
sented in Table 4, the company must prioritize the imple-
mentation of macroergonomic practices in the following
elements: work demands (workload, attention required, etc.);
performance evaluation, rewards, and incentives; employee
psychological characteristics; information technologies; and
work schedules. Finally, the results demonstrated that the
overall macroergonomic compatibility of the company is low,
since MCI = 0.257.

4.2. Validating the MCI. The validation results of the MCQ
can be consulted in [33, 39], whereas the validation results of
the macroergonomic compatibility construct are reported in
[37, 39]. Similarly, the validity results of the MCI are shown
in Table 5. The first column of the table shows the company
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Table 5: Validation of the MCI.

Benefits
Manufacturing system MCI Customers Manufacturing processes Organizational performance Average Safety and health
1 0.4 4.14 3.43 3.88 3.82 0
2 0.362 4.04 3.44 4 3.83 0
3 0.313 3.68 3.15 3.81 3.55 0
4 0.268 3.82 3.22 3.56 3.53 0.675∗ 0.257 4.01 2.59 3.86 3.49 1492.33
∗Manufacturing system studied in this article.

ranking based on the obtained MCI values (i.e., 1, 2, 3, 4,
and 5), while the sixth column sets the company ranking
based on benefits of company (i.e., 2, 1, 3, 4, and 5). Note that
only two manufacturing systems (1 and 2) switch ranks, and
only manufacturing systems 4 and 5 reported occupational
accidents, injuries, or diseases, with system 5 being the one
with the highest value in that category. Based on such results,
we conclude that the MCI has enough validity.

4.3. Improvement Proposals. For the MFEs that require
ergonomic interventions through MPs, we recommend the
following:

(i) Reviewing the data collected from theMCQ-WV and
the MCQ-EV to identify the MPs that need to be
implemented

(ii) Developing strategies and actions to immediately
implement the necessary MPs

(iii) Forming an ergonomics committee to ensure and
supervise MPs implementation in every macroer-
gonomic element. The committee should include one
leader per macroergonomic factor and a top team
leader

(iv) Designing a thorough work plan to list the macroer-
gonomic compatibility goals to be reached and the
tasks to be completed to reach such goals. The plan
must include time and dates

(v) Consulting Stanton et al. [40] to educate the company
on macroergonomic methods applicable to the man-
ufacturing industry

5. Conclusions

TheMCQ and the MCI are notable advances in ergonomics.
In its three versions, the MCQ is a reliable instrument that
simplifies and expedites the process of collecting macroer-
gonomic compatibility data of various types. On the other
hand, the MCI is a valid methodology for measuring the
macroergonomic compatibility of both MFEs and an entire
work system. Additionally, the MCI is a support tool for
managers, ergonomists, medical experts, designers, and engi-
neers to identify performance improvement opportunities at
all hierarchical levels from a macroergonomic compatibility
approach. In other words, the MCI methodology paves the
way for new perspectives of company performance evalua-
tion.

As for the MCI results, this research found that the
surveyed company relies little on an ergonomic approach
to work system design/redesign and organization. That said,
ergonomic interventions in the form of MPs can help the
company reach an appropriate level of macroergonomic
compatibility and acquire another competitive strategy. For
instance, theMCI results showed amedium level of macroer-
gonomic compatibility of Education, Knowledge, and Skills.
Such results imply that the company usually takes into
account employee educational characteristics and abilities
when assigning workers a particular job; however, the results
also indicate that the company rarely considers other aspects,
such as employee physical characteristics and work experi-
ence.

As regards recommendations for further research, we
suggest spreading the use of the MCQ and the implemen-
tation of the MCI in other manufacturing companies and
industrial sectors. That said, adaptations might be necessary
in the three versions of the MCQ for the survey to fit in other
research contexts and increase its validity.
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According to game theory, chaotic dynamics theory, and complexity based on the literature review about the pricing strategy and
recycling channels of the closed-loop supply chain, on the background of the widespread hybrid recycling channels in Chinese
electronic products market, this paper builds a closed-loop supply chain model with dual-channel recycling composed of one
manufacturer and one third-party. We assume that the consumer perception towards the remanufacturing products is uncertain
and limited. We carry on theoretical analysis of this model and perform numerical simulations from the perspective of entropy
theory. Results show that a precipitous speed of recycling price adjustment of the manufacturer or the third-party will both lead
the system into a chaotic state and cause the entropy of the system to increase. The system is sensitive to initial conditions in this
chaotic condition. Focusing on the harmful effects of chaotic system, we introduce adjustment parameter to efficiently control the
chaos. The results have a strong reference value to practical problems, so it has a great value in both theory and application.

1. Introduction

Along with the economy’s continuous development, waste
products have attracted more and more attention. Growth in
the living standard and people’s requirement for the quality
of life gives rise to a lot of products being wasted before
the end of their life cycle. A mass of waste products is not
only tremendously harmful to our environment, but also
a great waste of resources. So how to recycle and reuse
waste products reasonably and effectively becomes a widely
concerned problem around the world. Many countries have
introduced policies, laws, and regulations in order to increase
repetitive use rate of rawmaterial. Nowadays, more andmore
companies bring closed-loop supply chain management into
the enterprise strategic management.

In recent years, international and domestic academics
have carried on extensive researches about closed-loop sup-
ply chain, mainly focused on pricing of new products and
used products in closed-loop supply chain, the recycling
channel in closed-loop supply chain, coordination, and

contracts for profit sharing in closed-loop supply chain.
Many scholars have established a closed-loop supply chain
model from the perspective of operational research and game
theory. Liang et al. [1] held the view that new products
and reproducing products have different prices in market
and the retail price of remanufacturing products follows
geometric Brownian motion. Based on this opinion, they
introduced a model to connect recycling price with selling
price. Ketzenberg [2] analyzed the value of information in a
capacity limited closed-loop supply chain system. Salema et
al. [3] built a closed-loop supply chain withmultiproduct and
multistage and put forward the optimal product flow route
design by the way of network simulation of product flow in
reverse logistics. Kannan et al. [4] performed a simulation
of the recycling of waste battery using genetic algorithm and
built a closed-loop supply chain network model with multi-
level and multiproduct, which solved the decision problem
of material purchasing, producing, distribution, recycling,
and processing. Sheu and Lin [5] presented a multiobjective
programming model including the network configuration
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cost, the profits, and consumer satisfaction level, considering
the recovery rate and subsidies from the government. Beyond
that they also take the potential risk-oriented costs into
account. Lu et al. [6] introduced service and consumers
switching to repetitive manufacturing and studied the influ-
ence of service level on profits. They put forward and proved
the importance of the factor of service. Chen and Chang
[7] discussed under what conditions Original Equipment
Manufacturer (OEM) should participate in the recycling
and reproducing. The analysis result indicates that OEM’s
strategic decision mainly depends on the remanufacturing
cost and the competition intensity between OEM recycling
and the third-party recycling. Huang et al. [8] discussed a
closed-loop supply chain with a retailer and a third-party
who specialized in recycling waste products competitively
recycling used products and compared the optimal decisions
in dual-channel recycling and single-channel recycling.Maiti
and Giri [9] considered a supply chain with a manufacturer
selling new products and remanufactured products through
a retailer and recycling waste products via a third-party.
They assumed the demand is connected with the quality of
new and reproducing products and investigate Nash game
and Stackelberg game under different channel powers. He
[10] studied the closed-loop supply chain with uncertain
demand and uncertain supply, respectively, and analyzed
the optimal decisions of recycling price and remanufactur-
ing under centralized decision-making and decentralized
decision-making. They also discussed the influence of the
uncertainty level of demand and supply on each variable
in the closed-loop supply chain. Zu-Jun et al. [11] built a
three-stage supply chain composed of one manufacturer, one
retailer, and two recycle bins and discussed the influence of
different cooperation structure on decisions in closed-loop
supply chain.

However, most of these studies on closed-loop supply
chains are static models from the perspective of operational
research methods and optimization methods. But for the
closed-loop supply chain, which needs to consider the char-
acteristics of the forward channel and reverse channel, the
static model can not reflect the actual situation of sales. As
a complex system, it is necessary to establish the model from
the perspective of complex characteristics and entropy.

Some researchers connect the complex dynamics theory
with supply chain and analyze the dynamic feature of the
system. Elsadany [12] built a duopoly game model based on
bounded rationality with delayed decision and analyzed its
complexity and the local stability of equilibrium point. It
turned out that companies with delayed bounded rationality
have more opportunities to reach the Nash equilibrium.
Guo and Ma [13] presented a closed-loop supply chain with
a manufacturer and a retailer; the retailer recollects the
waste products from consumers.They discussed the complex
dynamic phenomena of the system and the influences of the
system parameters on the base of the manufacturer being
the leader in the Stackelberg game. Ma and Guo [14] built a
closed-loop supply chain with two competitive retailers and a
manufacturer based on waste household appliance market in
China.They found that precipitous speed of price adjustment
would not only cause the chaotic state but also deteriorate

and invalidate the competition. Xie and Ma [15] studied the
competitive behavior in close-loop supply chain with third-
party recycling using the theory of complex system.

In recent years, based on the entropy theory, some schol-
ars found that we can analyze the dynamic characteristics of
the system effectively by the magnitude of entropy values.
There are some researches who connected entropy withman-
agement and economics. In Ma and Si [16] research, entropy
was used to predict the financial time series; they drew
the conclusion that financial forecasts of foreign exchange
currency in low entropy regions have a slight advantage in
trading, and it is very difficult to achieve the predicting time
series in high entropy regions. Han et al. [17] established a
hydropower duopoly gamewith two time delays and analyzed
the influence of delay parameter on the entropy and dynamic
features of the system.

On the basis of previous studies on the static model,
we draw on the application of complex system theory and
entropy theory inmanagement; we build a closed-loop supply
chain with dual-channel recycling based on the real situation
of Chinese electronic products market in this paper. We
analyze the complex systems of closed-loop supply chains
from a dynamic perspective. The structure of this paper is
as follows: the second part is the assumptions, the model
structure, symbol explanation, and model analysis; the third
part describes the dynamic characteristics of the systembased
onnumerical simulation; the fourth part introduces amethod
to control chaos; and the summary is made in the fifth part.

2. Basic Model and Analysis

2.1. Assumption. There are mainly three kinds of recycling
ways in closed-loop supply chain—recycled by the manu-
facturer, the retailer, and the third-party. With the intensity
of market competition, recollecting used products through
hybrid channels emerged; that means different recycling
modes collect the used products simultaneously and compet-
itively. In this paper, we explore a closed-loop supply chain
with dual-channel recycling.Themanufacturer and the third-
party recollect the used product at the same time. Figure 1
shows the recycling method in this paper.

According to this closed-loop supply chain system, we
made the following assumptions.

(1) The recycling function is linear.The quantity of recol-
lecting used products is only affected by the recycling
prices of itself and its competitor (the number of
the collecting is increasing function of its collecting
price), ignoring the influence of environment, service
and consumption level, and so on.

(2) The unit cost of manufacture’s recycling and reman-
ufacturing used products is less than the unit cost of
manufacturing new products, which means that the
manufacturer chooses recycling which is profitable.

(3) The collecting capability and remanufacturing capa-
bility are unlimited. In order to simplify the problem,
we assume that all the collecting products can be
remanufactured.
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Figure 1: Recycling method of the closed-loop supply chain with dual-channel recycling.

(4) Consumer perception of the remanufactured prod-
ucts is inferior to that of the new products. In this
paper, we denote consumer perception by the amount
of remanufactured products which consumers are
willing to buy in one time period.

(5) The manufacture and the third-party are both inde-
pendent decision makers in this closed-loop supply
chain; they make respective decisions in discrete
periodic points 𝑡 = 0, 1, 2, . . ., to maximize their own
profits. Due to the constraints of market conditions,
decision makers cannot be fully aware of others’
behaviors and themarket conditions, so they can only
make bounded rational decisions.

2.2. Symbol Description and Modeling

𝑐𝑙 is unit cost when the manufacturer or the third-
party recycles the used products from consumers.Δ is unit cost saving when the manufacturer reman-
ufacture a used product instead of manufacturing a
new product.𝑝𝑡 is unit recycling price of the third-party from
consumers, decision variable of the third-party.𝑝𝑚 is unit recycling price of the manufacturer from
consumers and the third-party, decision variable of
the manufacturer.

So the recycling quantities of the manufacturer and the
third-party are, respectively, expressed as 𝑄𝑚 and 𝑄𝑡.𝑄𝑚 = 𝑎1 + 𝑏𝑝𝑚 − 𝑐𝑝𝑡

𝑄𝑡 = 𝑎2 + 𝑏𝑝𝑡 − 𝑐𝑝𝑚. (1)

In the formula above, 𝑎1 and 𝑎2 stand for the quantity
of used products which consumers voluntarily return when
the unit recycling price of the manufacturer or the third-
party is equal to zero, namely, consumers’ environmental

awareness. 𝑏 indicates the consumers’ recycling price sensi-
tivity coefficient. 𝑐 denotes the recycling price competition
coefficient between the manufacturer and the third-party,
and the coefficients should meet the condition 𝑏 ≥ 𝑐 based
on the actual situation.

We use 𝑄 to signify the total quantity of recollected
products from themanufacturer and the third-party; then we
can tell that 𝑄 = 𝑄𝑚 + 𝑄𝑡.

Because the consumer perception towards the reman-
ufactures products is uncertain and limited compared to
the new products, a parameter 𝑑 which obeyed uniform
distribution in the interval [ℎ − ℎ1, ℎ + ℎ1] can be used to
show the quantity of remanufactured products consumers
are willing to buy in period 𝑡. The distribution function is𝐹(𝑑), and probability density function is 𝑓(𝑑) = 1/2ℎ1. If
the quantity of total recollected products exceeds 𝑑, only𝑑 can be sold to consumers, and the part beyond 𝑑 would
be lost. On the other hand, if 𝑑 is less than 𝑄, all of the
remanufactured products can be sold out. But in this case,
some consumers who are willing to buy remanufactured
products in the beginning have to buy new products instead
or give up buying behavior, which will bring losses to the
manufacturer as well. We use 𝑠 to denote the unit loss of the
manufacturer due to the lack of recycling products.

Theprofitmodels of themanufacturer and the third-party
can be written as follows:

𝜋𝑀 = {{{
(Δ − 𝑝𝑚 − 𝑐𝑙) ∗ 𝑑 − (𝑝𝑚 + 𝑐𝑙) (𝑄 − 𝑑) 𝑄 ≥ 𝑑
(Δ − 𝑝𝑚 − 𝑐𝑙) ∗ 𝑄 − 𝑠 ∗ (𝑑 − 𝑄) 𝑑 ≥ 𝑄

𝜋𝑇 = (𝑝𝑚 − 𝑝𝑡 − 𝑐𝑙) 𝑄𝑡.
(2)

The expected profit function of the manufacturer is

𝐸 (𝜋𝑀) = ∫ℎ+ℎ1
𝑄

((Δ − 𝑝𝑚 − 𝑐𝑙) ∗ 𝑄 − 𝑠 ∗ (𝑑 − 𝑄))
∗ 𝑓 (𝑑) 𝑑 (𝑑) + ∫𝑄

ℎ−ℎ
1

((Δ − 𝑝𝑚 − 𝑐𝑙) ∗ 𝑄 − 𝑠
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∗ (𝑑 − 𝑄)) ∗ 𝑓 (𝑑) 𝑑 (𝑑) = 14ℎ1 ((𝑎1 + 𝑎2 − ℎ − ℎ1
+ (𝑏 − 𝑐) (𝑝𝑚 + 𝑝𝑡)) ((ℎ + ℎ1) ∗ 𝑠 + (𝑎1 + 𝑎2)
∗ (2𝑐𝑙 + 2𝑝𝑚 − 𝑠 − 2Δ) + (𝑏 − 𝑐) ∗ (𝑝𝑚 + 𝑝𝑡)
∗ (2𝑐𝑙 + 2𝑝𝑚 − 𝑠 − 2Δ)) − (𝑎1 + 𝑎2 − ℎ + ℎ1
+ (𝑏 − 𝑐) ∗ (𝑝𝑚 + 𝑝𝑡))
⋅ (2 (𝑐𝑙 + 𝑝𝑚) (𝑎1 + 𝑎2 + (𝑏 − 𝑐) (𝑝𝑚 + 𝑝𝑡))
− (𝑎1 + 𝑎2 + ℎ − ℎ1 + (𝑏 − 𝑐) (𝑝𝑚 + 𝑝𝑡)) Δ)) .

(3)

Asmentioned above, themanufacturers’ decision variable
is 𝑝𝑚, the third-party’s decision variable is 𝑝𝑡, and the
marginal profit functions are

𝜕𝜋𝑀𝜕𝑝𝑚 = 12ℎ1 (𝑎1 + 𝑎2) (−2ℎ1 − (𝑏 − 𝑐) (𝑠 + Δ))
− (𝑏 − 𝑐) ∗ (2𝑐𝑙ℎ1)
+ ℎ1 (4𝑝𝑚 + 2𝑝𝑡 − (𝑠 + Δ))
− (ℎ − (𝑏 − 𝑐) (𝑝𝑚 + 𝑝𝑡)) (𝑠 + Δ)

𝜕𝜋𝑇𝜕𝑝𝑡 = −𝑎2 + 𝑐𝑝𝑚 + 𝑏 (−𝑐𝑙 + 𝑝𝑚 − 2𝑝𝑡) .

(4)

Because of the complexity of the market, the manu-
facturer and the third-party cannot acquaint entirely and
predict accurately the true information of the market and the
complete information of other decisionmakers.Therefore, all
of the decision makers in the market are based on bounded

rationality model. The decisions in period 𝑡 + 1 under
bounded rational hypothesis are

𝑝𝑚 (𝑡 + 1) = 𝑝𝑚 (𝑡) + 𝑔1𝑝𝑚 (𝑡) 𝜕𝜋𝑀𝜕𝑝𝑚
𝑝𝑡 (𝑡 + 1) = 𝑝𝑡 (𝑡) + 𝑔2𝑝𝑡 (𝑡) 𝜕𝜋𝑇𝜕𝑝𝑡 .

(5)

In the formula above, 𝑔𝑖 > 0 (𝑖 = 1, 2), respectively,
stands for the manufacturer’s adjusting speed of 𝑝𝑚, and
the third-party’s adjusting speed of 𝑝𝑡. We can get the two-
dimensional discrete dynamic equation as follows:

𝑝𝑚 (𝑡 + 1) = 𝑝𝑚 (𝑡) + 𝑔1𝑝𝑚 (𝑡) 12ℎ1 (𝑎1 + 𝑎2) (−2ℎ1
− (𝑏 − 𝑐) (𝑠 + Δ)) − (𝑏 − 𝑐) ∗ (2𝑐𝑙 ∗ ℎ1
+ ℎ1 (4𝑝𝑚 + 2𝑝𝑡 − (𝑠 + Δ))
− (ℎ − (𝑏 − 𝑐) (𝑝𝑚 + 𝑝𝑡)) (𝑠 + Δ))

𝑝𝑡 (𝑡 + 1) = 𝑝𝑡 (𝑡) + 𝑔2𝑝𝑡 (𝑡) (−𝑎2 + 𝑐𝑝𝑚
+ 𝑏 (−𝑐𝑙 + 𝑝𝑚 − 2𝑝𝑡)) .

(6)

2.3. Model Analysis. After the decision variables’ continu-
ously adjustment for several periods, the dynamical system
above can achieve an equilibrium state. In this state, each of
the decision-making parties may not increase their profit by
changing the value of the decision variable. So the value of the
decision variable would not be adjusted any more, and every
party achieves the profit maximization. The equilibrium
solution of our system is 𝑅1∼𝑅4.

𝑅1 (0, 0)
𝑅2 ((𝑎1 + 𝑎2) (−2ℎ1 − (𝑏 − 𝑐) (𝑠 + Δ)) − (𝑏 − 𝑐) (2ℎ1𝑐𝑙 − (ℎ + ℎ1) (𝑠 + Δ))(𝑏 − 𝑐) (4ℎ1 + (𝑏 − 𝑐) (𝑠 + Δ)) , 0)
𝑅3 (0, −𝑎2 + 𝑏𝑐𝑙2𝑏 )
𝑅4 (𝑝𝑚∗, 𝑝𝑡∗) .

(7)

In 𝑅4,
𝑝𝑚∗ = (−2𝑎1𝑏 − 𝑎2 (𝑏 + 𝑐)) (2ℎ1 + (𝑏 − 𝑐) (𝑠 + Δ)) + 𝑏 (𝑏 − 𝑐) (2 (ℎ + ℎ1) (𝑠 + Δ) + 𝑐𝑙 (−2ℎ1 + (𝑏 − 𝑐) (𝑠 + Δ)))(𝑏 − 𝑐) (3𝑏2 (𝑠 + Δ) + 2𝑏 (5ℎ1 − 𝑐 (𝑠 + Δ)) − 𝑐 (−2ℎ1 + 𝑐 (𝑠 + Δ)))
𝑝𝑡∗ = − (𝑎1 (𝑏 + 𝑐) (2ℎ1 + (𝑏 − 𝑐) (𝑠 + Δ)) + 2𝑎2 (−𝑐ℎ1 + 𝑏2 (𝑠 + Δ) + 𝑏 (3ℎ1 − 𝑐 (𝑠 + Δ))) + (𝑏 − 𝑐) 𝑏2𝑐𝑙 (𝑠 + Δ)
+ 𝑐 (2𝑐𝑙ℎ1 − (ℎ + ℎ1) (𝑠 + Δ)) + 𝑏 − (ℎ + ℎ1) ∗ (𝑠 + Δ) + 𝑐𝑙 (6ℎ1 − 𝑐 (𝑠 + Δ)))
× ((𝑏 − 𝑐) (3𝑏2 (𝑠 + Δ) + 2𝑏 (5ℎ1 − 𝑐 (𝑠 + Δ)) − 𝑐 (−2ℎ1 + 𝑐 (𝑠 + Δ))))−1 .

(8)
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We can find that among the 4 equilibrium solutions
above, only 𝑅4 is completely nonzero, while the other three
are partly or entirely zero. Decision makers obviously do
not allow their decision variable to be zero in economics,
which means that only 𝑅4 is stable among the 4 equilibrium
solutions and 𝑅1∼𝑅3 is unstable. We can verify it by solving
the Jacobian matrix of each equilibrium solution.

The Jacobian matrix of our system can be written as
follows:

𝐽
= ( 𝐽11 −(𝑏 − 𝑐) 𝑔1𝑝𝑚 (2ℎ1 + (𝑏 − 𝑐) (𝑠 + Δ))2ℎ1(𝑏 + 𝑐) 𝑔2𝑝𝑡 𝐽22 ) , (9)

where

𝐽11 = 1 − 12ℎ1 (𝑔1 (𝑎1 (2ℎ1 + (𝑏 − 𝑐) (𝑠 + Δ)) + 𝑎2 (2ℎ1
+ (𝑏 − 𝑐) (𝑠 + Δ)) + (𝑏 − 𝑐) (2𝑐𝑙ℎ1
+ ℎ1 (8𝑝𝑚 + 2𝑝𝑡 − 𝑠 − Δ)
− (ℎ − (𝑏 − 𝑐) (2𝑝𝑚 + 𝑝𝑡)) (𝑠 + Δ))))

𝐽22 = 1 + 𝑔2 (−𝑎2 + 𝑐𝑝𝑚 + 𝑏 (−𝑐𝑙 + 𝑝𝑚 − 2𝑝𝑡) − 2𝑏𝑝𝑡) .

(10)

We calculate the Jacobian matrix of the 4 equilibrium
solutions next to judging its stability according to the mag-
nitude of the eigenvalues. If a nonzero eigenvalues are greater
than 1, then this equilibrium solution is unstable.

The characteristic equation takes the form

𝐹 (𝜆) = |𝜆𝐸 − 𝐽|
= 𝜆2 − (𝐽11 + 𝐽22) 𝜆 + (𝐽11𝐽22 − 𝐽12𝐽21) . (11)

According to the Jury criterion, the coefficients of the
characteristic polynomial should satisfy the following condi-
tions:

− (𝐽11 + 𝐽22) + (𝐽11𝐽22 − 𝐽12𝐽21) + 1 > 0
(𝐽11 + 𝐽22) + (𝐽11𝐽22 − 𝐽12𝐽21) + 1 > 0

𝐽11𝐽22 − 𝐽12𝐽21 < 1
𝐽11 + 𝐽22 > 0.

(12)

In theory, we can get the system stable by solving the
condition, but our system is too complicated; we will analyze
its dynamic characteristics by numerical simulation.

3. Numerical Simulation

Nowadays, numerical simulation is widely used in the rep-
resentation of complex dynamic system. In this paper, we use
MATLAB to performnumerical simulation and analysis of its
dynamics feature. We take the parameter values as follows:𝑎1 = 0.2, 𝑎2 = 1, 𝑐𝑙 = 0.1, 𝑏 = 1, 𝑐 = 0.4, Δ = 8, 𝑠 = 1,ℎ = 4, and ℎ1 = 1 Because these parameters are the necessary

factors for manufacturers to fulfill their basic production
activity and the analyzing aim is to find out the threshold of
adjustment parameters while it will affects system status in
the following study. So we pick out these basic parameters as
the fundamental precondition of further research.

In this section, we will demonstrate the dynamic charac-
teristics of the system in three ways, including the bifurcation
diagram, the largest Lyapunov exponent, and the chaotic
attractors. Entropy can also effectively measure the degree of
chaos and disorder in the system. If the entropy value is larger,
the system would be in a more chaotic state. If the energy is
absolutely uniformly distributed in the space, the entropy of
the system would maximize. We will discuss the impacts of
the decision variables’ adjustment on the system’s stability and
analyze the sensitivity to initial value.

3.1. Chaos and Bifurcation Phenomenon. Bifurcation diagram
is an intuitive approach to show the dynamic characteristics
of the system with one parameter changed and other param-
eters unchanged. Ceteris paribus, we assume that 𝑔2 is fixed
at 0.01 and 𝑔1 changes from 0.22 to 0.4; Figure 2(a) shows the
bifurcation diagram of the manufacturer’s recycling price 𝑝𝑚
when 𝑔1 is at [0.22, 0.4]. We can see that when 𝑔1 increases
from 0.22 to 0.302,𝑝𝑚 stays stable at 2.331. After several times’
game, the first bifurcation occurs, and the system turns into
stable cycles of period 2 when 𝑔1 increases to 0.302; when𝑔1 changes from 0.36 to 0.375, the system is stable cycles
of period 4; when 𝑔1 is between 0.375 and 0.38, the system
shows stable cycles of period 8; when 𝑔1 is greater than 0.38,
the system gets into chaos, It means that as 𝑔1 rises, the
value of the recycling price 𝑝𝑚 presents from one certain
value to two values and finally becomes multiple values.
From the perspective of information theory, the uncertainty
of the recycling price 𝑝𝑚 increases, so it will lead to the
result that companies will need to gather more information
to make decisions and the information entropy of the system
increases.

The variation diagram of the third-party recycling price𝑝𝑡 has been shown in Figure 2(b) when 𝑔2 is fixed at 0.01
and 𝑔1 changes from 0.22 to 0.4. Similar to the bifurcation
diagram of 𝑝𝑚, 𝑝𝑡 is stable at the value of 1.086 when 𝑔1
increases from 0.22 to 0.302. The first bifurcation also occurs
when 𝑔1 is at 0.302, and, after cycles 2, 4, 8, and so on, the
system is gradually into the chaotic state. It also confirms that
the entropy of the system is increasing as 𝑔1 is increasing.

From the analysis above, we can find that when the
adjustment speed 𝑔1 is oversized, the uncertainty of the
decision variables will increase obviously, which will cause
the entropy reach to be a very large value; themarket situation
will get complex and the decision of decision makers will
become complicated. So we suspect that the profit of decision
makers will also be influenced. Figures 2(a) and 2(b) show
the variation diagram of the profits of the manufacture and
the third-party with respect to 𝑔1, respectively. As we just
predicted, the profits of the manufacture and the third-party
also stay stable at 17.21 and 1.321 when 𝑔1 is smaller than 0.302
ignoring error. The profits will go into chaotic state when 𝑔1
is bigger than 0.38. Therefore, we can reach the conclusion
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Figure 2: (a) Bifurcation diagram of 𝑝𝑚 with respect to 𝑔1 when 𝑔2 = 0.01, (b) bifurcation diagram of 𝑝𝑡 with respect to 𝑔1 when 𝑔2 = 0.01.
that the oversize of 𝑔1 will not only complicate the decision-
making, but also impact the profits of the manufacture and
the third-party.

When keeping other parameters fixed, we assume that 𝑔1
is fixed at 0.22 and 𝑔2 changes from 0.45 to 0.587; Figure 4(a)
shows the bifurcation diagram of the manufacturer’s recy-
cling price 𝑝𝑚 when 𝑔1 is at [0.45, 0.587]. We can see that
when 𝑔1 increases from 0.45 to 0.523, 𝑝𝑚 stays stable at 2.337.
After multigame, the adjustment speed of the third-party’s
recycling price is beyond a certain level, which will prompt
the system into chaos. For the third-party, the adjustment
speed of the decision variable determines the length of
time to achieve its optimal decision, but the increasement
of adjustment parameter may bring chaos of the whole
recycling system. Under chaotic state, both the manufacturer
and the third-party cannot achieve a stable decision. We
can find that as 𝑔2 rises, the value of the recycling price𝑝𝑚 changes from one certain value to innumerable values.
From the perspective of comentropy, the increasement of the
uncertainty of 𝑝𝑚 will result in the fact that we can be able to
make the situation clear only by gathering more information.
In other words, we can also say that the information entropy
of the system increases.

Figure 4(b) delivers the similar information about the
influence of 𝑔2 on the stability of the third-party’s recycling
price. When 𝑔2 increases from 0.45 to 0.523, 𝑝𝑡 can maintain
stability at the value of 1.09, but if 𝑔2 continues to increase
beyond 0.523, the system will step into chaos, which also ver-
ifies that the information entropy of the system is increasing
along with the growth of 𝑔2.

Just like the suspicion that the profit of decision makers
will be influenced by the adjustment parameters, we get
Figures 5(a) and 5(b) which show the variation diagramof the
profits of the manufacture and the third-party with respect
to 𝑔2, respectively. From the two pictures we can find that
the profits of the manufacture and the third-party also stay
stable at 17.24 and 1.33 when 𝑔2 is smaller than 0.532 ignoring

error, and theywill go into chaotic statewhen𝑔2 is bigger than
0.532.Therefore, we can reach the conclusion that the oversize
of 𝑔2 will not only complicate the decision-making, but also
impact the profits of the manufacture and the third-party.

Furthermore, wemake𝑔1 and𝑔2 change at the same time;
the changes of 𝑝𝑚 and 𝑝𝑡 are shown in Figure 6. It can be
seen that, in the whole state of change, with the increase of𝑔1 and 𝑔2, the chaos of the system gradually intensified, from
the steady state into the times cycle state, and finally into the
chaos.

Figure 7 shows the system’s variation of the cycle as𝑔1 and𝑔2 change from another angle.The different colors in Figure 7
represent the different periods of the systemat this time. It can
be seen that as the adjustment speed increases, the number of
system cycles increases, and finally the chaotic state appears.

We get Figures 8(a) and 8(b) which show the average
diagram of the profits of the manufacture and the third-party
with respect to 𝑔1 and 𝑔2. From the two pictures we can find
that the profits of the manufacture and the third-party are
stable when 𝑔2 and 𝑔1 are small. And with the generation of
the bifurcation, the system gradually steps into the chaos and
both profit levels have showed a downward trend.

3.2. Largest Lyapunov Exponent. When the adjustment speed
of the decision variable in the system changes, the largest
Lyapunov exponent will have dynamic variation, so we can
analyze the dynamic characteristics of the system through the
largest Lyapunov exponent. If the largest Lyapunov exponent
is less than 0, the system is in a stable state; if the largest
Lyapunov exponent is equal to 0, the system is in a periodic
motion or quasi periodic motion; if the largest Lyapunov
exponent is greater than 0, the system is in a chaotic state.

Figure 9(a) shows the largest Lyapunov exponent when𝑔2 is fixed at 0.01 and 𝑔1 changes from 0.22 to 0.4; Figure 9(b)
shows the largest Lyapunov exponent when 𝑔1 is fixed at 0.22
and 𝑔2 changes from 0.45 to 0.587. Comparing the largest
Lyapunov exponent and the bifurcation diagram shown in
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Figure 8, it can be seen that the values of 𝑔1 and 𝑔2 when
bifurcation occurs and gets in chaos are consistent with the
bifurcation diagram shown in Figure 8.

3.3. Kolmogorov Entropy. When the adjustment speed of the
decision variable in the system changes, the Kolmogorov
entropy also will have dynamic variation, so we can study the
evolution of the system through the change of entropy.

Figure 10(a) shows the Kolmogorov entropy when 𝑔2 is
fixed at 0.01 and 𝑔1 changes from 0.22 to 0.4; Figure 10(b)
shows the Kolmogorov entropy when 𝑔1 is fixed at 0.22 and𝑔2 changes from 0.45 to 0.587. Comparing the Kolmogorov
entropy and the bifurcation diagram shown in Figure 9, it can
be seen that the entropy of the system is increasing rapidly
when bifurcation occurs and gets in chaos. However, when
the system reenters the cycle state again, the entropy will
appear a certain degree of decline.

3.4. Chaotic Attractor. When the system is in a stable state,
attractor will be a stable fixed point; when the system goes
into a chaotic state, attractorwill occupy a larger space and the
structure of the chaotic attractor will be more complicated.
When 𝑔1 = 0.22, 𝑔2 = 0.4, the system is stable due to the
bifurcation diagram, the chaotic attractor in this condition is
shown in Figure 11.

When 𝑔1 = 0.4, 𝑔2 = 0.01, 𝑔1 = 0.22, and 𝑔2 =0.58, the system is in a chaotic state based on the bifurcation
diagram shown in Figure 11; the chaotic attractors in these
two conditions are shown in Figures 12(a) and 12(b).

From Figures 3–12, it can be seen that, in a closed-
loop supply chain with dual-channel recycling, the faster the
adjustment of the decision variables in the system is, the
more responsive the enterprise is and the more easily the
market will get into chaos. According to the information
theory, when the system is stable and in order, the probability
of optimal price information will be pretty large and the
information entropy will be low; when the system is chaotic,
the information of the decision variables is out of order and
the information entropy will be high. When the initial value
of decision variable is fixed, the equation will not change
with the adjustment speed; however, the velocity can affect
the period of the market from order to chaos. Therefore, in a
closed-loop supply chain with a manufacturer and a third-
party recycling competitively, both the manufacturer and
the third-party should make their decisions with an overall
consideration about the market situation and competitor’s
response rather than adjust their recycling prices over quickly
and blindly.

3.5. Sensitive Dependence on Initial Conditions. When 𝑔1 =0.22, 𝑔2 = 0.4, the system stays stable according to the three
judgment methods above. The initial values of the recycling
prices 𝑝𝑚 and 𝑝𝑡 are both taken 1 and 1.01. After multi-
iterations, the differences between the two sets of numerical
solutions are shown in Figure 13. We can find that, in the
beginning iterations, there is a little difference, but after about
15 times iterations, the difference gradually reduces to zero.

Thus it can be seen that chaotic system is very sensitive to
initial value; just like the butterfly effect, a small difference in
initial value can cause a huge deviation after multiepisodes.
This gives us a revelation that decision makers should choose
the initial value of their decision variables more prudently.

4. Chaos Control

From the previous discussion, chaotic phenomenon is unsta-
ble and initially sensitive, which will always be harmful to
the economic market. Therefore, we should take measures to
prevent chaos before it occurs and control chaos after it has
occurred. In this paper, parameter control method is used to
control chaos.

The discrete dynamic system which has not been con-
trolled can be expressed as

𝑝𝑚 (𝑡 + 1) = 𝑓1 (𝑝𝑚 (𝑡) , 𝑝𝑡 (𝑡))
𝑝𝑡 (𝑡 + 1) = 𝑓2 (𝑝𝑚 (𝑡) , 𝑝𝑡 (𝑡)) . (13)

After being controlled by parameter adjustment, the
controlled system can be written as

𝑝𝑚 (𝑡 + 1) = (1 − 𝑢) 𝑓1 (𝑝𝑚 (𝑡) , 𝑝𝑡 (𝑡)) + 𝑢𝑝𝑚 (𝑡)
𝑝𝑡 (𝑡 + 1) = (1 − 𝑢) 𝑓2 (𝑝𝑚 (𝑡) , 𝑝𝑡 (𝑡)) + 𝑢𝑝𝑡 (𝑡) . (14)

We can discuss the influence of control parameter 𝑢 on
the chaotic system by numerical simulation. When 𝑔1 = 0.4,𝑔2 = 0.01, the system is in a chaotic state from the analysis
above. After adding 𝑢, the variation diagram of the recycling
price 𝑝𝑚 and 𝑝𝑡 with change of the control parameter 𝑢 is
shown in Figure 11. It can be seen that when 𝑢 = 0, the whole
system is in a chaotic state and the two variables are both
uncontrollable. As 𝑢 increases, the two variables gradually go
from chaos, via double-periodic state, to a stable state finally.
It means that the entropy decreases as 𝑢 increases, and the
chaos is controlled effectively.

Figures 14(a) and 14(b) indicate the variation of recycling
prices 𝑝𝑚 and 𝑝𝑡 under chaos control. It is obvious that when
control parameter 𝑢 > 0.25, the system comes to stable statue
and keeps in it. As shown in the equation of controlled system,
it is time to use feedback control and parameter adjustment
when the system is out of control and even falls in chaos,
which enables the system to go back to stability from harmful
chaotic state. From theoretical perspective, the controlled
system equation describes control process as the chaos points
gradually converge to the Nash equilibrium points.

On the other hand, chaos control benefits recycling
market management. As we know, recycling market is in its
infancy, and it is hard to be managed for lacking of perfect
recycling system. If there exits chaos in the system, it can be
explained as a result of malicious price competition among
channels, which damages the ordering of fresh established
recycling market. In consequence, chaos control is of vital
importance to recyclingmarket.This paper introduces meth-
ods of state feedback control and parameter adjustment to
control the chaos that occurs in the repeated game process
by suppressing or delay chaos.
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Figure 3: (a) Bifurcation diagram of 𝜋𝑀 with respect to 𝑔1 when 𝑔2 = 0.01, (b) bifurcation diagram of 𝜋𝑇 with respect to 𝑔1 when 𝑔2 = 0.01.
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Figure 4: (a) Bifurcation diagram of 𝑝𝑚 with respect to 𝑔2 when 𝑔1 = 0.22, (b) bifurcation diagram of 𝑝𝑡 with respect to 𝑔2 when 𝑔1 = 0.22.
Both the manufacturer and the third-party hope that

the market is stable, because they can make decisions more
easily and pursue themaximumprofits steadily. However, the
closed-loop supply chain market is complicated; the change
of the decision variables may lead themarket from stability to
chaos. Hence the manufacturer needs to be cooperative with
the third-party and take some measures in order to delay or
eliminate chaos to the benefit of the market developing and
stability.

5. Conclusion

In this paper, we build a closed-loop supply chain model
according to real market situation with dual-channel recy-
cling composed of a manufacturer and a third-party. Consid-
ering that the consumer perception towards the remanufac-
tures products is uncertain and limited compared to the new

products, we introduce a parameter 𝑑 to show the quantity
of remanufactured products consumers who are willing to
buy in a period cycle. We analyzed the dynamic game
model and try to find the condition that keeps the system
stable. Using MATLAB to perform numerical simulation,
we discussed the dynamic characteristics of the system by
bifurcation diagram, Largest Lyapunov exponent, and chaotic
attractors. We analyze the system from the perspective of
the information entropy. We also analyzed the initial value
sensitivity, which is a feature of the chaotic system. Finally,
we introduced an efficient method to control chaos. We get
the following conclusions:

(1) If the manufacturer and the third-party adjust their
decision variables too quickly, the entropy of the
system will increase; the system will go into a chaotic
state. In chaos, the manufacturer and the third-party
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Figure 6: 3D Bifurcation diagram of 𝑝𝑚 and 𝑝𝑡.
are so difficult to predict their prices and profits that
they cannot acquire steady profits to meet the market
demand. According to the information theory, when
the system is in a stable state, the information is
in order and has more value which means that the
entropy is low; when the system is in chaos, the large
uncertainty of variable information will lead to the
result that more additional information is needed to
make it clear and the entropy is large.

(2) When the system is in a stable state, the difference
value of the decision variables because of the initial
value’s subtle changewill gradually become zero as the
iterations increase. When the system is in a chaotic
state, the difference value of the decision variables
because of the initial value’s subtle change will enlarge
by hundreds of times after several iterations.

(3) The chaotic system can be delayed or eliminated
effectively by adding a adjustment parameter, so the
manufacturer and the third-party should cooperate
with each other to take some measures to prevent
and control chaos. We believe that this conclusion
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Figure 7: 2D Bifurcation diagram of 𝑝𝑚 and 𝑝𝑡.
has not only theoretical direction but also practical
significance.

At the same time, we believe that in order to better improve
the model and further contact to the actual situation, this
article can be further explored in the following areas:

(1) Further increase the number of manufacturers which
participate in the game, although a small number
of oligopolies occupy a large share in real life, but
a small number of small recyclers which provide
professional services may also bring a certain impact
on the traditional market.

(2) Establish a cooperation mechanism between the
game sides to maximize the collective interests of the
game, and the establishment of the corresponding
supply chain coordination mechanism.
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Figure 10: (a) Kolmogorov entropy with respect to 𝑔1 when 𝑔2 = 0.01, (b) Kolmogorov entropy with respect to 𝑔2 when 𝑔1 = 0.22.
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Figure 11: Chaotic attractor of the system when 𝑔1 = 0.22, 𝑔2 = 0.4.
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Figure 12: (a) Chaotic attractor of the system when 𝑔1 = 0.4, 𝑔2 = 0.01, (b) chaotic attractor of the system when 𝑔1 = 0.22, 𝑔2 = 0.58.
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(3) When the recovery work has made some progress
and sufficient data are available, a more accurate
numerical fit can be made.
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The complexity of machining processes relies on the inherent physical mechanisms governing these processes including nonlinear,
emergent, and time-variant behavior. The measurement of surface roughness is a critical step done offline by expensive quality
control procedures. The surface roughness prediction using an online efficient computational method is a difficult task due to the
complexity of machining processes.The paradigm of hybrid incremental modeling makes it possible to address the complexity and
nonlinear behavior of machining processes. Parametrization of models is, however, one bottleneck for full deployment of solutions,
and the optimal setting of model parameters becomes an essential task.This paper presents a method based on simulated annealing
for optimal parameters tuning of the hybrid incremental model. The hybrid incremental modeling plus simulated annealing is
applied for predicting the surface roughness inmilling processes. Two comparative studies to assess the accuracy and overall quality
of the proposed strategy are carried out. The first comparative demonstrates that the proposed strategy is more accurate than
theoretical, energy-based, and Taguchi models for predicting surface roughness. The second study also corroborates that hybrid
incremental model plus simulated annealing is better than a Bayesian network and a multilayer perceptron for correctly predicting
the surface roughness.

1. Introduction

Despite the progress in science and technology, manufac-
turing processes are still considered complex systems con-
sisting of several interacting subsystems with noisy, time-
variant, and nonlinear behavior [1, 2]. New models are
then required to better deal with manufacturing companies’
threats innovating in whole value chain [3]. Machining
processes, and specificallymilling processes, are key elements
of manufacturing value chain [4].The roots of the machining
complexity rely on the inherent physical mechanisms gov-
erning the process itself. Different modeling techniques have
been explored to describe and understand the geometric and
physical characteristics of the cutting process [5, 6].

Quality monitoring is still the cornerstone and the
bottleneck of many industrial processes [7]. For some

manufacturing companies centered on aeronautical and
automotive sectors, parts quality should fulfill strict require-
ments for dimensional [8, 9] and surface quality [10].
Inappropriate surface quality leads to removing defective
parts from the production line and remanufacturing the
component [11]. It implies more energy consumption of
machine tools and more scraps resulting from the machining
processes. In-process solution for predicting quality variables
is in the agenda of many companies, and many solutions
are being explored to decrease the environmental impact of
machining processes due to poor surface quality of parts [12].

Surface roughness prediction studies in endmilling oper-
ations are usually based on three main parameters composed
of cutting speed, feed rate, and depth of cut [13]. Surface
roughness and specific cutting energy consumption in slot
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milling are very related [14]. Recent studies demonstrate that
net cutting specific energy is an effective process signature for
surface integrity [15].

The review of traditional and emergent modeling strate-
gies for manufacturing processes is out the scope of this
paper. Nevertheless, it is important to remark that artificial
neural networks (ANN) and fuzzy systems represent themost
widely applied artificial intelligence techniques for modeling,
control, and supervision [16, 17]. A thorough revision of
computational intelligence techniques is out of the scope
of this paper. The potential of artificial neural networks is
often combined with the ability of fuzzy systems to represent
human thought and robustness in the presence of noise and
process uncertainty [18]. Fuzzy systems can also be combined
with classical modeling techniques in order to better capture
the most important characteristics of processes [19].

On the other hand, among model-free methods reported
in the literature, the incremental models are proposed in
[20]. Incrementally, principle can be fully exploited starting
from a simple and generic form of the model. Further
refining procedures can be iteratively applied using some
more localized techniques to represent specific regions of
the input space. This work is focused on that principle for
developing a hybrid incremental model inspired in [21] and
then presents a case study for surface roughness prediction
in milling processes. Surface roughness is influenced by tool
wear, chattering, inappropriate cutting conditions, and so
forth, and therefore it is mainly used to monitor the quality
of the manufactured components [22].

In this work, a regression technique is applied for fit-
ting the global characteristics whereas the fuzzy 𝑘-nearest-
neighbors algorithm [23] is selected for the subsequent
refinement of the global model.Themain advantages of fuzzy𝑘-nearest-neighbors algorithm have been already demon-
strated in various studies [24, 25]. Noticeably, none of
previous works has evaluated the capability of this instance-
based learning method in surface roughness prediction.

However, setting parameters of the hybrid incremental
model (HIM) is not an easy task because it strongly depends
on the case study. Optimal tuning of parameters requires one
strategy for optimization among all gradient-free techniques
[26]. Simulated annealing (SA) is a probabilistic hill-climbing
technique that emulates the physical annealing and cooling
process of metals, based on a simple criterion that searches
the problem space by piecewise perturbations of the estimates
of the parameters that are being optimized [27]. SA has been
used widely as optimization technique in many fields from
optimal task allocation in manufacturing systems to vehicle
routing systems [28].

From the best of authors’ knowledge, the main contribu-
tions of this work are twofold. Firstly, a model-based proce-
dure is implemented for predicting surface roughness based
on a hybrid incremental modeling strategy. Secondly, a well-
known optimization method with proven convergence prop-
erties is applied to achieve the optimal parametrization for
the HIM method. The performance of the proposed method
is assessed by means of two comparative studies. Firstly, the
prediction capability is analyzed with regard to a theoretical,

energy-based, and Taguchi models. Secondly, four error-
based criteria are applied to perform the comparison with a
Bayesian network and a multilayer perceptron for predicting
surface roughness. The suitability of the proposed approach
for minimizing the number of parts to be remanufactured
due to poor surface roughness is then demonstrated. The
rest of the paper is organized as follows. Section 2 presents
a description of hybrid incremental modeling. The experi-
mental platform and the comparative study are presented in
Section 3. Conclusions are shown in Section 4.

2. Hybrid Incremental Modeling Based on
the Optimal Setting

The behavior of a locally nonlinear system [21] can be
captured by hybrid incremental modeling where a global
model represents the general behavior of the system and the
local model shows the local behavior. Black box approach
is an appropriate strategy when no prior knowledge of the
system is available. For the sake of simplicity and clarity,
a linear regression is selected for representing the global
behavior of the system.Therefore, least squares are chosen to
fit a polynomial of degree𝑚 with the following output:

𝑦𝐵 (𝑥𝑖) = 𝑓𝐵 (𝑥𝑖, 𝑔 (𝑥𝑖)) , (1)

where 𝑥𝑖 is the 𝑖th input data and 𝑔(𝑥𝑖) is its output value.
Therefore, the global model consists in the computed

parameters of the fitting function (i.e., the𝑚-degree polyno-
mial).

The development of the local model requires a simple
and easily interpretable technique from the viewpoint of
industrial informatics. Data normalization [29] is carried
out because different variable ranges affect negatively the
performance of the algorithms. On the other hand, fuzzy𝑘-Nearest Neighbors (F-kNN) approach has the required
characteristics justifying its selection [30]. The similarity
between 𝑞 and the points of𝑁 is given by

𝑆 (𝑛𝑖, 𝑞)

=
{{{{{{{{{

1, if 𝑛𝑖 − 𝑞 = 0,
[
[
𝑛𝑖 − 𝑞2/(𝑝−1) ⋅ 𝑘∑

𝑗=1

( 1𝑛𝑗 − 𝑞)
2/(𝑝−1)]

]
−1

if 𝑛𝑖 − 𝑞 ̸= 0,
(2)

where 𝑛𝑖 is the 𝑖th neighbor of the query point 𝑞 and 𝑝 is the
fuzzy strength parameter.

The target value of query point 𝑞 is now calculated as the
mean of the target values of the points of the set𝑁, weighted
by the similarity 𝑆:

𝑔 (𝑞) = 𝑘∑
𝑖=0

𝑆 (𝑛𝑖, 𝑞) ⋅ 𝑔 (𝑛𝑖) . (3)

The incremental model integrates the global and local
models described above. Thus, let 𝑦𝐵(𝑥) be the function that
is the output of the basic model. Then the prediction error of
the basic model is

𝜀 (𝑥) = 𝑔 (𝑥) − 𝑦𝐵 (𝑥) . (4)
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It is important to remark that F-kNN only use errors
resulting from the global modeling strategy. Therefore, the
refinement of the global model output in regions with
localized nonlinear behavior is done by F-kNN.

The incrementalmodel evaluates a sample of data input 𝑞,
by adding to the output of the basic model the compensation
term calculated by the local model according to (4):

𝑦 (𝑞) = 𝑦𝐵 (𝑞) + 𝑔 (𝑞) . (5)

The tuning parameters of hybrid incremental model,
namely, degree of the polynomial (𝑚), the neighborhood size
(𝑘), and the fuzzy strength (𝑝), play an important role in
setting the predictive model. These parameters influence the
model’s performance, and they are required to be properly
computed to produce the best output estimation using new
input data.

Simulated annealing (SA) is selected among the arsenal of
gradient-free techniques to search for an optimal set ofmodel
parameters. The main rationale for its selection relies on it
easy-to-implement probabilistic algorithm able to yield very
good solutions for a wide variety of problems. A thorough
study on the fast convergence and relatively low complexity of
the algorithm is out of the scope of this paper but it has been
recently reported [31]. The SA algorithm starts with initial
modeling parameters 𝐾HIM = [𝑚0, 𝑘0, 𝑝0] and evaluates the
MAPE performance index.

MAPE = 1𝑁
𝑁∑
𝑖


𝑦𝑖 − 𝑦𝑖𝑦𝑖

 ⋅ 100,
𝐾HIM = [𝑚, 𝑘, 𝑝]opt = argmin (MAPE) .

(6)

The current modeling parameters 𝐾HIM are perturbed to
generate another KHIM(NEW) and the mean absolute percent-
age error (MAPE) performance index is evaluated again.The
Metropolis algorithm is the basement for the acceptance and
rejection criterion. SA simulates the annealing process as it
searches for a solution. A random perturbation is generated
on the design variables 𝑚, 𝑘, 𝑝 which generates a change in
the objective function (i.e.,MAPE performance index).These
perturbations depend on a temperature index, 𝑇, and rate at
which it is lowered (𝛼 = [0.5, 0.99]). More details on this
temperature control parameter for simulated annealing are
presented in [32].

Figure 1 represents the temperature index decreasing per
iteration of the algorithm. Each set of model parameters𝐾HIM obtained by this method is substituted into the hybrid
incremental model (global plus local models) and the perfor-
mance of the resulting solution is assessed by means of whole
simulation of the system. Further details can be found in [33].

Finally, the MAPE performance index is evaluated
by comparing the simulated responses with the desired
responses and calculating the MAPE performance index.
If the performance index is lower than the previous best
performance index, then the new parameters replace the
previous parameters. Otherwise, the new model parameters
are not immediately discarded.

Simulate HIM and evaluate
MAPE performance index

Simulate HIM and evaluate
MAPE performance index

Metropolis criterion

Reduce “temperature” by 
annealing schedule

Temp
low

End

NO

YES

Begin

NO

YES

NO

YES

Generate random
[mi, ki, pi]

Perturb
[mi, ki, pi]

ΔE = Ek−1 − Ek

ΔE < 0 ℎ(ΔE) = e−ΔE/T

ℎ(ΔE) < R

Accepted xk Rejected xk

Figure 1: Algorithm for optimal tuning of hybrid modeling param-
eters based on simulated annealing.

The probability, 𝑃, of the new parameters’ cost
(MAPENEW) relative to the previous best cost (MAPEPREV)
is calculated using Boltzmann’s equation:

𝑃 = 𝑒(MAPEPREV−MAPENEW)/𝑇. (7)

The temperature index is then reduced by the annealing
schedule using a reduction constant. The whole process
is repeated until either the MAPE performance index has
reached an acceptable minimum level or the temperature
value has become too small to perturb the parameters. The
main goal is to derive optimal modeling parameters that
yield a fast and accurate model through the minimization of
the MAPE performance index. Figure 2 shows the training
procedure of the model using the target data. Figure 3
depicts how the resulting model estimates or predicts the
corresponding output using the input data.

3. Experimental Study

Kondia HS1000 machining center equipped with a Siemens
840D open-architecture CNC was used in experiments (see
Figure 4). In all the cases, 170 × 100 × 25 aluminum AL7075-
T6 (UNS A97075) workpieces were used with hardness
ranging from 65 to 152 Brinell. This material is commonly
used in automotive and aeronautical applications.

Figure 5 illustrates the two geometry forms: (b) pock-
ets and (d) island selected for experiments. For a better
understanding, a constant spiral strategy was selected for
the pocket elaboration and a Morph spiral strategy for the
island form. Figure 5 also shows the simulation and cutting
trajectories for the pocket (a) and the island (c), as well as,
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Figure 2: Diagram of the procedure for training hybrid incremental
model.
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Figure 3: Diagram for executing the hybrid incremental model.

(a) Kondia HS1000 machining center

(b) Spindle, tool,
and refrigeration
system 

(c) Kistler 9257B
dynamometer

Figure 4: Kondia HS1000 machining center and sensoring equip-
ment.

the final workpieces (b) pocket & (d) island after the milling
process. In all the cases, the strategies, tool compensations,
cutting regimens, and machining time were designed and
simulated in Computer-Aided Design and Computer-Aided
Manufacturing (CAD/CAM) software and, finally, exported
to the CNC machine center.

Table 1 shows the six variables selected in the experi-
mental setup. On one hand, feed rate (𝑓𝑧), tool diameter
(𝐷), radial depth of cut (ae), and spindle rotation speed
(rpm) were chosen for their influence on productivity, having
direct relationship with key cutting variables such as cutting
speed, cutting feed rate, and material removal rate, among
others. On the other hand, the geometry curvature (Geom)
and material hardness (HB) are much related to appropriate
tool selection and the corresponding cutting strategies. For
this reason, these six parameters were selected as key process
indicators to model the milling process. Furthermore, the
machining time for the different geometry is included in
Table 1.

The most used index to characterize the surface rough-
ness is the roughness average, Ra, that represents the arith-
metic mean of the absolute ordinate values 𝐺(𝑤) within a
sampling length (𝐿) as follows:

𝑅𝑎 = 1𝐿 ∫𝐿
0
|𝐺 (𝑤)| 𝑑𝑤. (8)

One interesting indicator related to surface roughness is
the specific cutting energy consumption (SCEC) introduced
by Liu et al. [14]. SCEC is analytically calculated based on
the cutting parameters and tool-workpiece couple. SCEC
is defined as the cutting energy consumed at the tool tip
to remove 1mm3 of material. Following the definition, the
equation for a slotting milling process using a flat-end mill
can be estimated as follows:

SCEC = 𝑃𝑛
MRR

= 𝑁𝑓∑
1

∫2𝜋
0

∫𝑧𝑖2
𝑧𝑖1

( 𝑛 ⋅ 𝐾𝑡𝑒2000 ⋅ 𝑓 ⋅ 𝑎𝑝 ⋅ cos 𝑖0 +
𝐾𝑡𝑐2000 ⋅ 𝑁𝑓 ⋅ 𝑎𝑝)𝑑𝑧 𝑑𝜓,

(9)
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(a) Pocket simulation and trajectory (b) Pocket

(c) Island simulation and trajectory (d) Island

Figure 5: Different geometry forms used during the experimentation.

Table 1: Factors and factor levels used in the DoE in experiment.

D
(mm)

fz
(mm/tooth)

ae
(mm)

HB
(Brinell)

Geom
(mm)

rpm
(rev/min)

Machining time
(s)

8 0.075 3 94 0 22500 1038 (island); 1212 (pocket)

10 0.050 2 92 +0.021 18000 1150 (island); 479 (pocket)
0.100 4 145 −0.021 658 (island); 476 (pocket)

12
0.025 1 67 +0.042

18000
1754 (island); 734 (pocket)

0.075 3 94 0 675 (island); 253 (pocket)
0.130 5 152 −0.042 445 (island); 152 (pocket)

16 0.050 2 92 +0.021 18000 685 (island); 258 (pocket)
0.100 4 145 −0.021 666 (island); 141 (pocket)

20 0.075 3 94 0 15000 507 (island); 127 (pocket)

where 𝑃𝑛 is the average rotation power; Kte and Ktc are the
tangential specific cutting and edge force coefficients; 𝑖0 is the
helix angle;𝑁𝑓 is the number of flutes of the flat-end mill; 𝑧𝑖1
and 𝑧𝑖2 are the lowest and highest position of the infinitesimal
cutting edges engaged in cutting in axial direction on the 𝑖th
flute, respectively.

In order to match the model output with the actual
industrial requirements and standards, roughness labels were
also allocated according to the average value of surface
roughness (𝜇m) defined in ISO:1302 (2002) [34]. Table 2
shows variables and the respective assigned intervals for
surface roughness from mirror to smooth.

Additionally, the following cutting parameters were also
considered as inputs: spindle speed (rpm), feed rate (𝑓𝑍), and
the resulting forces applied to all directions of cutting plane
(𝐹𝑥𝑦).The cutting forces weremeasured using a Kistler 9257B
dynamometer. The surface roughness Ra was measured with

Table 2: Variables and intervals assigned.

State
𝐹𝑥𝑦
(N)

Label (lower, upper)

Ra
(𝜇m)

Label (lower, upper)
1 (22, 100) Mirror (0.10, 0.25)
2 (101, 208) Polished (0.25, 0.35)
3 (209, 324) Ground (0.35, 0.75)
4 (324, 488) Smooth (0.75, 1.50)

the Carl Zeiss Surfcom 130 stylus profilometer. Overall, 992
training samples were used in order to build the model,
whereas 72958 test samples were used for the validation study.
The average value of surface roughness, Ra, was chosen as
the output variable of the model and it was the only variable
offline measured.
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Figure 6: Relationship between the plane force, feed rate, and
hardness with surface roughness for different diameters.

Figure 6 represents the influence of resultant force,
feed rate, and hardness on surface roughness for each tool
diameter considered in the study. According to the depicted
results, the richness of the training data guarantees that the
four roughness levels are well taken into account to address
the modeling task.

4. Experimental Results

4.1. Optimal Model Configuration. The hybrid incremental
model plus simulated annealing procedure (HIM + SA)
is implemented as follows. The SA algorithm parameters
are reduction constant 𝛼 = 0.99 and initial temperature𝑇𝑖 = 5000. Additionally, the number of proposed random
perturbations at each temperature is 100 and the number of
accepted solutions to proposed random perturbations is 30.
The exploration space is 𝑚 ∈ [1, 10], 𝑘 ∈ [1, 10], 𝑝 ∈ [1, 3]
where𝑚, 𝑘 ∈ Z and 𝑝 ∈ R.

In order to achieve an unbiased comparison for execution
time of the algorithms, all algorithms run with a personal
computer having Intel Core i5-3317U CPU 1.70GHz 4GB
RAM. One hundred executions are run. The optimization
process lasts 14 CPU seconds. The optimal parameters(𝑚, 𝑘, 𝑝) = (2, 2, 1.92) were obtained on the basis of the
procedure described in Section 2 by simulated annealing
optimization procedure (see Figure 3).

This means a second-order polynomial (linear), two
neighbors for the neighborhood size, and a value of 1.92 for
the fuzzy strength parameter. The global model is obtained
after the training. The errors (residuals) obtained in the
training phase are recorded and then they are used during
the evaluation by means of (4). The output of the model is
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Figure 7: Behavior of the temperature in relation to iterations.
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Figure 8: Behavior of the cluster center position with regard to
iterations.

obtained by applying (5). The minimum of MAPE perfor-
mance index is 0.88%. The behavior of temperature (𝑇) with
regard to the evaluation number (𝜉) to obtain the optimal
solution is shown in Figure 7. It is clearly shown how after
10,000 evaluations the algorithm converges to a stable region.

Another interesting indicator is the behavior of cluster
center position (Pos) with regard to the evaluation number
shown in Figure 8. There are two main regions, one close
to 0 value and the other close to 0.19. Furthermore, in some
iterations, the cluster center is located at 0.08 or near to 0.

4.2. Discussion on Surface Roughness Prediction Problems. A
comparison with three prediction models reported in the
literature is performed to assess the accuracy of the proposed
model. According to Wang and Chang [35], the theoretical
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Ra estimation for a slotted surface using a flat-end mill can
be calculated as

𝑅𝑎𝜅 = 𝑓4 ⋅ cot 𝜅 , (10)

where 𝜅 is the concavity angle (𝑘 = 2.5 by measurement).
The second model was extracted from the empirical rep-

resentation surface roughness depending on specific cutting
energy consumption (SCEC) index proposed by Liu et al. [14],
represented by

𝑅𝑎SCEC = 𝐶1 ⋅ 𝑒𝐶2⋅SCEC, (11)

where 𝐶1 and 𝐶2 are empirical coefficients estimated in
function of ap.

Finally, Taguchi methodology is a widely used approach
to optimize the parameters for obtaining the minimum
surface roughness, and the following representation is also
taken from Liu et al. [14]:

𝑅𝑎 = 10−𝜂∗/20, (12)

where 𝜂∗ is the predicted 𝑆/𝑁 ratio for the predicted cutting
condition.

For the sake of coherence with the above-mentioned
works, the performance index or figure of merit used to
carry out a first comparison is the prediction relative error.
Table 3 shows the prediction relative errors usingmodels (see
(10)–(12)) and HIM + SA.

This first comparative study aims at assessing the accuracy
of the four models considered in the comparison. The
column labelled Ra represents the nominal values measured
in workpieces and the subscripts (𝜅, SCEC, 𝜂, HIM) represent
the predicted values using the models (see (10)–(12)). The
theoretical model, the SCEC model, and the Taguchi model
are evaluated using the cutting conditions already reported
in [14, 35] with 𝑟𝑝𝑚 ∈ [1000, 3000] (rpm), 𝑎𝑒 ∈ [1, 3] (mm),𝑓 ∈ [50, 100] (mm/min). In the work herein reported the
same material (AL-7075) and the same tool (a 2-flute solid
carbide flat-end mill with a diameter of 10mm) are also used
in the experiments. However, the depth of cut, the cutting
speed, and the feed rate in our experiments (see Table 1)
are higher than the cutting conditions reported in [14, 35].
In order to assess the precision of the four models in their
respective cutting conditions, the predicted and measured
values of surface roughness are compared. HIM + SA yields
the best fitting between the predicted andmeasured values of
surface roughness with best prediction errors.

Figure 9 depicts the graphical representation of measured
versus predicted Ra for all models considered in this compar-
ison. HIM + SA shows the best fit in all the cases, although
it is important to highlight that SCEC model also shows very
good behavior. From these resultswe can conclude that a clear
representation of themilling process can be obtainedwith the
proposedmethod, being a powerful tool to predict in-process
surface roughness based on the cutting parameters.

In the literature, there are plenty of artificial intelligence
techniques applied to surface roughness detection and pre-
diction. For the sake of clarity, two modeling strategies based
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Figure 9: Comparison between observed versus predicted for the
studied models.

on a Bayesian network (BN) and a multilayer perceptron
(MLP) are also compared with the HIM + SA. In order to
carry out a thorough evaluation of the model, four error-
based performance indices and two classification criteria are
considered in this study.Therefore, in the second comparative
study, a total of six performance indices were applied to
assess the actual behavior on the basis of experimental run
as follows: number of parts correctly manufactured (NPM),
the number of parts to be remanufactured (NPR), the mean
absolute error (MAE), the root mean squared error (RMSE),
the relative absolute error (RAE), and the root relative
squared error (RRSE).

Table 4 shows the main characteristics of the three
approaches considered in the second comparative study.
Multilayer perceptron (MLP) is one of the most widely
applied neural networks at industrial level. However, the
main drawback is related to the setting and tuning of network
parameters such as number of hidden layers, number of
nodes in the hidden layer(s), and form of activation func-
tions.On the contrary, BNs have an easy and fast construction
procedure without tuning parameters. The rationale for the
good interpretability of BNs is indeed the reasoning based on
real-world models.

However, memory requirementsmight limit the transfers
of knowledge and real-time applications. Further details
on designing issues are reported in [36]. HIM + SA has
some interesting features such as simple structure and easy
training with few tuning parameters enabled by an optimal
setting procedure (simulated annealing). HIM + SA also
outperforms BN and MLP in terms of computing time. BN
requires 0.08 CPU seconds,MLP requires 12.69 CPU seconds
and HIM + SA requires 0.01 CPU seconds.

Table 5 shows the results of the second comparative study.
The application of the BN and ANN yielded RAE of 10.41%
and 13.05%, respectively.On the contrary,HIM+SAachieved
an excellent accuracy, for instance, 2.68% in RAE, almost
five times less error than the BN. The excellent behavior
is also endorsed with the best number of parts correctly
manufactured of 98.88%. Overall, HIM + SA outperforms
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Table 4: Main parameters of each modeling strategy considered in this study.

Algorithms BN ANN HIM + SA

Model
Seven inputs

(Fr, fz, D, ae, HB, Geom, rpm)
Output: Ra

Seven inputs: (Fr, fz, D, ae, HB,
Geom, rpm)
Output: Ra

Seven inputs
(Fr, fz, D, ae, HB, Geom, rpm)

Output: Ra
Clustering No (TAN) No (BP) Fuzzy k-NN

Structure Three layers (4-11-4 neurons) Tree-like structure
Second-order polynomial, two

neighbors, and 1.92 for fuzzy strength
parameter

Inference Global Causal and abductive Global and local
Main parameters to adjust No tuning parameters Many (MLP) m, k, p, optimal setting by SA

Training algorithms No (estimation of conditional
probability) BP LSE + IBL

Interpretability Yes No Partially
BN: Bayesian network; ANN: artificial neural network; HIM + SA: hybrid incremental model with simulated annealing; TAN: tree augmented Naive-Bayes;
BP: backpropagation; MLP: multilayer perceptron; LSE: least square error; IBL: instance based learning.

Table 5: Comparative study of the three models (ANN, BN, HIM +
SA).

Performance index/approach BN ANN HIM + SA
NPM (%) 96.35 94.84 98.88
NPR (%) 3.65 5.16 1.12
MAE 0.03 0.04 0.0032
RMSE 3.65 5.16 0.0227
RAE (%) 10.41 13.05 2.68
RRSE (%) 32.66 33.70 4.77

significantly BN and ANNwith regard to all figures of merits
considered in this second study; specifically the number of
parts to be remanufactured is the least value of all.

5. Conclusions

The development of adequate modeling strategies to deal
with complexity of machining processes is a must. The
prediction of surface quality is not straightforward.The need
of decreasing parts to be remanufactured due to poor surface
quality is motivated by the direct impact on economy and
environment.This paper presents a hybrid incremental mod-
eling strategy with an optimal setting procedure for quality
detection in milling process. The procedure for designing
and implementing hybrid incremental models with optimal
parameters is simple and computationally efficient.The study
demonstrates how surface roughness is predicted with a
basic parameters configuration (second-order polynomial,
two neighbors, and the fuzzy strength parameter near to two)
using a simulated annealing optimization method.

Two comparative studies with traditional techniques (i.e.,
theoretical model, energy model, and Taguchi-based model)
and artificial intelligence-based techniques (i.e., a multilayer
perceptron and a Bayesian network) for predicting surface
roughness have demonstrated that the proposed strategy
outperforms significantly the others techniques and models

considered in this study. The number of parts to be reman-
ufactured using hybrid incremental model with optimal
parametrization is less than applying either, a multilayer per-
ceptron and a Bayesian network (e.g., about one percentage).
The hybrid incremental model yields also better error-based
performance indices for predicting the surface roughness
than above-mentioned Bayesian and neural network models.

Hybrid incremental modeling plus simulated annealing
for optimal parametrization can be extended to a wide
range of manufacturing processes for estimating part quality.
Further studies will be conducted to relate model outputs to
other variables such as current and power consumption.
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A novel data-driven model-free adaptive control (DDMFAC) approach is first proposed by combining the advantages of model-
free adaptive control (MFAC) and data-driven optimal iterative learning control (DDOILC), and then its stability and convergence
analysis is given to prove algorithm stability and asymptotical convergence of tracking error. Besides, the parameters of presented
approach are adaptively adjusted with fuzzy logic to determine the occupied proportions ofMFAC andDDOILC according to their
different control performances in different control stages. Lastly, the proposed fuzzy DDMFAC (FDDMFAC) approach is applied
to the control of particle quality in drug development phase of spray fluidized-bed granulation process (SFBGP), and its control
effect is compared withMFAC and DDOILC and their fuzzy forms, in which the parameters of MFAC and DDOILC are adaptively
adjusted with fuzzy logic. The effectiveness of the presented FDDMFAC approach is verified by a series of simulations.

1. Introduction

Spray fluidized-bed granulation process (SFBGP) is a process
that forms small particles into larger granules using the liquid
binding solution sprayed onto fluidized particles by a spray
nozzle above the powder bed [1]. Because of advantage of sin-
gle unit operation, SFBGPhas beenwidely applied to produce
granules aiming at improving power flowability and physico-
chemical properties of drugs [2, 3]. As a key technique in the
production of pharmaceutical solid dosage forms of tablets
and capsules, the primary target of SFBGP is to produce
granules with consistent product quality for the following
pharmaceutical processes. Therefore, particle quality control
of SFBGP is of great theoretical and practical significance.

For a SFBGP, the quality of particles can be evaluated by
many factors such as production yield, drug content, size,
density, friability, flowability, and compressibility [2, 4], and
among them granule size is the key characteristic to control
[5–8]. To achieve the desired granule size, model-based

control (MBC) schemes, which require a priori physical
and mathematical knowledge of the process, may be the
effective techniques. Previous works have introduced MBC
frameworks and examined the implementation of MBC
strategies on conventional granulation design [3, 9–13].

It is well known that SFBGP is a complicated process that
is significantly influenced by both thematerial-related factors
such as the nature and characteristics of powder particles
and binding agents and the process factors associated with
granulation such as fluidizing air velocity and binder feed rate
[2, 3, 5, 7, 14, 15]. In the drug development phase, however,
the frequent adjustment of prescription will give rise to the
variation of material attributes. So for a brand-new prescrip-
tion, the operating condition space should be redesigned in
order to accurately and rapidly achieve the desired particle
quality. But for such a SFBGP whose material attributes
have already changed and that we have never encountered
before, the absence of process operating experience and
historical data leads to great difficulty in developing accurate
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process models. If traditional MBC schemes are used, lots of
experiments in the actual process should first be implemented
as long as the prescription is changed to get enough process
data used for developing precisemathematicalmodels. Such a
way is laborious, time-consuming, and resource-wasting, so
that the MBC techniques are no more applicable to quality
control task in this work.

Data-driven control (DDC) [16, 17] means that only the
input/output (I/O) measurement data of controlled plant are
used in controller design. DDC approaches do not require a
model of a plant, and the modeling process, the unmodeled
dynamics, and the theoretical assumptions all disappear [16–
19]. Therefore, DDC has attracted considerable attention
in recent years [18], and there are many DDC approaches
together with their practical applications in many fields that
could be found in the literature, like the following: model-
free adaptive control (MFAC) [16, 17, 20–24], data-driven
optimal iterative learning control (DDOILC) [25–27], virtual
reference feedback tuning [28–30], lazy learning control [31],
dynamic programming methods [32], and others [33–36]. In
spite of this, to the best of authors’ knowledge, there is no
report about the research on application of DDC to SFBGP
that has been published in the literature. In this work, a study
on particle quality control based on DDC approaches in the
drug development phase of a SFBGP is conducted to resolve
the practical difficulty encountered in redesigning operating
condition when prescription and material attributes are all
changed.

The mechanism model of SFBGP should first be intro-
duced to conduct such quality control research. Such a
process model plays several significant roles: first, modeling
analyzes the mechanism of SFBGP, identifies the important
manipulated variables and quality indices, and establishes
the relationship between them. Second, such a model can be
used as a simulator of a real SFBGP to generate the required
process data used for simulation and analysis. In this work,
a widely accepted mechanistic model for SFBGP [37, 38] is
introduced to simulate the actual SFBGP and produce the
required process data.

In this work, we select two classical and representative
DDC approaches, MFAC and DDOILC, to study data-driven
model-free adaptive control (DDMFAC) of average particle
size (APS) for SFBGP with simulation experiment research.
MFAC algorithm is proposed by Hou and Jin [16, 17] based
on a new dynamic linearization technique (DLT) and then
applied in several areas [18]. The main feature of MFAC
is that the controller design depends merely on the I/O
measurement data of the controlled plant. Instead of iden-
tifying a nonlinear process model of a plant, an equivalent
local dynamical linearization model is constructed along
the dynamic operation points of the system using the DLT
with a novel concept called pseudo-partial derivative (PPD).
The time-varying PPD could be estimated merely using the
I/O measurement data of the controlled plant. DDOILC is
developed and applied to both linear and nonlinear systems
by Chi et al. [25]. For this approach, the only required
knowledge of a controlled system is that theMarkovmatrices
of linear systems or the partial derivatives of nonlinear
systems with respect to control inputs are bounded. DDOILC

is actually the extension of MFAC, and these two approaches
have the same systematic framework. Compared with other
DDC methods, MFAC and DDOILC have several attractive
advantages that make them more suitable for many practical
control applications [16]. First, they do not require any
process model and structural information of the controlled
plant and merely depend on the real time measurement I/O
data of the controlled plant, which indicates that it is feasible
to independently design a generic controller for a certain class
of practical industrial processes. Second, they are lower cost
controllers because they do not need any training process.
Third, they are simple and easily implemented with small
computational burden and have strong robustness. Finally,
they have been successfully implemented in many practical
fields, such as chemical industry [20, 21, 25, 26], linear
motor control and injectionmoulding process [22], PH value
control [23], and robotic welding process [24].

The controllers of MFAC and DDOILC all consist of
a control input iterative learning law and a PPD matrix
iterative updating law. From this respect, the prime difference
between them is whether or not to use the predicted data
of system output of current iteration in controller design.
In MFAC, the predicted system output of current iteration
is utilized, but merely the output measurement data of
previous iterations are used in DDOILC, which makes their
different characteristics.Through theory analysis, MFAC and
DDOILC both have advantages with regard to different initial
values (IVs) for particle quality. When IV is far away from
desired particle quality, that is, the initial tracking error is
larger, DDOILC has quicker convergence speed. The reason
for this is that the utilization of actual output of previous
iterations in controller design of DDOILC will give larger
updating step size for control input and PPD vector. However,
as IV gets closer to desired output,MFACwill gradually show
its advantages since the prediction accuracy of its dynamic
linearization model (DLM) is getting higher and higher. To
verify the conclusion obtained through theoretical analysis,
we conducted several comparative experimental studies by
constructing a series of IVs, and the simulation results
validate our conclusion.

In the drug development phase, the frequent variations
of prescription will lead to diversity of material properties.
For different material properties, the same group of empirical
operating conditionswill give entirely different IVs of particle
quality. It is demanded that the DDC approaches must
accommodate various IVs in the practice. Therefore, to
further improve the overall control effect, a novel hybrid
DDC approach, which is namedDDMFAC and combines the
advantages ofMFAC andDDOILC, is presented in this paper.
The newly designed controller is able to exhibit the features
of MFAC and DDOILC in different extent by adjusting their
weighted factors. Compared withMFAC andDDOILC, how-
ever, evenDDMFACdoes not have overwhelming superiority
for all IVs. Simulation results have revealed that DDMFAC
may be inferior to DDOILC or MFAC in particle quality
control if there is no reasonable adjustment strategy of
weighted parameters. By the previous theoretical analysis
for MFAC and DDOILC and the subsequent simulation
verification, we can sum up weighted parameters adjustment
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Figure 1: The schematic diagram of SFBGP.

rules for DDMFAC.Then fuzzy adaptive adjustment of target
weighted parameters is implemented with the aim of rapidly
converging DDMFAC by making full use of the advantage
of MFAC or DDOILC at different control stages. We named
the final DDC approach presented in this paper as fuzzy
DDMFAC (FDDMFAC), and a series of simulations validate
its effectiveness.

2. Preliminaries

2.1. Mathematical Mechanism Model of Spray Fluidized-Bed
Granulation Process. SFBGP is a commonly used unit oper-
ation in the pharmaceutical industry. The powders can be
mixed, granulated, and dried in the same equipment, which
minimizes the equipment costs, loss of product transfers, and
possibility of the cross-contamination [3]. The rationale of
spray fluidized-bed granulation can be briefly described as
follows: (1) Particles circulate within granulator by pumping
hot air from the bottom of granulator and meanwhile binder
liquid is sprayed on the fluidized particles in the forms of
small droplets [38]. (2) As a result of collisions and coales-
cence between the surface-wetted particles, liquid bridges are
formed and aggregation of particles occurs leading to the
growth of granules [1, 39].

The schematic diagram of SFBGP is shown in Figure 1.
The overall granulation process in fluidized-bed spray gran-
ulator is divided into three stages: powder mixing, granula-
tion, and drying. Firstly, mixed raw materials for drug and
ingredients are put in granulator. Passing through the filter
and heater, hot air pumped in by blower is pumped into
granulator from the bottom of granulator, which forces the
fluidization of powder to sufficiently blend materials. After-
wards, liquid binder is pumped into spray nozzle from liquid
supply unit and atomized into droplets by compressed air that
is simultaneously pumped into spray nozzle from compressed
air unit. The droplets are dispersed over the surface of
fluidized particles, which contributes to the agglomeration
of colliding and surface-wetted powder particles to form
granules. Finally, the granules are dried to a predetermined
moisture content level. The dust-arrester installation is used
to prevent powder particles that are not in contact with
droplets from being carried out by off-gas.

PBMs have been widely used for modeling SFBGP, in
which the granule size density distribution evolves as a
function of time.The population balance is a number balance
around each size fraction of the size distribution based on
number conservation law. The rate of change of the number
of particles in a given size interval is equal to the rate at which
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the granules enter and leave that size interval. The mathe-
matical mechanism model of SFBGP is developed based on
following assumptions: (1) Each particle is spherical. (2)The
total volume of the particles is conserved. (3) The particle
size in a certain particular size interval is represented by the
left boundary of the interval. (4) The relative growth rate is
uniform for each particle within the same volume interval.
A one-dimensional PBM that describes the rate of change in
particle number density function 𝑛(𝑡, 𝑙) is given by

𝜕𝑛 (𝑡, 𝑙)𝜕𝑡 = 12
⋅ ∫𝑙
0

𝛽(𝑡, (𝑙3 − 𝜇3)1/3 , 𝜇) 𝑛 (𝑡, (𝑙3 − 𝜇3)1/3) 𝑛 (𝑡, 𝜇)
(𝑙3 − 𝜇3)2/3 𝑑𝜇

− 𝑛 (𝑡, 𝑙) ∫∞
0

𝛽 (𝑡, 𝑙, 𝜇) 𝑛 (𝑡, 𝜇) 𝑑𝜇,

(1)

where 𝑛(𝑡, 𝑙) is the particle number density function in terms
of particle diameter, 𝑙, and𝛽 is the aggregationmodel [37, 38].𝛽(𝑡, 𝑙, 𝜇) can generally be partitioned into size dependent and
size independent parts [3, 37, 38, 40, 41],

𝛽 (𝑡, 𝑙, 𝑢) = 𝛽0 (𝑡) 𝛽∗ (𝑙, 𝜇) , (2)

where 𝛽0(𝑡) is the granulation rate constant that can be
thought of as an aggregation efficiency and depends on
all parameters involved in the aggregation process except
particle size, such as the operating condition and binder
properties. The latter term 𝛽∗(𝑙, 𝜇) reflects the influence of
particle size on the likelihood of aggregation.

In order to solve a PBM in (1), the discretized approach
[42, 43] is applied to determine the change in number of
particles𝑁𝑖 in interval 𝑖 as

d𝑁𝑖
d𝑡 = 𝑖−2∑

𝑗=1

2𝑗−𝑖+1𝛽𝑖−1,𝑗𝑁𝑖−1𝑁𝑗 + 12𝛽𝑖−1,𝑖−1𝑁2𝑖−1

− 𝑁𝑖 𝑖−1∑
𝑗=1

2𝑗−𝑖𝛽𝑖,𝑗𝑁𝑗 − 𝑁𝑖
𝑛max∑
𝑗=𝑖

𝛽𝑖,𝑗𝑁𝑗,
(3)

where𝑁𝑖 is the number of particles within particle size range(𝐿 𝑖, 𝐿 𝑖+1); 𝐿 𝑖 and 𝐿 𝑖+1 are the lower and upper limits of 𝑖th
particle size interval, 𝑖 = 1, 2, . . . , 𝑛max; and 𝑛max is the total
number of particle size intervals with a value of 12 in this
paper. In the discretization scheme, the length domain of
particles is divided into geometric intervals in the way that
the upper and lower limits of each size interval are in a ratio
of 𝑟 = 𝐿 𝑖+1/𝐿 𝑖 = 3√2. The size range used in modeling is
from 50 𝜇m to 800𝜇mwhich is divided into 12 intervals. The
function “ode45” inMATLAB is used to solve (3) to obtain the
final number of particles in each size interval. Then the APS
of final granules𝐷𝑚 is calculated by the following formula:

𝐷𝑚 = 𝑛max∑
𝑖=1

𝑉(𝑁𝑓,𝑖) 𝑑𝑝𝑖, (4)

where 𝑉(𝑁𝑓,𝑖) is the volume fraction of end granules at size
interval 𝑖 = 1, 2, . . . , 𝑛max;𝑁𝑓,𝑖 is the number of end granules
in the 𝑖th size interval; and 𝑑𝑝𝑖 is the geometric mean of lower
limit and upper limit of 𝑖th size interval, 𝑖 = 1, 2, . . . , 𝑛max.

We have just briefly introduced the general framework of
PBM-basedmechanismmodel of SFBGP.Detailed derivation
process and setting of model parameters are given in [37, 38],
and they will not be covered here.The developed mechanism
model is capable of not only linking APS of particles with
the operating variable (binder spray rate), but also reflecting
the relationship between APS and material attributes, such
as viscosity of binder and particle density. Hence, this
mechanism model can be used for simulating the practical
challenges in particle quality control of SFBGP. For example,
a series of IVs can be constructed by changing the material
attributes while keeping the operating condition unchanged.
To veritably simulate the actual granulation process, the input
control curve should be time-varying. But to simplify things,
the input control curve is divided into three stages in the
whole granulation process in this work.

2.2. The Data-Driven Control Approaches Used in This Work.
As the classic and representative DDC methods, MFAC and
DDOILChave somemerits thatmake themmore competitive
in practical control applications. Therefore, in view of these
merits, MFAC and DDOILC are selected and applied to
perform data-driven particle quality control for SFBGP in
this work. Now we first briefly introduce their controller
design procedures. For details, please refer to [16, 25].

A repeatable batch process system to be controlled is
given as follows:

𝑦 (𝑘) = 𝑓 (u (𝑘)) , (5)

where 𝑦(𝑘) and u(𝑘) are the system output and input at 𝑘th
iteration, respectively, 𝑘 is the number of iterations, and 𝑓(∙)
is an unknown nonlinear function.This nonlinear system (5)
satisfies the following assumptions:

(1) The derivatives of 𝑓(∙) with respect to control input
u(𝑘) are continuous.

(2) System (5) is generalized Lipschitz; that is, |Δ𝑦(𝑘 +1)| ≤ 𝑏‖Δu(𝑘)‖ for any 𝑘 and ‖Δu(𝑘)‖ ̸= 0, whereΔ𝑦(𝑘 + 1) = 𝑦(𝑘 + 1) − 𝑦(𝑘), Δu(𝑘) = u(𝑘) − u(𝑘 − 1),
and 𝑏 is a positive constant.

2.2.1. MFAC Design. For the one-step-ahead controller [44],
the control goal is to seek a control input sequence u(𝑘) that
brings 𝑦(𝑘 + 1) to 𝑦𝑑, where 𝑦𝑑 is the desired system output
signal. In general, the weighted one-step-ahead controller
may lead to steady-state tracking error [16]. So the following
control input criterion function is used to design the control
law:

𝐽 (u (𝑘)) = 𝑦𝑑 − 𝑦1 (𝑘 + 1)2 + 𝜆 ‖Δu (𝑘)‖2 , (6)

where 𝜆 > 0 is a weighting constant.
Substituting the dynamic linearization form

𝑦1 (𝑘 + 1) = 𝑦 (𝑘) + 𝜑𝑇 (𝑘) Δu (𝑘) (7)
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into (6), as well as letting 𝜕𝐽/𝜕u(𝑘) be zero, gives
u (𝑘) = u (𝑘 − 1) + 𝜌1𝜑 (𝑘) (𝑦𝑑 − 𝑦 (𝑘))

𝜆 + 𝜑 (𝑘)2 , (8)

where 𝜌1 ∈ (0, 1] is a step-size constant that is added to make
(8) more general and 𝜑(𝑘) is PPD vector.

Because PPD vector 𝜑(𝑘) is unknown, it needs to be
estimated. Define criterion function for the unknown PPD
vector as follows:

𝐽 (�̂� (𝑘)) = Δ𝑦 (𝑘) − �̂�𝑇 (𝑘) Δu (𝑘 − 1)2
+ 𝜇 Δ�̂� (𝑘)2 ,

(9)

where 𝜇 > 0 is a weighting factor and �̂�(𝑘) is the estimation
of 𝜑(𝑘).

Using optimal condition 𝜕𝐽/𝜕�̂�(𝑘) = 0 then gives

�̂� (𝑘)
= �̂� (𝑘 − 1)

+ 𝜂Δu (𝑘 − 1) (Δ𝑦 (𝑘) − �̂�𝑇 (𝑘 − 1) Δu (𝑘 − 1))
𝜇 + ‖Δu (𝑘 − 1)‖2 ,

(10)

where 𝜂 ∈ (0, 2) is a step-size constant.
Defining the tracking error 𝑒(𝑘) = 𝑦𝑑 − 𝑦(𝑘) and

combining PPD estimation and input control law, MFAC
scheme is designed as follows:

�̂� (𝑘)
= �̂� (𝑘 − 1)

+ 𝜂Δu (𝑘 − 1) (Δ𝑦 (𝑘) − �̂�𝑇 (𝑘 − 1) Δu (𝑘 − 1))
𝜇 + ‖Δu (𝑘 − 1)‖2 ,

u (𝑘) = u (𝑘 − 1) + 𝜌1�̂� (𝑘)𝜆 + �̂� (𝑘)2 𝑒 (𝑘) .

(11)

2.2.2. DDOILC Design. The control objective is to find an
appropriate control input sequence u(𝑘), such that the system
output 𝑦(𝑘) follows 𝑦𝑑. Consider the control input criterion
function as

𝐽 (u (𝑘)) = 𝑦𝑑 − 𝑦2 (𝑘)2 + 𝜆 ‖Δu (𝑘)‖2 . (12)

Substituting the dynamic linearization equation

𝑦2 (𝑘) = 𝑦 (𝑘 − 1) + 𝜑𝑇 (𝑘) Δu (𝑘) (13)

into (12) and the optimal condition leads to

u (𝑘) = u (𝑘 − 1) + 𝜌2𝜑 (𝑘)𝜆 + 𝜑 (𝑘)2 𝑒 (𝑘 − 1) , (14)

where 𝜌2 ∈ (0, 1] determines the step size and 𝑒(𝑘 − 1) =𝑦𝑑 − 𝑦(𝑘 − 1).

Let �̂�(𝑘) denote its estimation at 𝑘th iteration.Thendefine
the criterion function as

𝐽 (�̂� (𝑘)) = Δ𝑦 (𝑘 − 1) − �̂�𝑇 (𝑘) Δu (𝑘 − 1)2
+ 𝜇 Δ�̂� (𝑘)2 .

(15)

According to optimal condition, the iterative updating law of
estimate �̂�(𝑘) is developed as

�̂� (𝑘) = �̂� (𝑘 − 1)
+ 𝜂Δu (𝑘 − 1) (Δ𝑦 (𝑘 − 1) − �̂�𝑇 (𝑘 − 1) Δu (𝑘 − 1))

𝜇 + ‖Δu (𝑘 − 1)‖2 , (16)

where 𝜇 > 0, 0 < 𝜂 < 2.
The DDOILC scheme is designed as follows:

�̂� (𝑘) = �̂� (𝑘 − 1)
+ 𝜂Δu (𝑘 − 1) (Δ𝑦 (𝑘 − 1) − �̂�𝑇 (𝑘 − 1) Δu (𝑘 − 1))

𝜇 + ‖Δu (𝑘 − 1)‖2 ,
u (𝑘) = u (𝑘 − 1) + 𝜌2�̂� (𝑘)𝜆 + �̂� (𝑘)2 𝑒 (𝑘 − 1) .

(17)

3. Theoretical Analysis of MFAC and DDOILC
and Simulations in SFBGP

3.1. Theoretical Analysis of MFAC and DDOILC. The con-
troller design procedures of MFAC and DDOILC have been
introduced in previous sections. Although they have the same
systemic framework and similar expression form of con-
troller, there are still differences between them, which makes
them two different methods. Comparing the controllers of
MFAC and DDOILC, the main differences can be listed as
follows:

(1) Δ𝑦(𝑘) and Δ𝑦(𝑘 − 1) are, respectively, used in PPD
iterative updating laws.

(2) 𝑒(𝑘) and 𝑒(𝑘−1) are separately utilized in control input
iterative learning laws.

The expressions of Δ𝑦(𝑘), Δ𝑦(𝑘−1), 𝑒(𝑘), and 𝑒(𝑘−1) are
listed as follows:

MFAC:
{{{
Δ𝑦 (𝑘) = 𝑦 (𝑘) − 𝑦 (𝑘 − 1)
𝑒 (𝑘) = 𝑦𝑑 − 𝑦 (𝑘) ,

DDOILC:
{{{
Δ𝑦 (𝑘 − 1) = 𝑦 (𝑘 − 1) − 𝑦 (𝑘 − 2)
𝑒 (𝑘 − 1) = 𝑦𝑑 − 𝑦 (𝑘 − 1) .

(18)

Obviously, the main differences between MFAC and
DDOILC can be described as follows: system output 𝑦(𝑘) at𝑘th iteration is used in MFAC but is not used in DDOILC. In
practical application, all the system outputs used inDDOILC,𝑦(𝑘−1) and 𝑦(𝑘−2), are the actual values at (𝑘−1)th and (𝑘−2)th iterations. In MFAC, however, the actual value of system
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Figure 2: The variable relations during control process of MFAC and DDOILC.

output 𝑦(𝑘) is obtained only after the calculation of u(𝑘). So𝑦(𝑘) does not have actual value when computing u(𝑘), and
a predicted system output 𝑦(𝑘) will be used to replace 𝑦(𝑘)
in practical application of MFAC. 𝑦(𝑘) is estimated by the
following DLM:

𝑦 (𝑘) = 𝑦 (𝑘 − 1) + 𝜑𝑇 (𝑘 − 1) Δu (𝑘 − 1) , (19)

and 𝑒(𝑘) is replaced by 𝑒(𝑘) = 𝑦𝑑 − 𝑦(𝑘).
Figure 2 gives the variable relations during control pro-

cess of MFAC and DDOILC. In terms of a single control
process curve, when system output 𝑦 is greatly different from𝑦𝑑, that is, the tracking error 𝑒 is relatively great, 𝑒(𝑘 − 1)
is much larger than 𝑒(𝑘) and DDOILC will achieve a bigger
updating step size for control input, which gives DDOILC a
faster convergence speed. As 𝑦 keeps getting closer to 𝑦𝑑, it
is found that DLM prediction error 𝑒𝑝 is getting smaller and
smaller until 𝑒𝑝 = 0. The difference between 𝑒(𝑘 − 1) and 𝑒(𝑘)
will also be smaller and smaller. DDOILC will not only lose
its advantage, but also perform worse than MFAC when 𝑦 is
very close to𝑦𝑑, because a larger updating step size for control
input will bring difficulty in convergence, while, at this time,
MFAC will achieve a fast and stable control effect due to the
improvement of prediction accuracy of DLM. From another
point of view, if IV of system output 𝑦0 is far away from 𝑦𝑑,
the initial tracking error and DLM prediction error will be
both at a high level and DDOILC will perform better than
MFAC because a greater updating step size for control input
is necessary to give a faster convergence speed. But as𝑦0 keeps
getting closer to 𝑦𝑑, 𝑒𝑝 will gradually decrease and MFAC
will gradually show its advantage. Therefore, the conclusions

obtained from theoretical analysis can be summarized as
follows:

(1) When tracking error is large and 𝑦0 is relatively far
away from𝑦𝑑, DDOILCwill have a faster convergence
speed and a better control performance.

(2) When tracking error gradually decreases and 𝑦0
gradually gets closer to 𝑦𝑑, MFAC will gradually
reveal its advantage and achieve better control effect.

3.2. SimulationVerification. To validate conclusions obtained
from theoretical analysis, simulation verification in SFBGP is
conducted. In this simulation, particle quality to be controlled
is APS, and the desired quality is 𝑦𝑑 = 120 𝜇m.The viscosity
of binder is treated as material attribute to be changed, and
then a series of IVs (𝑦0) are constructed by adjusting viscosity
of binder while keeping the operating condition unchanged.
Four sets of IVs are selected as representatives in this work,
and the detailed establishing information of them is shown
in Table 1. Besides, the parameter settings of MFAC and
DDOILC for different IVs are listed in Table 2.

For different IVs, we conduct particle quality control in
SFBGP based on MFAC and DDOILC, and the control per-
formances are plotted in Figure 3.Moreover, DLMprediction
error profiles of MFAC are shown in Figure 4. Then the
explanation and analysis of simulation results will be given.
As is shown in Figure 3(a), DDOILC performs better than
MFAC when 𝑦0 = 60; that is, 𝑦0 is relatively far away from𝑦𝑑. When 𝑦0 = 70, as is described in Figure 3(b), DDOILC
has a faster convergence speed when APS is controlled from
70 𝜇m to about 110 𝜇m, but MFAC achieves a relatively better
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Figure 3: The control profiles of APS in SFBGP based on MFAC and DDOILC.

Table 1:The detailed establishing information of representative IVs.

Info IV
𝑦0 = 60 𝑦0 = 70 𝑦0 = 80 𝑦0 = 100

Operating
conditions
(g/s)

First stage: 0.3; second stage: 0.1; third stage: 0.15

Viscosity of
binder (Pa⋅s) 0.0214 0.0250 0.0304 0.0625

control performance when it is controlled from 110 𝜇m to 𝑦𝑑,
which indicates that both DDOILC and MFAC have certain
advantages in such case. However, from Figure 3(c), it can be
seen that MFAC is slightly superior to DDOILC in control
effect when 𝑦0 = 80, and this just manifests the advantage of
MFAC. As 𝑦0 gets closer and closer to 𝑦𝑑, such as 𝑦0 = 100

Table 2:The parameter settings ofMFAC andDDOILC for different
IVs.

IV Parameter𝜌1 𝜌2 𝜆 𝜂 𝜇
𝑦0 = 60 0.0505 0.0712

0.0010 0.0750 1.0000𝑦0 = 70 0.0047 0.0503𝑦0 = 80 0.0032 0.0199𝑦0 = 100 0.0020 1.49𝐸 − 4

plotted in Figure 3(d),MFAC has a huge advantage compared
with DDOILC. It is obvious that the simulation results have
verified the conclusions obtained from theoretical analysis.
The reason for increasing superiority of MFAC is attributed
to the smaller and smaller prediction error 𝑒𝑝 of DLM. As
is shown in Figure 4, on the one hand, the curves of 𝑒𝑝 for
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different IVs all show a decreasing trend along with iteration
until 𝑒𝑝 = 0 as APS keeps getting closer to 𝑦𝑑, which is in
accordance with our obtained conclusion. On the other hand,
for different IVs, 𝑒𝑝 will also decrease with the increase of IV,
which is proved by comparing the curves of 𝑒𝑝 under different
IVs. To further illustrate this point, the averages of 𝑒𝑝 for
different IVs are computed and then listed in Figure 4, and
the decreasing averages of 𝑒𝑝 along with the increase of IV
also validate the rationality of our analysis.

4. The Proposed Hybrid DDC Approach and
Simulation Study in SFBGP

Through theoretical analysis and simulation study, we have
proved that MFAC and DDOILC both have strengths in
particle quality control under different IVs. In real-world
applications, the same operating condition may give entirely
different IVs due to the changes in material properties, which
brings great difficulties in the selection of control methods.
Thus, the uncertainties of IV have to be considered during
control application. In order to achieve favourable overall
control effect, it is demanded that the DDC approaches must
accommodate various IVs. Therefore, we try to combine
advantages of MFAC and DDOILC to present a hybrid
approach that is named DDMFAC. The basic idea is that the
features of MFAC and DDOILC are both reflected in the
criterion functions when designing controller of DDMFAC.
The expected features of hybrid approach can be summarized
as the following three points:

(1) When tracking error is large, DDMFACmanifests the
feature of DDOILC to acquire a faster convergence
speed.

(2) When tracking error is small enough, DDMFAC has
the ability ofMFAC to achieve a fast and stable control
effect.

(3) DDMFAC is able to achieve better control perfor-
mance for different IVs.

Through such combination, the shortcomings of MFAC
and DDOILC will be complemented and their respec-
tive advantages will be highlighted in DDMFAC. Next we
describe the controller design for DDMFAC in Section 4.1.

4.1. DDMFAC Design. Consider the following control input
criterion function:

𝐽 (u (𝑘)) = 𝛼𝑀 𝑦𝑑 − 𝑦1 (𝑘 + 1)2 + 𝛼𝐷 𝑦𝑑 − 𝑦2 (𝑘)2
+ 𝜆1 ‖Δu (𝑘)‖2 , (20)

where |𝑦𝑑 − 𝑦1(𝑘 + 1)|2 and |𝑦𝑑 − 𝑦2(𝑘)|2, respectively, come
from MFAC and DDOILC and 𝛼𝑀, 𝛼𝐷 are the respective
weighted factors and 𝛼𝑀 + 𝛼𝐷 ̸= 0.

Substituting (7) and (13) into (20) gives

𝐽 (u (𝑘)) = 𝛼𝑀 𝑒 (𝑘) − 𝜑𝑇 (𝑘) Δu (𝑘)2
+ 𝛼𝐷 𝑒 (𝑘 − 1) − 𝜑𝑇 (𝑘) Δu (𝑘)2
+ 𝜆1 ‖Δu (𝑘)‖2 .

(21)

Using optimal condition 𝜕𝐽/𝜕u(𝑘) = 0 then gives

Δu (𝑘) = 𝜑 (𝑘) (𝛼𝑀𝑒 (𝑘) + 𝛼𝐷𝑒 (𝑘 − 1))
𝜆1 + (𝛼𝑀 + 𝛼𝐷) 𝜑 (𝑘)2 . (22)

Dividing numerator and denominator by 𝛼𝑀+𝛼𝐷 at the right
hand of (22), we have
Δu (𝑘)
= 𝜑 (𝑘) ((𝛼𝑀/ (𝛼𝑀 + 𝛼𝐷)) 𝑒 (𝑘) + (𝛼𝐷/ (𝛼𝑀 + 𝛼𝐷)) 𝑒 (𝑘 − 1))

(𝜆1/ (𝛼𝑀 + 𝛼𝐷)) + 𝜑 (𝑘)2 . (23)

Letting 𝜌𝑀 = 𝛼𝑀/(𝛼𝑀 + 𝛼𝐷), 𝜌𝐷 = 𝛼𝐷/(𝛼𝑀 + 𝛼𝐷), and 𝜆 =𝜆1/(𝛼𝑀 + 𝛼𝐷), then
u (𝑘) = u (𝑘 − 1) + 𝜑 (𝑘) (𝜌𝑀𝑒 (𝑘) + 𝜌𝐷𝑒 (𝑘 − 1))

𝜆 + 𝜑 (𝑘)2 , (24)

where 𝜆 > 0 is the weighted factor and 𝜌𝑀, 𝜌𝐷 ∈ [0, 1] are the
step-size factors.

Define the following PPD vector criterion function:

𝐽 (�̂� (𝑘))
= 𝛽𝑀Δ𝑦 (𝑘) + 𝛽𝐷Δ𝑦 (𝑘 − 1) − �̂�𝑇 (𝑘) Δu (𝑘 − 1)2

+ 𝜇 Δ�̂� (𝑘)2 ,
(25)

where 𝛽𝑀, 𝛽𝐷 ∈ [0, 1] are the weighted factors and 𝛽𝑀+𝛽𝐷 =1.
We rewrite (25) as

𝐽 (�̂� (𝑘)) = 𝛽𝑀Δ𝑦 (𝑘) + 𝛽𝐷Δ𝑦 (𝑘 − 1)
− �̂�𝑇 (𝑘 − 1) Δu (𝑘 − 1) − Δ�̂�𝑇 (𝑘) Δu (𝑘 − 1)2
+ 𝜇 Δ�̂� (𝑘)2 .

(26)
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Utilizing optimal condition 𝜕𝐽/𝜕�̂�(𝑘) = 0, we have

�̂� (𝑘) = �̂� (𝑘 − 1) + 𝜂Δu (𝑘 − 1) (𝛽𝑀Δ𝑦 (𝑘) + 𝛽𝐷Δ𝑦 (𝑘 − 1) − �̂�𝑇 (𝑘 − 1) Δu (𝑘 − 1))
𝜇 + ‖Δu (𝑘 − 1)‖2 . (27)

Thus, the controller of DDMFAC is designed as follows:

�̂� (𝑘) = �̂� (𝑘 − 1) + 𝜂Δu (𝑘 − 1) (𝛽𝑀Δ𝑦 (𝑘) + 𝛽𝐷Δ𝑦 (𝑘 − 1) − �̂�𝑇 (𝑘 − 1) Δu (𝑘 − 1))
𝜇 + ‖Δu (𝑘 − 1)‖2 , (28)

u (𝑘) = u (𝑘 − 1) + 𝜑 (𝑘) (𝜌𝑀𝑒 (𝑘) + 𝜌𝐷𝑒 (𝑘 − 1))
𝜆 + 𝜑 (𝑘)2 . (29)

4.2. Stability and Convergence Analysis of DDMFAC

(1)The Boundedness of �̂�(𝑘). Define the parameter estimation
error of 𝜑(𝑘) as follows:

�̃� (𝑘) = 𝜑 (𝑘) − �̂� (𝑘) . (30)

Substituting (28) into (30) gives

�̃� (𝑘) = 𝜑 (𝑘) − �̂� (𝑘 − 1) − 𝜂Δu (𝑘 − 1) [𝛽𝑀Δ𝑦 (𝑘) + 𝛽𝐷Δ𝑦 (𝑘 − 1) − �̂�𝑇 (𝑘 − 1) Δu (𝑘 − 1)]
𝜇 + ‖Δu (𝑘 − 1)‖2 . (31)

Similarly, define �̃�(𝑘 − 1) = 𝜑(𝑘 − 1) − �̂�(𝑘 − 1), and then
�̂� (𝑘 − 1) = 𝜑 (𝑘 − 1) − �̃� (𝑘 − 1) . (32)

Combining (31) and (32), we have

�̃� (𝑘) = �̃� (𝑘 − 1) − 𝜂Δu (𝑘 − 1) [𝛽𝑀Δ𝑦 (𝑘) + 𝛽𝐷Δ𝑦 (𝑘 − 1) − �̂�𝑇 (𝑘 − 1) Δu (𝑘 − 1)]
𝜇 + ‖Δu (𝑘 − 1)‖2 + 𝜑 (𝑘) − 𝜑 (𝑘 − 1) . (33)

According to (7) and (13), it can be obtained that

Δ𝑦 (𝑘) = 𝜑𝑇 (𝑘 − 1) Δu (𝑘 − 1) ,

Δ𝑦 (𝑘 − 1) = 𝜑𝑇 (𝑘 − 1) Δu (𝑘 − 1) .
(34)

Substituting (34) into (33), we have

�̃� (𝑘) = �̃� (𝑘 − 1) − 𝜂Δu (𝑘 − 1) ((𝛽𝑀 + 𝛽𝐷)𝜑𝑇 (𝑘 − 1) Δu (𝑘 − 1) − �̂�𝑇 (𝑘 − 1) Δu (𝑘 − 1))
𝜇 + ‖Δu (𝑘 − 1)‖2 + 𝜑 (𝑘) − 𝜑 (𝑘 − 1)

= �̃� (𝑘 − 1) − 𝜂Δu (𝑘 − 1) ((𝜑 (𝑘 − 1) − �̂� (𝑘 − 1))𝑇 Δu (𝑘 − 1))
𝜇 + ‖Δu (𝑘 − 1)‖2 + 𝜑 (𝑘) − 𝜑 (𝑘 − 1)

= �̃� (𝑘 − 1) − 𝜂 �̃� (𝑘 − 1) ‖Δu (𝑘 − 1)‖2
𝜇 + ‖Δu (𝑘 − 1)‖2 + 𝜑 (𝑘) − 𝜑 (𝑘 − 1)

= �̃� (𝑘 − 1) (1 − 𝜂 ‖Δu (𝑘 − 1)‖2
𝜇 + ‖Δu (𝑘 − 1)‖2) + 𝜑 (𝑘) − 𝜑 (𝑘 − 1) .

(35)
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Because |𝜑(𝑘)| ≤ 𝑏 is bounded [16], |𝜑(𝑘)−𝜑(𝑘−1)| ≤ 2𝑏.
Taking the modulus of both sides of (35), we can obtain

�̃� (𝑘)
≤ �̃� (𝑘 − 1) (1 − 𝜂 ‖Δu (𝑘 − 1)‖2

𝜇 + ‖Δu (𝑘 − 1)‖2)
 + 2𝑏, (36)

�̃� (𝑘 − 1) (1 − 𝜂 ‖Δu (𝑘 − 1)‖2
𝜇 + ‖Δu (𝑘 − 1)‖2)


2

= �̃� (𝑘 − 1)2 + (−2 + 𝜂 ‖Δu (𝑘 − 1)‖2
𝜇 + ‖Δu (𝑘 − 1)‖2)

× 𝜂�̃� (𝑘 − 1) Δu (𝑘 − 1)2𝜇 + ‖Δu (𝑘 − 1)‖2 .

(37)

Given that 0 < 𝜂 < 2, 𝜇 > 0,
(−2 + 𝜂 ‖Δu (𝑘 − 1)‖2

𝜇 + ‖Δu (𝑘 − 1)‖2) < 0. (38)

Synthesizing (37) and (38), we have

�̃� (𝑘 − 1) (1 − 𝜂 ‖Δu (𝑘 − 1)‖2
𝜇 + ‖Δu (𝑘 − 1)‖2)


2

≤ �̃� (𝑘 − 1)2 .
(39)

According to (36) and (39), there is obviously a positive
number 𝑑1 ∈ (0, 1), which makes

�̃� (𝑘) ≤ 𝑑1 �̃� (𝑘 − 1) + 2𝑏 ≤ ⋅ ⋅ ⋅
≤ 𝑑𝑘1 �̃� (0) + 2𝑏 (1 − 𝑑𝑘1)1 − 𝑑1 . (40)

Therefore, �̂�(𝑘) is bounded.
(2)TheConvergence of Tracking Error 𝑒(𝑘). Tracking error 𝑒(𝑘)
is derived as

𝑒 (𝑘) = 𝑦𝑑 − 𝑦 (𝑘) = 𝑦𝑑 − 𝑦 (𝑘 − 1) − 𝜑𝑇 (𝑘) Δu (𝑘)
= 𝑒 (𝑘 − 1) − 𝜑 (𝑘)2 (𝜌𝑀𝑒 (𝑘) + 𝜌𝐷𝑒 (𝑘 − 1))

(𝜆 + 𝜑 (𝑘)2)
= (1 − 𝜌𝐷 𝜑 (𝑘)2𝜆 + 𝜑 (𝑘)2)𝑒 (𝑘 − 1)

− 𝜌𝑀 𝜑 (𝑘)2𝜆 + 𝜑 (𝑘)2 𝑒 (𝑘) .

(41)

Transposition gives

𝑒 (𝑘) = [1 − (𝜌𝑀 + 𝜌𝐷) 𝜑 (𝑘)2𝜆 + (1 + 𝜌𝑀) 𝜑 (𝑘)2] 𝑒 (𝑘 − 1) . (42)

So as long as appropriate parameters 𝜌𝑀, 𝜌𝐷, and 𝜆 are
selected, there must be a positive number 𝑑2 ∈ (0, 1) that
makes

0 < 1 −
(𝜌𝑀 + 𝜌𝐷) 𝜑 (𝑘)2𝜆 + (1 + 𝜌𝑀) 𝜑 (𝑘)2

 ≤ 𝑑2 < 1. (43)

By (42) and (43), it can be obtained that

‖𝑒 (𝑘)‖ ≤ (1 − (𝜌𝑀 + 𝜌𝐷) 𝜑 (𝑘)2𝜆 + (1 + 𝜌𝑀) 𝜑 (𝑘)2)𝑒 (𝑘 − 1)
≤ 𝑑2 ‖𝑒 (𝑘 − 1)‖ ≤ ⋅ ⋅ ⋅ ≤ 𝑑𝑘2 ‖𝑒 (0)‖ .

(44)

Therefore, lim𝑘→∞𝑒(𝑘) = 0; that is, 𝑒(𝑘) is proved to
converge to zero.

(3)The Boundedness of System Input and Output. By referring
to 𝑎2 + 𝑏2 ≥ 2𝑎𝑏, the relational expression can be obtained as
follows:


𝜑 (𝑘)

𝜆 + 𝜑 (𝑘)2
 ≤


𝜑 (𝑘)

2√𝜆 𝜑 (𝑘)
 =

1
2√𝜆. (45)

And we have

u (𝑘) = u (𝑘) − u (𝑘 − 1) + u (𝑘 − 1) − ⋅ ⋅ ⋅ + u (1)
− u (0) + u (0) = u (0) + 𝑘∑

𝑗=1

u (𝑗) . (46)

Combining (24), (44), (45), and (46), as well as utilizing
Schwartz’s inequality, gives

‖u (𝑘)‖ ≤ ‖u (0)‖ + 𝑘∑
𝑗=1

Δu (𝑗)

≤ ‖u (0)‖ + 1
2√𝜆

𝑘∑
𝑗=1

𝜌𝐷𝑒 (𝑗 − 1) + 𝜌𝑀𝑒 (𝑗)

≤ ‖u (0)‖ + 𝜌𝐷2√𝜆
𝑘∑
𝑗=1

𝑑𝑗−12 ‖𝑒 (0)‖

+ 𝜌𝑀2√𝜆
𝑘∑
𝑗=1

𝑑𝑗2 ‖𝑒 (0)‖

≤ ‖u (0)‖ + 𝜌𝐷2√𝜆
1 − 𝑑𝑗−121 − 𝑑2 ‖𝑒 (0)‖

+ 𝜌𝑀2√𝜆
𝑑2 (1 − 𝑑𝑗2)1 − 𝑑2 ‖𝑒 (0)‖

≤ ‖u (0)‖ + 𝜌𝐷(1 − 𝑑2) 2√𝜆 ‖𝑒 (0)‖
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Table 3: The parameter settings of DDMFAC for different IVs.

IV Parameter𝜌𝑀 𝜌𝐷 𝛽𝑀 𝛽𝐷 𝜆 𝜂 𝜇
𝑦0 = 60 0.0275 0.0275 0.5000 0.5000

0.0010 0.0750 1.0000𝑦0 = 70 5.0𝐸 − 4 5.0𝐸 − 4 0.5000 0.5000𝑦0 = 80 4.6𝐸 − 4 4.6𝐸 − 4 0.5000 0.5000𝑦0 = 100 1.8𝐸 − 4 1.8𝐸 − 4 0.5000 0.5000

+ 𝑑2𝜌𝑀(1 − 𝑑2) 2√𝜆 ‖𝑒 (0)‖
≤ ‖u (0)‖ + 𝜌𝐷 + 𝑑2𝜌𝑀(1 − 𝑑2) 2√𝜆 ‖𝑒 (0)‖ .

(47)

Because the initial tracking error 𝑒(0) and initial input
u(0) are given bounded, the system input u(𝑘) is bounded
according to (47). Besides, due to the boundedness of 𝑦𝑑 and𝑒(𝑘), the system output 𝑦(𝑘) is obviously bounded.
4.3. Fuzzy DDMFAC. The controller design and stability and
convergence analysis for DDMFAC have been, respectively,
discussed in detail in the above sections. Although the
designed controller has the characters of both MFAC and
DDOILC, weighted factors 𝜌𝑀, 𝜌𝐷, 𝛽𝑀, and 𝛽𝐷 are all
constant throughout control process. DDMFAC is incapable
of adaptively selecting the dominance of MFAC or DDOILC
to duly show the expected features in each stage of control
process.The aforementioned features of DDMFACwe expect
cannot be reflected in this case. Such DDMFAC approach
with fixed weighting factors has no advantage compared
with MFAC or DDOILC, which appeals to a reasonable and
adaptive adjustment strategy for 𝜌𝑀, 𝜌𝐷, 𝛽𝑀, and 𝛽𝐷. There-
fore, the adaptive adjustment strategy based on fuzzy logic
for weighting factors is considered because its advantageous
performance in parameter adjustment has been proven in
our previous work [45]. The formulation of fuzzy rules offers
us the opportunity to adjust weighting factors in the way
we expected. Such DDMFAC approach with fuzzy adaptive
adjustment for parameters is namedFDDMFAC in this paper.
Concretely, the fuzzy rules can be formulated by referring
to the expected features of DDMFAC. The input variables of
fuzzy rules are the absolute values of tracking error 𝑒(𝑘 − 1)
and DLM prediction error 𝑒𝑝(𝑘−1) of MFAC, and the output
variables are 𝜌𝑀, 𝜌𝐷, and 𝛽𝐷. Because of the relationship
between 𝛽𝑀 and 𝛽𝐷, there is no need to use 𝛽𝑀 as an output
and it is calculated by 𝛽𝑀 = 1 − 𝛽𝐷. The fuzzy rules can be
detailedly described as follows:

(1) If |𝑒(𝑘 − 1)| and |𝑒𝑝(𝑘 − 1)| are great, then the
dominance of DDOILC is preferred and that of
MFAC is restrained in DDMFAC. So 𝜌𝐷 and 𝛽𝐷 have
relatively large values, and 𝜌𝑀 is a relatively small
number.

(2) 𝜌𝐷 and 𝛽𝐷 will show a decreasing trend with the
gradual decrease of |𝑒(𝑘 − 1)| and |𝑒𝑝(𝑘 − 1)|, while𝜌𝑀 will present an increasing trend.

4.4. Simulations and Result Analysis. The proposed DDM-
FAC approach is firstly applied to the particle quality control
in SFBGP, and then its control effect is compared withMFAC
and DDOILC under different IVs. In the simulation, just
like MFAC, 𝑦(𝑘) is replaced by a predicted value 𝑦(𝑘) that
is estimated using (19). See Table 3 for parameter settings of
DDMFAC. It is not hard to find 𝜌𝑀 = 𝜌𝐷 and 𝛽𝑀 = 𝛽𝐷
for a certain IV, which means that MFAC and DDOILC are
set to have the same dominance in DDMFAC. By the way,
MFAC and DDOILC can be regarded as the extreme cases of
DDMFAC described as follows:

MFAC: 𝜌𝑀 = 𝛽𝑀 = 1,
𝜌𝐷 = 𝛽𝐷 = 0;

DDOILC: 𝜌𝑀 = 𝛽𝑀 = 0,
𝜌𝐷 = 𝛽𝐷 = 1.

(48)

The control effects of DDMFAC with the parameter
settings in Table 3, together with control curves of MFAC
and DDOILC, are plotted in Figure 5. The simulation results
actually present the control effects of DDMFAC with three
sets of parameter settings. From simulation, it is indicated
that all three approaches have gained some certain advantages
under different IV conditions. Concretely, as is shown in
Figure 5(a), DDMFAC has advantage in control performance
compared with DDOILC and MFAC when 𝑦0 = 60, but
MFAC has absolute superiority when 𝑦0 = 100 plotted
in Figure 5(d). In addition, from the simulation results in
Figures 5(b) and 5(c), it can be seen that DDOILC and
MFAC have achieved certain but not absolute advantages,
respectively. This demonstrates that parameter setting has
important influence on the control effect of DDMFAC.
Therefore, the way to achieve satisfactory control effect is to
adaptively adjust weighted parameters of DDMFAC, instead
of keeping them constant.

Then, the idea of fuzzy adjustment is introduced to adjust
the weights 𝜌𝑀, 𝜌𝐷, and 𝛽𝐷. The fuzzy adjustment rules of
three weights are, respectively, shown in Tables 4 and 5. The
respective membership functions when 𝑦0 = 60 are shown
in Figure 6, and membership functions for the other IVs are
no longer displayed. Please see Figure 7 for control effect
of FDDMFAC and comparisons with MFAC and DDOILC
under different IVs. Obviously, DDMFAC approach with
fuzzy adjustment for parameters, that is, FDDMFAC, has the
best performance in particle quality control for all IVs. This
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Table 4: The fuzzy rules of 𝜌𝑀.
𝜌𝑀 𝑒𝑝(𝑘 − 1)|𝑒(𝑘 − 1)| NB NM NS Z PS PM PB
NB PB PB PB PB PB PB PB
NM PB PM PM PM PM PS PS
NS PM PM PM PS PS Z Z
Z Z Z Z NS NS NS NS
PS NS NS NM NM NB NB NB
PM NM NM NM NB NB NB NB
PB NB NB NB NB NB NB NB
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Figure 5: The comparison of control effects of MFAC, DDOILC, and DDMFAC.
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Figure 6: The membership functions of FDDMFAC when 𝑦0 = 60.

Table 5: The fuzzy rules of 𝜌𝐷, 𝛽𝐷.
𝜌𝐷, 𝛽𝐷 𝑒𝑝(𝑘 − 1)|𝑒(𝑘 − 1)| NB NM NS Z PS PM PB
NB NB NB NB NB NB NB NB
NM NB NM NM NM NM NS NS
NS NM NM NM NS NS Z Z
Z Z Z Z PS PM PM PM
PS PS PS PM PM PB PB PB
PM PM PM PM PB PB PB PB
PB PB PB PB PB PB PB PB

validates the effectiveness of FDDMFAC proposed in this
paper.

Although FDDMFAC approach has been proven to have
a better control performance than MFAC and DDOILC,
we still have a question of whether it is possible that the
superiority of FDDMFAC is entirely attributed to fuzzy
adjustment of parameters and has nothing to do with the
structure of DDMFAC itself. In order to clarify this problem,
another set of simulations are conducted, inwhich the control
performance of FDDMFAC is compared with fuzzy MFAC
(FMFAC) and fuzzy DDOILC (FDDOILC). The absolute
value of tracking error |𝑒(𝑘 − 1)| is regarded as the input
variable of fuzzy rules and the step-size factors 𝜌1, 𝜌2 of
MFAC andDDOILC are the output variables.The fuzzy rules
of FMFAC and FDDOILC are shown in Table 6, and the
membership functions when 𝑦0 = 60 are shown in Figure 8.
For the simulation results, please see Figure 9. From the
simulation, it is concluded that FDDMFAC achieves the best

Table 6: The fuzzy rules of FMFAC and FDDOILC.

|𝑒(𝑘 − 1)| NB NM NS Z PS PM PB
𝜌1, 𝜌2 NB NM NS Z PS PM PB

control performance, which demonstrates the effectiveness of
the proposed approach in this paper.

5. Conclusions

This paper aimed at solving the problem of particle quality
control in the drug development phase of SFBGP. The
model-based control approaches are incapable of handling
such quality control because the accurate process model
cannot be acquired. Thus, the data-driven and model-free
control approaches are considered in this work. We firstly
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Figure 7: The comparison of control effects of MFAC, DDOILC, and FDDMFAC.

analyzed the features of MFAC and DDOILC and then
conducted experimental research to compare the perfor-
mances of MFAC and DDOILC in particle quality control
under different IVs. The simulation results have verified
our theoretical analysis and concluded that MFAC and
DDOILC both have advantages under different IVs. To be
used in an actual production environment, the expectedDDC
approaches must accommodate various IVs because of the
changes in material attributes. Thus, the hybrid approach,
FDDMFAC, which combines the advantages of MFAC and
DDOILC by adaptively adjusting their respective weighted
factors with fuzzy logic, was proposed in this work to
complement their respective shortcomings. Through a series

of simulation results, we conclude that FDDMFAC achieves
better control performance than other approaches, which
validates the effectiveness of FDDMFAC.
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